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Abstract

Nitrogenases catalyze the biological fixation of inert N, into bioavailable ammonium. They are bipartite systems consisting
of the catalytic dinitrogenase and a complementary reductase, the Fe protein that is also the site where ATP is hydrolyzed to
drive the reaction forward. Three different subclasses of dinitrogenases are known, employing either molybdenum, vanadium
or only iron at their active site cofactor. Although in all these classes the mode and mechanism of interaction with Fe pro-
tein is conserved, each one encodes its own orthologue of the reductase in the corresponding gene cluster. Here we present
the 2.2 A resolution structure of VnfH from Azotobacter vinelandii, the Fe protein of the alternative, vanadium-dependent
nitrogenase system, in its ADP-bound state. VnfH adopts the same conformation that was observed for NifH, the Fe protein
of molybdenum nitrogenase, in complex with ADP, representing a state of the functional cycle that is ready for reduction
and subsequent nucleotide exchange. The overall similarity of NifH and VnfH confirms the experimentally determined

cross-reactivity of both ATP-hydrolyzing reductases.

Keywords Biological nitrogen fixation - Vanadium nitrogenase - Fe protein - Dinitrogenase reductase - X-ray
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Abbreviations
EPR Electron paramagnetic resonance
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Introduction

The chemistry of biological nitrogen fixation is challenging
in that it involves the reduction of the stable triple bond of
the N, molecule, requiring it to overcome a bond enthalpy of
—946 kJ mol~! [1]. This reaction is equivalent to the indus-
trial Haber—Bosch process that since its development in the
early twentieth century has profoundly transformed the face
of the planet and has enabled an unprecedented growth of
the human population by effectively removing the bioavail-
ability of the element nitrogen as a limiting factor for crop
production [2, 3]. While the industrial process is promoted
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by high temperature and pressure on an iron catalyst that
reacts atmospheric N, with hydrogen gas, the biological
reaction operates at ambient conditions, driven solely by the
hydrolysis of adenosine triphosphate (ATP) [1, 4]. The only
known enzyme able to mediate this reaction is the metallo-
protein nitrogenase, a dynamic complex of two components,
commonly referred to as dinitrogenase and nitrogenase
reductase [5]. Nitrogenase reductase—also known as the
Fe protein—is a homodimer of approximately 60 kDa and a
member of the family of P-loop NTPases, whose protomers
are connected exclusively via a cubane-type [4Fe:4S] cluster
[6]. In this system, the task of the reductase is to provide
a single electron to the catalytic dinitrogenase component,
concomitant with spending two ATP in an intricate mecha-
nism that effectively leads to the transfer of a low-potential
electron to the active site and according to current knowl-
edge proceeds as follows: upon reduction by a ferredoxin
or flavodoxin, Fe protein exchanges a bound ADP molecule
per monomer for ATP [7]. This leads to a conformational
change that allows Fe protein to dock onto the catalytic
dinitrogenase component, in a position that brings its metal
cluster in close proximity to the first of two metal clusters in
the dinitrogenase component [8]. This is P-cluster, a unique
[8Fe:7S] electron relay site that is already fully reduced,
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i.e., in an all-ferrous state in the resting state of the enzyme
[9, 10]. Consequently, Fe protein cannot merely transfer an
electron from its [4Fe:4S] center to P-cluster, but instead is
thought to employ what has been very aptly described as
a deficit-spending mechanism [11]. In this model, it is the
docking of Fe protein and the dinitrogenase that first trig-
gers the release of a low-potential electron from P-cluster in
the latter, followed by ATP hydrolysis in the former. Only
in the following step this electron is then replenished from
the [4Fe:4S] cluster in Fe protein, and the oxidized, ADP-
bound Fe protein then dissociates from dinitrogenase to be
replenished for the next one-electron transfer. The purpose
of this mechanism is in lowering the redox potential of the
electron-leaving P-cluster, and we may speculate that this
is achieved by a slight conformational rearrangement of the
immediate surrounding of this site, caused by the interac-
tion of both components, or the ATP-induced power stroke
of Fe protein. This intricate sequence of events converts the
chemical energy of an ATP phosphodiester bond via the
mechanical action of a conformational change into the low-
ered electrochemical potential of the electron that eventually
reaches the active site of dinitrogenase. In essence, this is
equivalent to the elevated temperature and pressure of the
Haber-Bosch process, but the entire, orchestrated interaction
of the two protein components must be repeated eight times
for the generation of two molecules of ammonium from a
single N, [12].

All known nitrogenases form a monophyletic group
[13] and use Fe protein for electron transfer. For the cat-
alytic dinitrogenase, three different classes are known
that differ primarily in their active site cofactor, the sec-
ond metal site beside P-cluster. In the best-studied vari-
ant, molybdenum nitrogenase, this cofactor is FeMoco, a
[Mo:7Fe:9S:C]:homocitrate cluster [14—16], while the alter-
native vanadium nitrogenase employs FeVco, which is of
composition [V:7Fe:8S:C]:CO5:homocitrate [17]. It is less
active in N, reduction, but instead reduces CO, an inhibi-
tor of FeMoco, to hydrocarbons [18], and a ligand-bound
structure most recently reported for this enzyme has pro-
vided essential hints for an atomic-level understanding of
its mechanism [19]. The third type of nitrogenases solely
relies on iron, with a FeFeco whose precise architecture
remains to be elucidated. Its N,-reducing activity again is
lower than the one of FeVco, but it also has a special power
in that it reduces CO, that remains untouched by the other
two nitrogenase types [20]. Some diazotrophs, including
the paradigmatic soil bacterium Azotobacter vinelandii,
encode all three types of nitrogenase in their genome [21],
preferably expressing the most potent, Mo-dependent sys-
tem. They switch to producing vanadium nitrogenase under
Mo-depleted growth conditions and will eventually resort to
the iron-only enzyme if both heterometals become scarce.
Although we assume that all dinitrogenase components
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feature highly similar P-clusters, the distinct gene clusters for
Mo (nif), V (vnf) and Fe (anf) nitrogenase each contain their
dedicated Fe protein ortholog, encoded by the nifH, vnfH
and anfH genes, respectively [22]. To date, high-resolution
crystal structures are available for molybdenum-dependent
dinitrogenases (MoFe proteins) of A. vinelandii, Klebsiella
pneumoniae, Clostridium pasteurianum and Gluconaceto-
bacter diazotrophicus [23], as well as for the analogous VFe
protein of A. vinelandii [17], but the only Fe protein studied
structurally is NifH of A. vinelandii [6], although the isola-
tion of VnfH from a AnifHDK was already reported in 1986
[24]. This may be due to the high sensitivity of the protein
towards dioxygen, leading to a half-decay time of less than
10 s in the presence of 2 vol% of O, [25]. For the Fe proteins
of molybdenum and vanadium nitrogenases, a cross-reactiv-
ity has been reported, and the polypeptide chains of the two
A. vinelandii proteins exhibit a sequence identity of 90.7%.
Here we report on the isolation, crystallization and structural
analysis of A. vinelandii VnfH in the ADP-bound state.

Experimental procedures

Cultivation of A. vinelandii under Mo-depleted
conditions

Azotobacter vinelandii strain Lipman 1903 [26] was grown
in nitrogen-free, modified Burk medium at pH 7.5 [27].
The medium contained 58 mM of sucrose, 0.9 mM CaCl,,
1.67 mM MgSO,, 0.04 mM FeSO,, 0.2 mM of citric acid,
2.5 mM KH,PO,, and 10 mM K,HPO,. Initial cultures were
supplemented with 10 mM NH,CI and 0.01 mM Na;MoO,
and grown at 30 °C and 180 rpm agitation under aerobic
conditions in baffled Erlenmeyer flasks. When the culture
reached ODg,,,=3.0, 1 mL of medium was plated on Mo-
containing Burk agar plates (Burk medium supplemented
with 5% (w/v) of Agar—Agar) and incubated at 30 °C over
night. In the resulting colonies, active nitrogen fixation led
to a visible, brown color of the cells [28]. Single colonies
were then used to inoculate Burk medium supplemented with
10 mM NH,Cl and 0.01 mM Na;VO, and grown at 30 °C and
180 rpm agitation until an ODg,,, of 3.0 was reached and
the cells were then singled out on Burk agar plates (5% (w/v)
agar—agar) without vanadium and nitrogen and incubated at
30 °C to obtain single colonies. This cycle of growth and
singling out was repeated for five times and the resulting cells
did no longer produce any detectable Mo nitrogenase and
were used at larger scale (10 L) for producing VnfH.

Isolation of VnfH

A buffer containing 50 mM Tris/HCI at pH 7.4, 100 mM
NaCl and 10 mM Na,S,0, was used to thoroughly resuspend
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the cell pellet after harvesting by centrifugation. Cells were
disrupted in a homogenizer (Emulsiflex-C5, Avestin) at
15,000 psi under an N, atmosphere. The lysate was cen-
trifuged at 100,000xg for 30 min and the supernatant was
subsequently loaded onto a HiTrap Q HP anion exchange
column (GE Healthcare) equilibrated with 50 mM Tris/
HCI at pH 7.4, 100 mM NaCl and 2.5 mM Na,S,0,. To
separate the vanadium nitrogenase components, the column
was developed with a linear NaCl gradient, with VnfH elut-
ing at 360 mM NaCl. After concentration (Vivaspin 20,
30 kDa MWCO, Sartorius) under 4 bar N, pressure, VnfH
was loaded onto a size exclusion column (Superdex 200 pg,
26/600, GE Healthcare) equilibrated with 20 mM Tris/HCI
buffer at pH 7.4, 100 mM NaCl and 2.5 mM Na,S,0,. Frac-
tions containing pure VnfH were identified by SDS-PAGE,
pooled, concentrated and stored in liquid nitrogen until fur-
ther use.

Crystallization and data collection

Azotobacter vinelandii VnfH was crystallized by sitting
drop vapor diffusion, in an anoxic chamber containing 95%
N, and 5% H,. A protein solution containing 4-7 mg mL ™!
VnfH, 10 mM MgCl, and 2.5 mM ADP was used for screen-
ing with reservoir solutions containing polyethylene glycol
of various molecular weights in buffers ranging from pH
4.5 t0 9.5. The final condition contained 100 mM Tris/HCl
buffer at pH 8.5 and 25% (w/v) PEG 3350 in the reservoir
solution. 1 puL of protein solution was added to 1 pL of res-
ervoir solution on a 96-well crystallization plate (MRC 2,
SwissSci) and subsequently sealed. After 6 weeks, crystals
were mounted in a nylon loop after addition of 10% (v/v)
2R,3R-butane diol as a cryoprotectant and flash frozen in
liquid N,,. Diffraction data were collected at the Swiss Light
Source (Paul Scherrer Institute, Villigen, CH) on beamline
XO06SA, equipped with an Eiger 16 M detector (Dectris) at
a wavelength of 1 A. An oscillation angle of 0.1° per dif-
fraction image was used, covering a total range of 360° of
crystal rotation per dataset. The X-ray beam was readjusted
to a different spot on the crystal for each dataset.

Structure solution and refinement

Data were indexed and integrated with XDS [29] and
subsequently merged and scaled with AIMLESS from
the CCP4 suite [30]. Two datasets from the same crystal
were merged during data processing. The structure was
solved by molecular replacement using Phaser-MR [31].
ADP-bound NifH served as a model structure (PDB-entry:
1FP6), yielding a clear solution with four VnfH dimers in
the asymmetric unit of the C 222, unit cell. The structure
of VnfH was then built in COOT [32] and refined in itera-
tive cycles with further model improvement using Buster/

TNT 2.10 [33]. Data collection and refinement statistics
are summarized in Table 1. All figures were generated
with PyMOL [34], electrostatic potential maps were cal-
culated with APBS [35].

Results

Azotobacter vinelandii VnfH crystallized in space group
C 222, with four homodimers in the asymmetric unit that
are highly similar, with a positional root-mean-squared
deviation of 0.18 +0.09 A for all atoms. As expected
based on its high sequence homology to the NifH protein

Table 1 Data collection and refinement statistics

Data set
Space group C222,
Cell constants a, b, ¢ (A) 94.6,176.9, 354.2
a, f,y (°) 90.0, 90.0, 90.0
Wavelength (A) 1.0000
Resolution limits (10\) 49.54-2.20 (2.24-2.20)
Completeness (%) 99.9 (100.0)
Anomalous completeness (%) 100.0 (100.0)
Unique reflections 150,174 (7362)
Multiplicity 27.8 (22.7)
Rierge 0.204 (4.055)
Ry im [43] 0.040 (0.890)
Mean I/o(I) 13.2(1.1)
CC,, (outer shell) [44] 0.531
Refinement statistics

ngrysl 0.200

Riree 0.215

Non-hydrogen atoms excl. solvent 16,799

Solvent molecules 389

Cruickshank’s DPI (10\) [45] 0.201

Wilson B-factor (A2) 45.6

Avg. B-factor protein (AY) 69.2

Avg. B-factor cofactors (Az) 59.0

Avg. B-factor solvent (AZ) 56.2
r.m.s. deviations from ideal values

Bond lengths (A) 0.009

Bond angles (°) 1.12
Ramachandran statistics®

Preferred regions 2146 (97.8%)
40 (1.82%)

9 (0.41%)

Allowed regions

Outliers

Ry is the cross-validation R value for a test set of 5% of unique
reflections

aRmerge =2, [E = <DNE L]
bRcryst= z“hkl ||F0bsI —IF, ”/thl IFObSI
‘Ramachandran statistics as defined by PROCHECK [46]

calc
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from the same organism, the VnfH dimer is linked by a
canonical [4Fe:4S] cluster at the dimer interface, coordi-
nated by two cysteine residues, C98 and C133 from each
monomer. The 290 amino acid VnfH attains the Rossman-
type Pap-fold with a parallel, 7-stranded p-sheet that is
typical for P-loop NTPases (Fig. 1). In each monomer, a
bound ADP molecule was clearly defined in the electron
density map, residing in a specific binding pocket on the
surface of each monomer (Fig. 1b). In the VnfH dimer,
these binding pockets are buried deep within a central
cleft on the surface of the protein that is opposite from
the bound [4Fe:4S] cluster (Fig. 1c¢). Nucleotide binding
and hydrolysis occurs at a conserved structural feature,
the P-loop (or Walker A) motif GX,GKS located at resi-
dues 11-17 in loop 1 that connects strand p1 with helix
al of the protein, employing the helix dipole and residue
K16 to create a positively charged pocket for binding the
pyrophosphate moiety of the ADP ligand (Fig. 2). Residue

S17 is a key part of the Walker A motif, as it coordinates
a Mg?* cation, whose octahedral ligand environment is
completed by an oxygen atom of the f-phosphate of ADP,
as well as four well-defined water molecules. S71 and one
of these water ligands also form short hydrogen bonds
(2.6 and 2.7 A, respectively) to residue D126, the sig-
nature residue of the switch II (or Walker B) motif that
changes its conformation according to whether a nucleo-
side di- or triphosphate is bound to the P-loop (Fig. 2).
D126 is placed at the end of strand B4, from where the
protein chain continues past D130, the second key residue
in the switch II region, to C133, one of the two ligands
to the [45:4S] cluster. A second part of the protein that
undergoes ligand-dependent conformational changes is
the switch I region, which in VnfH encompasses residues
39-45, immediately following sheet 2. Adjacent to the
nucleotide binding site, four residues in this loop region
are in contact with the water ligands of the Mg>* cation

Fig. 1 Three-dimensional structure of A. vinelandii VnfH. a Front
view of the VnfH dimer in the ADP-bound state. The two mono-
mers are exclusively connected through the coordination to the
[4Fe:4S] cluster located on the twofold symmetry axis. b The bound
nucleoside diphosphate was well defined in its binding pocket on a
VnfH monomer. The electron density map shown is a 2F — F_ omit
map contoured at the 1.5 ¢ level. ¢ Surface representation of a bot-
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tom view of the VnfH dimer. The deep cleft between the monomers
provides access for MgADP to dissociate from the enzyme when
exchanged for ATP. d VnfH monomer in cartoon representation,
colored from blue at the N terminus of the 291 aa peptide chain to
red at the C terminus. The [4Fe:4S] cluster, as well as the bound ADP
molecule and the Mg>* ion are shown as spheres or sticks, respec-
tively
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Fig.2 Nucleotide binding site of VnfH. The stereo figure shows
MgADP binding to a monomer of A. vinelandii VnfH. As typical for
NTPases of this family, the phosphoanhydride chain of the ligand
is bound to a P-loop region (11-17), centered on a 15GKS'7 motif,
in which the lysine interacts with the p-phosphate of ADP, while
the serine coordinates the Mg?* ion. Typical for P-loop NTPases,
the binding of ATP vs. ADP leads to conformational changes in the

and can thus react to its different positioning in the ATP-
and ADP-bound states (Fig. 2).

In nitrogenase Fe proteins, the conformational switch of
the conserved P-loop NTPase scaffold is thus recruited to
mediate a movement of the immediate vicinity of the metal
cluster, with obvious functional consequences for electron
transfer to the dinitrogenase component. The ADP-bound
state in the present structure only represents a single struc-
tural snapshot in the dynamic interaction of Fe protein with
the catalytic component of dinitrogenase, and currently a
complex structure of VnfH with VnfDKG is not available.
However, the high similarity between VnfH and NifH allows
to conclude that the most prominent functional features are
retained. VnfH and the ADP-bound form of NifH (PDB
1FP6) align with a root-mean-squared deviation of 0.3 A
for all atoms (Fig. 3a, b), and only one of the 27 amino
acid exchanges separating the proteins, H174 that in NifH
corresponds to N173, is located within the surface region
of the Fe protein that interacts with the catalytic compo-
nent of nitrogenase (Fig. 3c). In the ADP-AIF, -stabilized
complex of NifH and NifDK (PDB 1N2C) [36], N173 relo-
cates slightly and does not interact directly with NifDK,
and the same is likely the case for VnfH interacting with
VnfDGK. Furthermore, the conformation of NifH with
bound ADP-AIF,, considered to mimic the transition state
of ATP hydrolysis, corresponds well to the one obtained
with AMPPCP, a non-hydrolysable analog of ATP (PDB
2AFK) [37]. In both cases, the different positioning of the

switch I and switch II regions, with immediate consequences for the
positioning of the [4Fe:4S] cluster bound at the end of the switch II
motif (C133). This change brings the two halves of the dimer close
together, allowing for K11 and D130 to interact with the nucleotide
bound in the other monomer of the VnfH dimer, thereby promoting
ATP hydrolysis

switch I and II regions causes the two protomers of the
NifH dimer to approach each other more closely. This is
supported by the binding to NifDK, which is a prerequisite
for ATP hydrolysis, so that in this case the enzyme acts as
the activator, in analogy to what is found in many G protein-
based signaling systems. Two amino acid residues in NifH
are important for this activation, and both are conserved in
VnfH: K11 forms part of the Walker A motif, and D130 is
the second signature residue of the Walker B motif (Fig. 2).
In the ADP-bound state of VnfH reported here, both residues
are oriented towards the gap in the dimer interface that is
closed in the NifHDK complex structures (Fig. 1c), and this
rearrangement then brings both into close proximity of the
MgATP bound to the other monomer of the dimer. The clos-
ing of the dimer thus is required for efficient ATP hydrolysis,
and the conservation of K11 and D130 in VnfH strongly
indicates that an analogous mechanism will be in place when
binding to VnfDKG.

For molybdenum nitrogenase, the interaction of the two
component proteins was suggested to be initially guided pri-
marily through electrostatic interactions that help to orient
and pre-align both NifH and NifDK, followed by a prob-
ing of the surface of the latter by the smaller Fe protein
[38]. In the productive complex of the two components,
i.e., the state where ATP hydrolysis and electron transfer
take place, the twofold symmetry axis of the Fe protein
dimer aligns fully with the pseudo-twofold axis relating the
D- and K-subunits of the reductase. In the Fe protein, the
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Fig. 3 Structural comparison

of VnfH with NifH. a The
homologous Fe proteins of
molybdenum (black) and vana-
dium (red) nitrogenase in their
respective, ADP-bound states

in ribbon representation. The
[4Fe:4S] clusters and Mg?* ions
are shown as spheres, the ADP
ligands in stick representation.
The near identical quaternary
structures of the two proteins
emphasize that the ADP-bound
state, in which nucleotides are
exchanged upon reduction, are
structurally well defined rather
than intrinsically flexible. b Top
view of the dimer, represented
as in a, highlighting the location
of the metal clusters on the two-
fold dimer axis. ¢ Stereo repre-
sentation of the VnfH monomer
(cartoon representation) and
NifH (black). Residues differing
in VnfH are shown as red sticks.
While located mainly on the
protein surface, they are distrib-
uted across the entire protein,
omitting the interaction surface
with the dinitrogenase

[4Fe:4S] cluster bridges the monomers and is therefore of
course located directly on the symmetry axis, and in the
catalytic subunit the same is true for P-cluster [36, 37]. Their
juxtaposition in the complex leads to the shortest possible
distance, which in turn benefits electron transfer efficiency.
Given the overall similarity of the vanadium nitrogenase
system, an analogous mode of interaction of both proteins
seems to be a reasonable assumption. The electrostatic sur-
face properties of VnfH and VnfDKG provide strong support
for this hypothesis. While VnfH shows an overall negative
electrostatic surface potential, a distinct, positive patch is
located in the immediate surroundings of the iron—sulfur
cluster (Fig. 4a). Recently, the three-dimensional structure of
VnfDKG has revealed that the D-K interface of this compo-
nent retains the characteristic ridge that serves as a docking
point for Fe protein in NifDK [17]. The electrostatic surface
potential of VnfDKG around this presumed docking site is
highly complementary to the charge distribution on VnfH,
with an overall negative potential on the docking ridge, sur-
rounded by patches of positive surface potential (Fig. 4b). As
elaborated elsewhere, VnfH docking on this ridge would not
interfere with the position of VnfG, the additional subunit of
vanadium nitrogenase that is not present in the molybdenum-
based enzyme [17].

@ Springer

Discussion

Azotobacter vinelandii is a Gram-negative, free-living soil
bacterium that is highly adapted to a diazotrophic lifestyle. It
combines an obligate aerobic metabolism that allows for the
most efficient generation of ATP from carbohydrate oxida-
tion with a very high oxidase activity to retain its cytoplasm
in a fully anoxic state. Due to the straightforward handling
and the availability of a genetic system, A. vinelandii has
emerged as a paradigm for studying biological nitrogen fixa-
tion. In addition to the most thoroughly characterized molyb-
denum nitrogenase, the organism contains two alternative
enzyme systems dependent either on vanadium instead of
molybdenum, or relying exclusively on iron. As clarified by
the genome sequence of the organism, the three nitrogenases
are organized into distinct gene clusters that provide the
structural genes for the catalytic components together with
a range of accessory genes required for metal uptake, cofac-
tor biogenesis and electron transfer to sustain catalysis [21].
With characteristic differences in their active site cofactors,
the evolution of separate proteins to hold these cofactors is
unsurprising. On the other hand, a crucial assembly factor
for nitrogenase cofactors is the radical/SAM enzyme NifB
that synthesizes a [8Fe:9S:C] precursor from simple building
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Fig.4 Electrostatic surface properties in vanadium nitrogenase. a Top
view of the VnfH dimer along the twofold symmetry axis. The pro-
tein surface is colored according to its electrostatic surface potential
ranging from red at —5 kT to blue at +5 kgT. The icon in the lower
right summarized the charge distribution. b VnfDKG, as the interac-

blocks. This precursor, frequently termed the L-cluster, is
common to all three nitrogenases, and to—to the best of
our knowledge—they all use this enzyme, which is pre-
sent with only a single copy in the genome of A. vinelan-
dii. Nature thus does recruit compatible components for all
three enzymes. For the iron protein components, however,
this is not the case. The NifH protein from molybdenum
nitrogenase finds its counterpart in VnfH for vanadium nitro-
genase and AnfH for the iron-only enzyme. As the present
structural analysis of VnfH shows—not entirely unexpect-
edly—the structures of both proteins are highly similar, to
a far higher extent than it is the case for MoFe and VFe
protein in this organism. In agreement with earlier reports,
we find that both NifH and VnfH are cross-reactive and work
equally well with either dinitrogenase within experimental
uncertainty. The significance of having individual copies
of Fe protein for each dinitrogenase variant thus remains
to be elucidated. Most obviously, a coexpression with the
structural genes for the enzymes might serve to ensure
stoichiometric production of the components. If so, a bal-
anced stoichiometry of these components would lead to only
one Fe protein dimer produced per dinitrogenase complex
(NifD,K, or VnfD,G,K,), which is lower than commonly
assumed, but might support the recent observation of half-
sites reactivity in this enzyme complex [39]. It may also be
connected with the additional role identified for NifH, in
which it interacts with the assembly factor NifEN to promote
the insertion of the molybdenum ion and the homocitrate
ligand into the precursor L-cluster [40-42]. An analogous
step exists in the biogenesis of VFe protein, occurring on
VnfEN that is encoded in the vnf gene cluster. FeV cofactor,
however, not only differs from its Mo-containing counterpart
in the nature of the heterometal, but also in the presence of a

tion partner of VnfH, is presumed to bind VnfH on the pseudo-two-
fold symmetry axis relating the D- and K-subunits. Here, the electro-
static surface potential of the enzyme (not drawn to scale with a) is
ideally complementary

second organic ligand, carbonate [17]. With L-cluster being
the common precursor of both cofactors, this additional
modification involves the removal of a p-bridging sulfide,
S5A, and its replacement by CO32_. This step is likely to
occur on or near VnfEN, so that in spite of a significant
sequence homology of the two EN complexes, the functional
differences might be substantial, justifying a dedicated Fe
protein component.

The present structure of VnfH confirms the high degree
of structural conservation among nitrogenase Fe proteins
and highlights that the ADP-bound form of this ATP-
dependent reductase is a well-defined state, poised for the
exchange of nucleotide upon subsequent reduction. Further
studies to address other nucleotide-bound states, as well as
a characterization of the complex of VnfH with VnfDKG,
will show whether the other stages of the electron transfer
choreography between nitrogenases and their correspond-
ing reductases are as highly conserved.
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