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The enzyme nitrogenase reduces dinitrogen and a variety of
other substrates at a unique [Mo:7Fe:9S:C]:(R)-homocitrate—
iron-molybdenum cluster, the FeMo cofactor (FeMoco).!!
The cluster has been characterized in high structural detail
but its functional properties and its precise role in biological
nitrogen fixation remain enigmatic. Nitrogenase is the only
enzyme known to catalyze the reductive fixation of atmos-
pheric N, to bioavailable ammonium, NH,*, coupled to the
production of H, and the hydrolysis of ATP. It is a two-
component metalloenzyme that assembles under turnover
conditions and consists of the MoFe protein (NifD,K,) and
the Fe protein (NifH,).”) Fe protein is the site of ATP
hydrolysis and serves as the electron donor for the MoFe
protein. The a,f3, heterotetrameric MoFe protein contains
two copies of the FeMo cofactor and of the [8Fe:7S] P-cluster,
an electron-transfer site. FeMo cofactor is coordinated to
a homocitrate molecule and two protein ligands, a-C275 and
a-H442, in the Azotobacter vinelandii enzyme (Figure 1 A).
The cluster has pseudo-D; symmetry that is broken only by
the apical molybdenum ion (Figure 1B,C). The seven iron
atoms show fourfold coordination with near-tetrahedral
geometry. The light atom at the cofactor center was recently
identified as carbon, but its function remains unclear.[*

In spite of decades of extensive studies, the catalytic
activity and the associated magnetic properties of FeMo
cofactor are poorly understood. When isolated in the
presence of dithionite, MoFe protein contains the active site
cluster in a S=3/2 ground state (FeMoco™)."! Chemical
oxidation leads to a reversible transition at —42 mV, yielding
a diamagnetic state (FeMoco®), which was characterized by
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Figure 1. Structure of the FeMo cofactor [Mo:7Fe:9S:C]:(R)-homo-
citrate located in the a-subunit of the nitrogenase MoFe protein from
Azotobacter vinelandii. A) The metal cluster is coordinated by two
amino acids, a-C275 and a-H442. Fe gray, Mo brown, S yellow, C black,
N blue, O red. B) View along the pseudo-twofold symmetry axis.

C) View along the threefold axis of the FeMoco (from PDB ID 3U7Q).

Mossbauer and MCD spectroscopy, but may not be of
physiological relevance.!! Using reduced Fe protein, FeMo-
co™ can be further reduced to a FeMocoX state (S > 1), which
could not be obtained through chemical or electrochemical
reduction.[”! To date, the §=23/2 FeMoco" is by far the best-
characterized state, and it was investigated by EPR, Mossba-
uer, ENDOR, XANES, and EXAFS spectroscopy.”™®?
From this, two prevailing hypotheses for the electron
distribution within the cluster have emerged.

The first model describes the oxidation states of the metal
ions as [Mo*":Fe*":6Fe*], while in the second model,
supported by ENDOR and XANES data, the resulting
assignment is [Mo*":3Fe’*:4Fe?*].f2¢91 As both the exact
electronic configuration and the redox-state assignments for
the individual atoms remain controversial, an unambiguous
theoretical derivation of the exact spin-coupling situation has
not been achieved. DFT calculations in combination with
broken-symmetry (BS) approaches were used to obtain
information about the intrinsic spin coupling of the FeMo
cofactor.***1%l With an overall S = 3/2 resting spin state and
a presumed [Mo*":3Fe*":4Fe*"] configuration, 10 different
spin configurations are possible which all result in a 4(up)/
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3(down) spin-coupling alignment, wherein the BS7 coupling
scheme best describes the experimental data.l''! The inter-
stitial carbon atom in the cluster was included neither in these
calculations nor in earlier analyses of experimental data.

EPR spectroscopy can be a powerful tool for gaining
spatial information about the magnetic properties of a metal
center that is directly linked to its electronic structure. Used
on ordered single crystals, EPR spectroscopy can be used to
determine the relative orientation of the principal axes of the
magnetic g tensor of a paramagnetic center with respect to its
structure.

Single crystals of Clostridium pasteurianum MoFe protein
were previously studied with EPR by Hoffman and co-
workers, but at the time no structural information was
available.'"”! Here we report the analysis of single-crystal
EPR measurements on MoFe protein from Azotobacter
vinelandii, which in combination with X-ray crystallography
defines the orientation of the magnetic g tensor with respect
to FeMoco geometry. Measurements were carried out at thfe
X-band, using dithionite-reduced MoFe protein crystals with
dimensions of approximately 1.0 x 0.8 x 0.8 mm®. The princi-
pal axes of the g tensor of the S = 3/2 FeMoco" state, derived
from powder spectra, are g,=2.01, g,=3.65, and g, =4.31,
and are in agreement with a simulation based on a M, ="/,
Kramer’s doublet transition at a rhombicity of E/D =0.053.
This signal arises exclusively from FeMoco, as the P-cluster in
its PN state contains only Fe™ and thus is diamagnetic.

MoFe protein crystallized in the monoclinic space group
P2, with one or two heterotetramers per asymmetric unit and
two asymmetric units per unit cell. In the case of the larger
unit cell, the noncrystallographic symmetry operation relating
the two tetramers was almost a pure translation, so that
always only up to four distinct and magnetically independent
resonances could be observed (Figure 2). Due to fortuitous
orientation of the crystal with one unit cell plane normal to
the magnetic field vector B;, the number of resonance
features was in some instances reduced to two, leading to
a significant simplification of the evaluation process for some
of the examined crystals. The crystals showed a distinct
angular dependence of the EPR signals within the limits of
the principal axes of the g tensor (Figure 2 A, Figure 3 A), and

\
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Figure 2. Single-crystal EPR measurements. A) X-band spectra of an
A. vinelandii MoFe protein crystal, recorded in 3° steps over a range of
180°. Four EPR signals represent the magnetically distinct metal
centers in the crystal unit cell. B) Sinusoidal fit of the g values for all
signals. The symbols represent the four magnetically distinct FeMo
cofactors in the unit cell.
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Figure 3. A) Symmetry-reduced single-crystal X-band spectra of MoFe
protein, recorded over a range of 300°. Two resonances are resolved,
corresponding to only two magnetically distinct centers when the
rotation axis is parallel to the b axis of the crystal. B) Angular depend-
ence of the EPR signals derived from the spectra, superimposed on
a 2D contour plot. The x-axis errors are due to technical factors, in
particular the positional freedom of the glass capillary in the EPR tube,
while the y-axis errors, determined as peak width at half-height, are
due to line-broadening. The superposition was the basis for the
subsequent simulation. C) Sinusoidal fit of the g* values, analogous to
Figure 2B. The symbols represent the two magnetically distinct FeMo
cofactors in the unit cell.

the expected sinusoidal shape for the g* values with a perio-
dicity of 180° (Figure 2B, Figure 3C).

Orientation-dependent line-broadening of the EPR sig-
nals, as a result of g strain (Figure 3A), was frequently
observed at higher field." In order to determine the signal
positions from individual spectra more precisely, two-dimen-
sional contour plots were generated (Figure 3B), and the
first- and second-derivative plots were inspected at higher
field. Signal positions were determined from peak positions of
integrated spectra. The obtained data were used for fitting the
angular dependence of the resonance features using the EPR
simulation tool “easyspin” with the embedded functions
“resfield” and “pepper”.’) The simulation yielded the
relative orientations of the individual g tensors with respect
to an intrinsic simulation frame and that correlated with the
spatial orientation of FeMo cofactor. The evaluation of
spectra and assignment of relative orientations is detailed in
the Supporting Information. The combination of two data sets
(Figure 2 and Figure 3) resulted in an unambiguous assign-
ment of the g tensor orientation with respect to the structure
(Figures S1 and S4).

The g.=4.31 component deviates by only 4.5° from the
threefold axis of FeMo cofactor. This is within experimental
error, due to the positional freedom of the crystal capillary in
the EPR tube. Also, the g,=3.65 component is only 16.5° out
of the Fel-C-S5 plane of the cofactor. As the magnetic tensor
orientation is primarily determined by the atomic and
electronic structure of FeMo cofactor, it was obvious that
the observed, rhombic powder spectrum cannot fully reflect
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the pseudo-D; symmetry of the cluster. Isolated FeMo
cofactor retains its §=3/2 spin state with large rhombicity
in the absence of any protein ligand,'" while an isolated
[8Fe:9S:C] precursor that does not yet contain molybdenum
is a far simpler S =1/2 system.™ It can thus be assumed that
the heterometal plays a major role in establishing the high
rhombicity of the §$=3/2 system, and that part of the
asymmetry is attributed to the direct coordination by
homocitrate and H442. However, the additional influence of
the protein environment and the surrounding electrostatic
potential field becomes apparent when comparing this data
with that of holo-MoFe protein.¥ Mo contributes to orient-
ing the g, axis along the intrinsic threefold rotation axis of the
cluster, but the surrounding amino acids will fine-tune in
particular g, and g, The g,—g, plane is near the cluster edge
formed by atoms Fel-Fe3-S5-Fe7-Mo (Figure 4) and intro-
duces an asymmetry that cannot be deduced from the cluster
structure alone.

g, axis
45.3°
74.6°
87.7°

g, axis g axis
136.0°  94.7°
16.5° 88.2°

93.6° 4.5°

C-S3 axis
C-S5 axis
C—Fel axis

homocitrate

Figure 4. Orientation of the g tensor with respect to FeMo cofactor.

A) Overall view including the immediate ligands to FeMoco. The g,
component deviates from the threefold axis of the cluster by only 4.5°.
B) View along g, C) Top view of the cluster along g,. The g, axis
deviates by 16.5° from the Fel-Fe3-S5-Fe7-Mo edge of the cluster.

D) Summary of the angles formed by the principal axes of the g tensor
and intrinsic main axes of FeMo cofactor.

FeMo cofactor resides in a binding pocket that is
predominantly lined by hydrophobic residues, with the
exception of a small hydrophilic pocket above Fe3 which
holds four water molecules in the structure of MoFe protein
recorded at a resolution of 1.0 A.*" Only a very limited set of
conserved, putative electron donor ligands is present, namely
0-Arg96, a-His195, a-Arg359, and o-His442 (Figure 5). The
positively charged guanidine groups of the two arginine
residues are located on either side of the Fel-Fe3-S5-Fe7-Mo
cluster edge, creating a local electrostatic potential environ-
ment that will reflect in the electronic structure of FeMo
cofactor. The only amino acid side chains to directly ligate the
cofactor are o-C275 and o-H442, supplemented by the
organic (R)-homocitrate moiety (Figure 1 A). The high sym-
metry of FeMo cofactor precludes an unambiguous assign-
ment of a substrate-binding site at its surface, and substrate
binding has not been directly observed in wild-type MoFe
protein. Studies on an a-V70 variant of the protein have
pointed towards substrate and inhibitor binding to Fe6 in this
mutant. The preference for Fe6 was supported by “CO

www.angewandte.org

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 5. Putative electron-donor ligands surrounding the FeMo cofac-
tor in the MoFe protein of nitrogenase. Direct coordination of the
cluster is provided by only residues C275 and H442, but the conserved
R96, H195, and R359 provide an anisotropic electrostatic environment
that is likely to influence the g tensor orientation. Notably, the g, axis is
positioned along the Fel-Fe3-Fe7-Mo cluster edge that is surrounded
by the positively charged guanidino groups of R96 and R359. The
figure is based on PDB entry 3U7Q.

incubation and the detection of its nuclear spin coupling to
the electron spin of the cluster in ENDOR experiments,'® but
this analysis is necessarily strongly dependent on the available
electronic model. In the present analysis, Fe6, located on the
side facing residue a-H195, is close to the g, axis of the tensor.

Since there is currently no satisfactory theoretical descrip-
tion of the electronic structure of FeMo cofactor, further
experimental data is needed to serve as basis for refined
computational approaches. The combination of X-ray dif-
fraction and single-crystal EPR data of dithionite-reduced
MoFe protein from A. vinelandii revealed, for the first time,
the spatial orientation of the g tensor in the S =3/2 FeMoco™
state with respect to its structure. This information can guide
future DFT calculations to improve the quality of current
electronic models. A refined electronic structure will fine-
tune the description of the electron distribution within the
cluster, including the resulting coupling behavior. It will also
yield information about possible electron-transfer sites, all of
which will be essential for a detailed understanding of
substrate binding and activation.

Experimental Section

Cell growth and protein purification: Azotobacter vinelandii (Lipman
1903) was grown on Burke’s medium in 500 mL flasks. The preculture
medium was complemented with 10 mm NH,CI as the sole fixed-
nitrogen source. Main cultures were complemented with 1.3 mm
NH,CI leading to a de-repression of nitrogenase gene expression
after ammonium depletion. Cells were harvested by centrifugation at
an optical density (ODgy,,) of 3.0. The cell paste was washed with
a 50mMm Tris/HCl buffer at pH7.4. All subsequent steps were
performed as described previously.”!

Protein crystallization: All crystallization steps were carried out
under anoxic conditions (95% N,/5% H,, <5ppm O,). A 12 uL
aliquot of protein solution (65 mgmL™') was mixed with the same
volume of reservoir solution containing 0.7m NaCl, 17.0 vol % PEG
4000, 3 vol % MPD, 0.2 M imidazole/malate buffer at pH 8.0, 0.55 mm
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spermine, and 0.1 mM Zwittergent 3-14 (Hampton Research). All
crystallographic steps were performed at 291 K using the sitting-drop
vapor-diffusion method.™*"!

X-ray crystallography: Crystals were mounted in thin-walled
(10 um) quartz capillaries that were marked to indicate the initial
position for X-ray and EPR data collection. Diffraction experiments
were carried out on a MicroMax 007HF generator with a Saturn 944 +
CCD detector (Rigaku) at 100 K. Data were treated as described
previously.[*"]

EPR spectroscopy and data analysis: After X-ray data collection,
the capillaries were transferred to X-band EPR tubes that were then
filled with buffer containing 50 mwm Tris/HCI at pH 7.4, 200 mm NaCl,
and 5 mMm Na,S,0,. Data were recorded on a Bruker Elexsys ES00 X-
band spectrometer equipped with an Oxford Instruments helium
cryostat at 7 K, microwave frequency 9.340 GHz; microwave power
50 mW, field modulation 100 kHz, modulation amplitude 8 G, time

constant 328 ms, scan rate 179 Gmin .
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