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ABSTRACT: Nitrogenase is a key player in the global nitrogen cycle as it catalyzes the reduction of dinitrogen into
ammonia. The active site of the nitrogenase MoFe protein corresponds to a [MoFe;SyC-(R)-homocitrate] species
designated FeMo-cofactor, whose biosynthesis and insertion requires the action of over a dozen maturation proteins
provided by the NIF (for Nltrogen Fixation) assembly machinery. Among them, the radical SAM protein NifB plays an
essential role, concomitantly inserting a carbide ion and coupling two [Fe;S,] clusters to form a [FegS¢C] precursor called
NifB-co. Here we report on the X-ray structure of NifB from Methanotrix thermoacetophila at 1.95 A resolution in a state
pending the binding of one [Fe,S,] cluster substrate. The overall NifB architecture indicates that this enzyme has a single
SAM binding site, which at this stage is occupied by cysteine residue 62. The structure reveals a unique ligand binding
mode for the K1 cluster involving cysteine residues 29 and 128 in addition to histidine 42 and glutamate 65. The latter,
together with cysteine 62, belongs to a loop inserted in the active site, likely protecting the already present [Fe,S,] clusters.
These two residues regulate the sequence of events, controlling SAM dual reactivity and preventing unwanted radical-
based chemistry before the K2 [Fe,S,] cluster substrate is loaded into the protein. The location of K1 cluster, too far away
from the SAM binding site, supports a mechanism in which the K2 cluster is the site of methylation.

INTRODUCTION

Nitrogenase catalyzes the reduction of atmospheric N, to
2 NH; at ambient temperature and normal pressure.! Its
active site corresponds to a complex metallocluster
whose archetype is the FeMo-co, a [MoFe;SyC-(R)-
homocitrate] center that can be described as the
combination of [MoFe;S;] and [FesS;] modules,
connected via three p,-sulfide and one pg-carbide ions
(Fig. 1a).2 Variations of this center exists with
molybdenum substituted by either iron or vanadium,
defining three classes, Mo-, Fe- or V-nitrogenases.? The
latter, in addition to the Mo to V substitution, also contains
a carbonate ion replacing one of the py-sulfide ions.*
Synthesis and insertion of FeMo-co in nitrogenase
requires a set of accessory proteins named Nif proteins.®
The key element of this assembly machinery is most
probably the protein NifB, which performs the fusion of
two [Fe,S4] centers and the concomitant production and
insertion of one carbide ion and one additional sulfide ion.
Whereas the chemistry at the heart of this reaction is still
unknown, it has already been shown that NifB belongs to

the radical S-adenosyl-L-methionine (SAM) enzyme
superfamily and uses radical-based chemistry to trigger
the carbide production step.87 The protein accommodates
three [FeS] clusters: Two [Fe,S,] clusters designated as
K1 and K2 and previously proposed to be modules of a
larger cluster named K-cluster and a third [Fe4S,] cluster
bound to the radical SAM-specific Cx3Cx,C conserved
motif that we name RS-cluster.2® The latter is dedicated
to binding and reductive cleavage of SAM to produce a
transient and highly reactive 5°-deoxyadenosyl radical
(5°-dA+) species, which will trigger the radical-based
reaction.'® The two [Fe,;S,4] K1 and K2 clusters cannot be
considered as cofactors as it is usually the case for FeS-
cluster containing proteins, but rather as substrates for
production of NifB-co, a [FegSgC] cluster precursor to
FeMo-co (Scheme 1) ." NifB-co is subsequently
transferred to the scaffold protein NifEN'2>13 where it is
further modified, including Mo insertion and R-
homocitrate binding.>® Radioactive isotopic labelling
experiments demonstrated that the carbide ion originates
from the methyl group of one SAM molecule.” Site-
directed mutagenesis experiments combined with
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spectroscopic characterization support a direct attack of
one sulfide ion from the K2 cluster on the methyl following
an Sy2 mechanism.™ A second SAM molecule is
subsequently used to produce 5°-dA+ and to abstract one
hydrogen atom from the above-mentioned methyl
fragment, the remaining hydrogens are most likely
removed through deprotonations.” Combining site-
directed mutagenesis and electron paramagnetic
resonance spectroscopy, the K1 cluster has been
proposed to bind to three cysteine residues (C?°, C® and
C'28 equivalent to C30, C8 and C'?° in Methanosarcina
acetivorans NifB numbering) and a histidine, very recently
identified as H* (H*® in M. acetivorans) .%'4'5 The K2
cluster is also proposed to bind to two or three cysteines
(C273 and C?76 equivalent to C?7# and C?77, in addition to
C2%4 in M. acetivorans) and presumably another
unidentified ligand.®'* It was reported that the redox
status of the three different clusters might trigger methyl
transfer and SAM cleavage.'#'¢ K1 and K2 clusters would
provide eight out of the nine sulfide ions of NifB-co and a
recent study has indicated that the ninth sulfide originates
in vitro from the reduction of a sulfite ion involving an
unknown mechanism."”
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Scheme 1. Reaction catalyzed by NifB. Only the main
identified steps are presented. The residue numbering
corresponds to that of the NifB protein from Methanotrix
thermoacetophila. S, Fe and C atoms are represented as
yellow, brown and black spheres, respectively.

Here we report the first crystal structure of NifB in complex
with the RS-cluster cofactor and one of its substrates, the
K1-cluster. A specific loop bridges the RS- and K1-
clusters and contains residues involved in preventing
unproductive SAM cleavage. This structure also suggests
large structural motions during turnover to afford K1 and
K2 cluster fusion and NifB-co synthesis. This crystal
structure likely corresponds to one of the early states
during the highly complex carbide insertion and FeS
cluster fusion processes catalyzed by NifB.

RESULTS AND DISCUSSION

X-ray crystal structure of NifB. The lack of further
structural details has impaired a better understanding of
the mechanism of NifB-co synthesis. To determine its
tridimensional structure, we sought to obtain crystals of 8
NifB orthologues lacking the C-terminal NifX-like domain
often observed in NifB proteins. The NifX-like domain is
not essential for NifB-co synthesis'®19. Brownish thin plate
crystals were obtained for NifB from the archaeon
Methanotrix  thermoacetophila PT (GenBank ID:
ABK14214.1) (See Methods). The crystal structure was
solved by a combination of single wavelength anomalous
dispersion (SAD) phasing and molecular replacement and
was refined to 1.95 A resolution (see Supplementary
Methods and Table S1; PDB ID: 6Y1X). Albeit crystals
contain two molecules per asymmetric unit, analysis of the
intermolecular interaction?® confirms the protein is a
monomer, in  agreement with the previous
characterization of other archaeal NifB proteins.%18.1°
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Figure 1. a: Structure of the FeMo-co and proposed model of the NifB-co (left and right, respectively). b: overall structure of
NifB. The RS-core is depicted in red (B-strands) and blue (a-helices). The N- and C-terminal stretches are depicted in orange
and green, respectively. The insertion loop and the additional B-sheet are represented in purple. The K1 and RS-clusters are
depicted in ball-and-stick. ¢: Stick representation of the K1-cluster environment.

The crystal structure corresponds to a (Ba)e three-quarter
barrel typical of radical SAM enzymes, sandwiched by
short N- and C-terminal stretches (in orange and green,
respectively in Figure 1b). Residues 1-19 and 272-299 are
missing in the structure probably due to disorder.

Structural comparison with all available structures from
the Protein Data Bank indicates that the radical SAM core
domain, which corresponds to residues 39-266 is very
similar to that of the radical SAM pyruvate formate-lyase
activating enzyme (Figure S1).2' Indeed, despite only
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residue coordinates both one iron and one sulfide ions of
the [FesS,] cluster, further modulating its properties and
likely facilitating sulfide transfer during biotin synthesis.?®
In NifB, such peculiar ligand coordination may also be
related to the substrate status of this cluster that has to be
fused to K2 when forming NifB-co. C? belongs to the
small N-terminal stretch specific to NifB, where it falls in a
conserved HPC-motif. The histidine residue H?” from this
HPC-motif does not bind the K1 cluster but is sandwiched
between the two cysteine ligands. Despite its strict
conservation in NifB, substitution of H?” does not
significantly affect the activity of the protein (Figure 2). Its
replacement by a cysteine residue, however, does induce
a drop in the activity, most probably due to the presence
of a thiol group, which may affect the integrity of the K1-
cluster, perhaps by forming a disulfide bond with either
C? or C'28, thus preventing K1-cluster binding (Figure 1c
and Tables S2 and S4). Thus, despite being conserved,
H?” does not appear to play an essential role in the NifB
activity. Residues H*? and C'28 belong to the radical SAM
core domain where they are located in strands 4 and f33,
respectively. This coordination anchors the K1-cluster at
about 12 A away from the RS-center. Such separation
agrees with the previous observation that the initial methyl
transfer from SAM involves the K2-module and not K14
because the latter is too far away and is positioned in a
rigid structure that likely precludes movement. However,
during NifB-co synthesis, it has been shown that the
interaction observed between H*? and K1 is lost upon
NifB-co formation,™ supporting ligand exchange and
presumably displacement of the K1-center upon cluster
fusion. A very recent study proposed that H*2 would have
a dual role in coordinating K1 cluster and acting as a base
for the subsequent deprotonations of the methylene group
upon carbide synthesis.'® Like residue C%2, ES5 is strictly
conserved within NifB proteins and belongs to the long
loop between the Cx3;Cx,C motif and helix a4. Its length,
unique in all the radical SAM protein structures known to
date, allows the tip to reach the active site with residues
CB82VNE®* sitting into the cavity defined by the B-strands
and corresponding to where substrate usually binds in
these proteins (Figures 3a and S8). While bound to K1,
ESS faces and interacts with two strictly conserved
residues K2%% and N2%7 from B-strand 5 (Figure 1c). Like
the C82S variant, the E®5Q substituted protein displays a
significant drop in the NifB activity (Figure 2) and an
increase in the 5°-dA/SAH ratio (Table 1), without
abolishing the activity. This is in striking contrast with the
previously reported substitution of residue H*? leading to
inactive protein.'® Thus, while H*? is key for the reaction,
the loop containing both C82 and E® would rather act as a
controller to avoid unwanted decoupling between methyl
transfer and SAM cleavage by most likely regulating SAM
access to the active site.

This C52VNE®? tip spans over the cavity such that C%2 and
ES5 are ideally oriented to bind the RS- and K1-clusters,
respectively. However, close inspection of the overall NifB
structure indicates that C®? is the only residue that falls
into the disallowed region of the Ramachandran plot?”
outlining conformational strain upon binding to the RS-
cluster. Strikingly, both molecules in the asymmetric unit
exhibit the exact same conformation for this loop,
supporting the conclusion this state is energetically

favorable, despite the presence of excess of SAM in the
crystallization conditions. This observation is also in
agreement with the previous observation that despite
incubation with SAM in solution, no interaction between
SAM and the RS-cluster can be detected,® further
suggesting that SAM binding might depend on whether
other substrates, namely the K1 and K2 clusters, are
already present. However, such strain around C®2
suggests that a slight conformational change would
trigger the release of the unique Fe site in the RS-cluster
and consequently would allow SAM binding for the
reaction to proceed. As was shown previously, reduction
of the clusters is required to trigger methyl transfer to K2
and possibly linked to SAM binding."* RS-cluster
reduction or possibly K1 reduction, could thus precede
SAM binding and provide the necessary signal to induce
the motion of the C®-E®5 loop'®. In vivo, such reduction
might be performed by a ferredoxin such as the one
encoded by the fdxN gene, located downstream NifB in
the NIF gene cluster of Azotobacter vinelandii, as
previously proposed.®

Absence of the K2 cluster. Despite numerous attempts
to keep the K2-cluster bound to NifB, crystals with K2
present were not obtained. The last residue for which
interpretable electron density is observed corresponds to
R21 which follows the last helix of the RS-core domain
and is located in a seventh B-strand. The two cysteine
residues C?73 and C?® both previously identified as
ligands of the K2-cluster are next to this last residue,
suggesting where K2 should sit at the surface of the
protein, solvent exposed and overhanging the active site
cleft, which could explain why K2 is so unstable and may
be lost during the time course of the crystallization
process. The R?"" residue is equivalent to the last residue
in Pfl-ae, the closest RS-enzyme structure to NifB.
Furthermore, the second closest structure corresponds to
SuiB, a RS-enzyme involved in the post-translational
modification of ribosomally synthesized peptides that
contains additional clusters in a SPASM domain at its C-
terminus stretch.® In SuiB, a B-strand connects the RS-
core and the SPASM domains. The first cysteine residue
that binds one of the [Fe;S,] clusters of the SPASM
domain is located one residue after C?73 in NifB when
comparing their amino acid sequence alignments, further
indicating where K2 might be located (Figure 3b). Other
than C273 and C276, there are no obvious conserved
residue that are candidates to bind the K2-cluster. The
only potential residue located nearby corresponds to
cysteine C%. However, in addition to its non-conservation
among the known NifB sequences, such binding would
lock the K2-cluster farther than 15 A away from the RS-
cluster, impairing both direct methyl transfer from SAM
and subsequent H-atom abstraction. The crystal structure
instead suggests the K2-cluster is bound exclusively to
the C-terminal stretch through C273 and C27¢ and possibly
the strictly conserved residue D?”°. Such binding mode
would allow the K2-cluster to oscillate from a resting
position exposed to solvent to another position located
closer to the RS-cluster to enable direct methyl transfer
and subsequent cluster fusion. In this model, the C82-E%5
residue containing loop must leave the active site to
permit both SAM binding and K2-cluster access.
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Figure 3. a: View of the loop connecting the RS- and K1-clusters. Only the amino acids at the tip (C®2VNE?®?) are depicted in
sticks. The rest of the loop in depicted as a grey coil. The surrounding B-strands are depicted in grey and their relative number
indicated in bold. b: Superposition of the radical SAM cores of NifB and SuiB (PDB ID: 5V1S). The following p-strand in both
structures are represented in green. The SuiB SPASM-domain and first auxiliary cluster are also represented in grey. The
deduced location of the K2-cluster in NifB is drawn as a brown cubane.

Adjacent to the C-terminal Cx,Cx,Dx,G-motif, NifB
primary structures usually include a lysine-rich region
sometimes followed by an additional NifX-like domain
proposed to house the NifB-co prior to its transfer to NifEN
(Figure S2).2° Lysine-rich regions are often involved in
protein-protein, protein-nucleic acid or protein-cofactor
interactions.3%3! In NifB, its vicinity to the K2-cluster
binding site suggested either this region being involved in
the interaction with NifU for a facile [Fe;S4]-cluster
insertion or in the interaction with NifEN for subsequent
NifB-co transfer. However, removal of the thirteen last
residues leads to a protein with altered activity in vitro
(Figure 2 and Table 1), outlining such modification, while
not being deleterious, should affect the nearby K2-cluster
stability and impacts both methyl transfer and SAM
cleavage.

Proposed structural mechanism of NifB for NifB-co
biosynthesis. The NifB crystal structure combined with
site-directed mutagenesis supports the early steps in the
following sequential events during NifB-co synthesis
(Figure 4). Starting with NifB containing only the RS-
cluster (1in Figure 4), the K1 cluster may be first delivered
by NifU, a scaffold protein in which [Fe,S,] clusters are
assembled to be later delivered to many Nif client
proteins.® In fact, NifU has been shown to be the major
provider of [Fe,S,] clusters for NifB-co biosynthesis.3? The
C62-E%5 residue-containing loop would stabilize this state
by binding to both the RS- and K1-clusters as observed in
our reported the crystal structure (2 in Figure 4). Upon K2-
cluster insertion (3) and presumably K1-cluster
reduction® (4), E® would come off K1-cluster entailing C52
to pull away from the RS-cluster thereby allowing SAM to
bind and K2-cluster to move forward to capture the methyl
group (5) on one of the sulfide ions.™ Subsequently, a
second SAM molecule would replace the produced SAH
(6) and homolytic SAM cleavage would proceed to
catalyze the radical-based hydrogen-atom abstraction

from the methyl group (7). Two successive
deprotonations recently proposed to be catalyzed by the
histidine residue 42'% would follow concomitantly with the
beginning of K1-K2 cluster fusion. Ligands exchanges for
both K1 and K2 might be assisted by the C8 and E®°
residues to perform this fusion and form a [FegSsCl-
cluster precursor of the NifB-co precursor (8). Production
and insertion of the 9 sulfur atom would take place at the
end of the reaction (9) as suggested by the
characterization or the [FegSgC]-cluster precursor that
lacks it.33 It has been reported that sulfite ion can be the
sulfur source in vitro,'” yet no clear mechanism for sulfite
reduction to sulfide can be deduced from the NifB
structure. One cannot exclude that a different sulfur
source occurs in vivo. This succession of events and the
high complexity of the reaction most likely requires large
conformational changes and further structural
characterizations are needed to understand this [Fe;S,]
cluster fusion. In addition, interaction with the Nif-partners
likely plays a fundamental role in vivo, notably with
electron-carriers such as FdxN to carry out all the required
reductions over this complex process.?* Our crystal
structure paves the way to understand at the molecular
level how NifB catalyzes such a difficult reaction in
biology. Structural features reported here cast some
doubts about the former definition for K1- and K2-clusters
as being modules of a larger cluster' and instead suggest
they are independent entities sequentially loaded into the
protein matrix. Furthermore, they must be considered as
substrates and not cofactors of the enzyme. The identified
insertion loop tightly controls SAM binding and suggests
how a protein of less than 300 amino acids can perform
such a multistep reaction, which includes a methyl
transfer, a radical-based H-atom abstraction, several
deprotonations and extensive [Fe,S,;] center ligand
exchanges to fuse two clusters into a unique [FegSyC].

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of the American Chemical Society

NifB
1 ks 2 ¢
N (" 1T {TRs
’ NifU Nifu
[ =y e
! ' ‘sel
¢ Tié
K1
2; -NifEN
Y
‘apo’-NifEN
9 s
T
5 ot i ‘SZ_,
PG

v
NifB-co

intermediate

Page 6 of 14

SAM

SAH

Figure 4. The NifB structure is schematized as a blue rectangle corresponding to the radical SAM core structure, flanked by N-
and C-terminus stretches (orange and green rectangles, respectively). The C®2-containing loop is depicted in purple. The
proposed domain movements are indicated by red arrows. The FeS cluster and carbon atoms are depicted as ball-and-stick
(iron, sulfur and carbon in brown, yellow and black spheres, respectively). The presented crystal structure corresponds to

species 2.
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