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The electronic structure of the active-site metal cofactor (FeV-cofactor) of resting-state V-dependent
nitrogenase has been an open question, with earlier studies indicating that it exhibits a broad S = 3/2
EPR signal (Kramers state) having g values of ~4.3 and 3.8, along with suggestions that it contains metal-
ions with valencies [1V3*, 3Fe>*, 4Fe?*]. In the present work, genetic, biochemical, and spectroscopic
approaches were combined to reveal that the EPR signals previously assigned to FeV-cofactor do not
correlate with active VFe-protein, and thus cannot arise from the resting-state of catalytically relevant
FeV-cofactor. It, instead, appears resting-state FeV-cofactor is either diamagnetic, S = 0, or non-
Kramers, integer-spin (S = 1, 2 etc.). When VFe-protein is freeze-trapped during high-flux turnover with
its natural electron-donating partner Fe protein, conditions which populate reduced states of the FeV-
cofactor, a new rhombic S = 1/2 EPR signal from such a reduced state is observed, with g = [2.18, 2.12,
2.09] and showing well-defined >V (I = 7/2) hyperfine splitting, aiso = 110 MHz. These findings indicate
a different assignment for the electronic structure of the resting state of FeV-cofactor: S = O (or integer-
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DOI-10.1039/d0sc06561g spin non-Kramers state) with metal-ion valencies, [1V®", 4Fe®*, 3Fe?*]. Our findings suggest that the V3*
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Introduction

Biological nitrogen fixation, the reduction of dinitrogen (N,) to
ammonia (NH;), is catalyzed in diazotrophic bacteria and
archaea by the enzyme nitrogenase.'™ Three different nitroge-
nase isozymes have been described:*” molybdenum-dependent
(encoded by nif genes),**° vanadium-dependent (encoded by vnf
genes),>" ™ and iron-only (encoded by anfgenes).>'* Azotobacter
vinelandii, the model organism used in the present work,
produces all three different nitrogenase types, although under
different physiological conditions, whereas most other nitrogen
fixing organisms produce only one or two of the isoenzymes.*>*®
All three nitrogenase types are binary catalytic systems involving
two participating component proteins.’”*® One component is
responsible for the nucleotide-dependent delivery of electrons
to the other component, which provides the active site for
substrate binding and reduction. Although genetically encoded
by separate genes for the different systems, the electron delivery
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does not change valency throughout the catalytic cycle.

component for all three systems, products of the nifH, vanfH and
anfH genes, is referred to as the “Fe protein”,"* whereas the
complementary catalytic component for each system are
respectively designated the MoFe protein, the VFe protein and
the FeFe protein.*>®''* The MoFe protein is an a,f3, tetramer,
encoded by the nifD and nifK genes, whereas the VFe protein
and FeFe protein are a,f,9, hexamers, respectively encoded by
the vnfD, vnfK, vnfG and anfD, anfK, anfG genes.*>'*'* MoFe
protein, VFe protein and FeFe protein each contain two types of
complex metallo-clusters. One of these is an [8Fe-7S] P-cluster
common to all three systems and the other is an active site
cofactor, specific to each system and respectively designated
FeMo-cofactor, FeV-cofactor, and FeFe-cofactor.**** These
designations, as well as the designations of the different
systems, reflect the metal compositions of the active site
cofactors (Fig. 1). A schematic representation of the V-
dependent nitrogenase, the focus of the present work, is
shown in Fig. S1,T and the metal-sulfur-carbide core of all three
cofactor types and some of their known electronic features is
shown in Fig. 1.

All three nitrogenase systems are united by common mech-
anistic features. Namely, electrons are sequentially transferred
through a proposed ‘deficit-spending’ process, with electrons
passing from the [4Fe-4S]'" cluster in reduced Fe protein,
through the P-cluster, and ultimately accumulated at the active
site cofactor. Coupled hydrolysis of a minimum of 2ATP
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Fig. 1 Schematic representation of FeMo-cofactor of Mo-nitroge-
nase, FeV-cofactor of V-nitrogenase, and proposed FeFe-cofactor in
Fe-nitrogenase. The overall spin state of each resting state cofactor,
the redox state, and proposed spin state of the Mo, V, and Fe atoms at
the same position in the corresponding cofactor are highlighted. The
amino acid and R-homocitrate ligands are not shown.

molecules to 2ADP/2Pi occurs for each electron transferred
from Fe protein to the corresponding catalytic component.>***
This cycle is repeated until sufficient electrons are accumulated
on the active-site cofactor to enable binding and subsequent
reduction of substrate. Reduction of different substrates (H",
N,, C,H,, CO) varies among the three isozymes.>'"**?* A recent
comparative steady-state kinetic study revealed that all three
isozymes follow the same fundamental eight-electron/proton
mechanism for N, reduction, with each step involving a cycle
of association/dissociation of the two component
proteins.******* In this scheme, the states of the corresponding
catalytic component (MoFe, VFe, or FeFe protein) are denoted
by E,, where n represents the number of electrons/protons
accumulated on the corresponding active site cofactor
(Scheme 1). N, binds at the E, stage after the accumulation of
four [e7/H'], and the reduction of N, is driven by the
mechanistically-coupled reductive elimination of two hydrides
with the release of H,.?*** It was further found that the three
isozymes show different ratios of rate constants for this reduc-
tive elimination step versus the competing hydride protonolysis
reaction that only releases H,.*** A determination of the elec-
tronic structures and redox properties of the metalloclusters,
especially for the corresponding active-site cofactors, is a critical
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Scheme 1 Simplified Lowe-Thorneley kinetic scheme for nitrogen
fixation applicable to all three nitrogenase isozymes. The catalytic
intermediates of a MoFe (or VFe, or FeFe) protein are denoted E,,
where n = 0-8 is the number of [e”/H*] that have been delivered to
the catalytic FeMo-(or FeV-, or FeFe-) cofactor.

cornerstone in understanding the causes for differences in
catalytic properties, as well deciphering common mechanistic
features.*® In the present work, features of FeV-cofactor con-
tained within the VFe protein, in both its resting and turnover
states, are explored and compared to known features of FeMo-
cofactor and FeFe-cofactor.

Among the three isozymes, Mo-dependent nitrogenase has
been the best studied, with details of the mechanism being
revealed by a combination of genetic, biochemical, spectro-
scopic and crystallographic studies.*®**'320212¢ The atomic
structure of the active site FeMo-cofactor in the dithionite-
reduced (resting state, E,) MoFe protein is [7Fe-9S-Mo-C—(R)-
homocitrate] with an S = 3/2 spin state (Fig. 1).>”*® Recent X-ray
based spectroscopic studies supported the assignment of Mo®>*
with a non-Hund d* electronic configuration,?* leading to
a preferred charge distribution of the cluster of
[Mo*"4Fe**3Fe*'98> -C*]'~ (Fig. 1).%3“** Earlier EXAFS and
Moéssbauer studies of resting-state VFe*=*” protein and FeFe'**®
protein indicated that: (i) both FeV-cofactor and FeFe-cofactor
have similar atomic architecture and electronic properties of
the 7Fe-subcluster to those of the FeMo-cofactor (Fig. 1);* and
(ii) the P-clusters in VFe and FeFe proteins are diamagnetic (S =
0), similar to that of their Mo counterpart.***”** Recently,
a crystal structure of VFe protein has been solved and the
modeled structure resembles that for FeMo-cofactor, but with
an unusual bidentate four light atomic ligand (assigned as
CO0,>7, Fig. 1) replacing one of the belt sulfide (S*~) atoms.***

A Mdssbauer study suggested that FeFe-cofactor has an even
number of ferrous and ferric iron atoms ([4Fe**4Fe**]) with
a diamagnetic ground state (S = 0), in agreement with the EPR-
silence of the resting state FeFe protein.'**® However, there is
little consensus on the electronic structure of FeV-cofactor, in
part because of contradictory observations of EPR spectra of
different preparations of the VFe protein.>*'"**'* To date, the
FeV-cofactor in the resting state of the enzyme is most typically
taken to have S = 3/2, and to exhibit a rhombic EPR signal with g
=~ 4.3 and 3.8, with the third g feature likely hidden under other
high field EPR signals.>*'****® However, the intensity of this
signal compared to the S = 3/2 signal for resting-state FeMo-
cofactor is too low to account for FeV-cofactor in all of the
VFe protein present.** Given the suggested S = 3/2 spin of the
resting state FeV-cofactor, a recent study combining X-ray

© 2021 The Author(s). Published by the Royal Society of Chemistry
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absorption (XAS) and X-ray emission (XES) spectroscopy and
density functional theory (DFT) calculations of resting state
MoFe and VFe protein and related synthetic clusters proposed
an assignment of V** with an S = 1 d* electronic configura-
tion.***> Combined with the assignment of FeV-cofactor as EPR-
active in the resting state, this implies there must be one more
ferrous (Fe**) ion in the Fe, subcluster of FeV-cofactor (Fig. 1)
compared to FeMo-cofactor.®*»*

Considering the uncertainties in assigning the origins of the
resting-state EPR signal for VFe protein, the electronic struc-
tures derived from these spectroscopic and theoretical studies,
as summarized in Fig. 1, remained likewise uncertain. More-
over, a proposed assignment of the low spin (S = 1/2) EPR signal
for resting-state VFe protein to the oxidized P-cluster has been
debated.>*'* The present work is focused on the electronic
structures of the FeV-cofactor in both the resting and turnover
state of V-nitrogenase. It is revealed that none of the EPR signals
previously assigned to FeV-cofactor are consistent with those
species representing the dominant active species in the resting
state, leading to the conclusion that the resting state FeV-
cofactor (E;) does not exhibit a half-integer (Kramers) spin
state. Rather, freeze-trapping a reduced intermediate formed
during turnover reveals an S = 1/2 EPR signal showing defined
>'y hyperfine coupling splitting, leading to the conclusion that
this EPR-active partially reduced state of FeV-cofactor (E; or Ej)
has V** (S = 1), and the proposal that this electronic state of
vanadium persists throughout the catalytic cycle. These find-
ings lead to a different assignment of iron-ion valencies for FeV-
cofactor compared to prior work.

Experimental

Full experimental details are in the ESL{ This includes Azoto-
bacter vinelandii strain construction, cell growth and protein
purification, protein activity assays, EPR sample preparation
and spectroscopic methods, and ESIf table and figures.
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Results and discussion
Biochemical characterization of affinity purified VFe protein

The VFe protein from A. vinelandii*****> and Azotobacter chroo-
coccum® were isolated and studied previously. These earlier
studies produced proteins having a range of specific activities
and spectroscopic features.>*** In the present work, the B-subunit
of the VFe protein was genetically modified to include a Strep-tag
sequence located near the N-terminal region. Incorporation of
a Strep-tag within the B-subunit enabled the rapid and gentle
purification of the VFe®" protein, as has been recently demon-
strated for several other nitrogen-fixation associated
proteins.’®*** To keep the metal clusters intact from oxygen
damage, all proteins were prepared and manipulated under
anaerobic conditions and in the presence of dithionite as
areductant.* Panel A in Fig. 2 shows an SDS-PAGE analysis of the
VFeS" protein as well as isolated VFeS™ "/ protein produced by
a strain deleted for nifB. NifB is required for the formation of
NifB-co, an [8Fe-9S-C] precursor required for formation of all
nitrogenase active site cofactor types.>* Inspection of the VFeS"
protein profile (Fig. 2, lane 1) reveals that it co-purifies with
a minor sub-stoichiometric amount of Vnf]. The gene encoding
Vnf], a designation assigned in the present work, is located
immediately downstream of the vnfK gene (encoding the B-
subunit of the VFe protein) and precedes vnfY. The function of
Vnf] is not known, but its co-purification in very small amounts
with the VFe" protein indicates it is likely to be involved in some
aspect of VFe protein maturation and that a small amount of
intermediate assembly species is captured by the affinity purifi-
cation procedure. Based on densitometry, the approximate
subunit composition of the isolated VFeS" protein is o,3,3,,
which is in line with the organization and apparent translational
coupling of the corresponding genes,* the composition evident
from the crystal structure,***** as well as the composition re-
ported by other investigators,*>*** with the exception of Lee
et al.,* who claim an o,,3, composition.

B

Ratio of Proteins from Densitometry Scans

WT AnifB
VnfG/VnfDK 0.7 -
VnfK/VnfD 1.1 1.4
Vnf)/VnfDK 0.05 J
VnfY/VnfDK - 0.2

Fig.2 SDS-PAGE of VFe proteins and densitometry data. Panel A. Shown is the molecular weight ladder (lane L) with masses in kDa on the left,
VFeS" protein prepared from wild-type (DJ2253) (lane 1), apo-VFe protein from a strain deleted for nifB (DJ2256) (lane 2). The positions of the
different proteins are shown on the right. Panel B. Reported is the ratio of protein concentrations taken from densitometry scans of Panel A for
VFeS" protein a-(VnfD) and B-(VnfK) subunits and copurifying proteins prepared from the wild-type (WT) (DJ2253) and AnifB strain (DJ2256).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Specific activities of VFe proteins at pH 7.3¢
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Substrates

Protons (1 atm Ar)

N, (1 atm) and protons

VFe protein nmol of H, min~'mg " nmol of H, min~'mg " nmol of NH; min~ 'mg ™"
VFeST 1980 + 50 960 + 25 310 £ 7
StrAnifB b
VFe ’ ND ND ND
VFeSTAniE 1110 £ 1 690 + 3 160 + 5
In vitro incubated VFeSTm/® 1240 + 27 700 + 8 200 + 9

“ All assays were performed at 30 °C for 8 min at a molar ratio of VFe protein to VnfH of 1 : 40 (1 : 30 for VFeS™ ") and the specific activities are
expressed as nmol of product per min per mg of VFe protein as an average with standard deviation. > ND = not detected.

Affinity purification of VFe-protein produced by a nifB-dele-
tion strain results in loss of the 3-subunit, encoded by vnfG, and
sub-stochiometric co-purification with VnfY. VnfY has a similar
primary structure when compared to NifY/NafY from the Mo-
dependent system. Similar to the situation found here, NifY/
NafY, which are proposed to be FeMo-cofactor trafficking
proteins,' co-purifies with MoFe protein produced by the nifB-
deletion strain.**** It, therefore, appears that VnfY has a role
related to FeV-cofactor trafficking/insertion during maturation
of the VFe protein, which is also consistent with prior
biochemical phenotype of a strain deleted for vnfY.>* Another
feature of VFe-protein produced by the nifB-deletion strain is
that it apparently accumulates as a mixture of o,p, and o,f,
species based on the differential intensity of bands corre-
sponding to the a- and B-subunits shown in lane 2 of Fig. 2,
which, again, is consistent with previous reports.>*>**%

A comparison of the specific activities of the VFe proteins
used in the present work for reduction of the physiological
substrates, N, and protons, is shown in Table 1. The VFeS"
protein shows specific activities for N, and proton reduction
consistent with the highest reported values from prior studies,’
whereas, the VFeS™ "% protein, which does not contain FeV-
cofactor, has no N, or proton reduction capacity. For reasons
described in a following section, VFe protein produced by
a strain having nifE deleted (VFe®™ ") was also isolated. NifE is
specifically required for formation of the active site FeMo-
cofactor associated with the Mo-dependent nitrogenase. The
VFeS™ ™ protein sample exhibited lower activities relative to
the VFe®" protein for reduction of N, and protons, but well
within the variability we have routinely observed and others
have reported>*® for VFe protein preparations.

Analysis of the g-2 region S = 1/2 EPR signal associated with
isolated VFe protein

The X-band EPR spectrum for the resting state, dithionite
reduced VFe®" is shown in Fig. 3. This protein shows an § = 1/2
EPR signal in the g-2 region with g = [2.04, 1.93, 1.90]. Spin
quantification of the § = 1/2 signal indicated ~0.3 electron
spins per VFe®" protein, consistent with the previous
reports.>*>** Although the origin and catalytic relevance of the S
= 1/2 EPR signal associated with P-clusters is not the focus of
the present work, the highly variable intensity of this signal

6916 | Chem. Sci, 2021, 12, 6913-6922

apparent in different VFe protein preparations, as shown in
Fig. 3, merits some discussion. As evident from SDS-PAGE
analysis of purified VFe protein samples shown in Fig. 2,

2.O4I_1.|?3
i \VFeStr 190
—— e
VFeS{rAm‘fE
B

In vitro incubated VFeS™"E
i

VFeStmme

Normalized Intensity

4.35 3.78
554 —l

WG -
____/\.m.»m

R e S —

2000 3000 4000

Magnetic Field (Gauss)

1000

Fig. 3 X-band EPR spectra of resting state strep-tagged VFe proteins.
The EPR spectra for 50 pM of VFe®" protein (VFe", black trace), for 52
uM of VFe®" protein from a nifE-deleted genetic background (VFeS™
MfE red trace), for 48 uM of in vitro incubated Strep-tagged VFe protein
from an nifE-deleted genetic background (in vitro incubated VFeS™
MfE blue trace), and for 50 uM VFe" protein from an nifB-deleted
genetic background (VFeS™ 8 magenta trace) are presented. The
details for creation of the different strains with different genotypes and
the in vitro incubation experiment are found in the ESI.{ All samples
were made in a 100 mM MOPS buffer, pH 7.3, with ca. 20 mM sodium
dithionite and 150 mM NaCl. Inset shows an expansion of the low field
region. EPR conditions: temperature, 12 K; microwave frequency, 9.38
GHz; microwave power, 20 mW; modulation amplitude, 8.14 G; time
constant 20.48 ms. Each trace is the sum of five scans.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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there is not a strict equivalence in the relative a- and B-subunit
composition in preparations of VFe protein described here and
elsewhere.® Namely, the B-subunit often appears to be present
in excess of the a-subunit, which is consistent with the presence
of both a4, and a,B, species in such samples. In our hands, the
intensity of the S = 1/2 signal is roughly correlated with an
increase in sample heterogeneity. This observation is similar to
reports in the pioneering work from the Hales laboratory. In
those studies,**** it was shown that an a3, VFe protein species
could be isolated and that the “spare” B-subunit within that
complex appears to contain a [4Fe-4S] P-cluster “fragment”
having features very similar to the S = 1/2 signal reported here.
It is also possible that the S = 1/2 signal is associated with P-
cluster precursors similar to those found in immature MoFe
protein produced by a nifH-deficient strain.***” Although the
true origin of the variable S = 1/2 EPR signature associated with
isolated resting state VFe protein, and its possible relevance to
catalysis or P-cluster assembly, remains to be resolved, there is
compelling evidence and agreement that it is not associated
with the active site FeV-cofactor because it persists in VFe
protein prepared from a nifB-deficient strain that cannot
produce FeV-cofactor (Fig. 3).>**

Analysis of the low field S = 3/2 EPR signals associated with
VFe protein

The EPR spectrum of the resting-state VFe®" protein shows

weak signals at lower field (high g values) that correspond to
previously recognized S = 3/2 spin states, with g features at 5.54,
4.35, and 3.78 (Fig. 3). These EPR signals were initially proposed
to be a mixture of S = 3/2 species, presumably reflecting
different protein environments of the active site, FeV-
cofactor.™"*** In a recent study, similar S = 3/2 signals have
been clearly distinguished as two species according to their
different temperature dependence behavior and different redox
response to indigo disulfonate (IDS).** The S = 3/2 signals
observed here show very low intensities, in agreement with the
previous estimation that these signals correspond to less than
10% of the intensity of the similar signals of the S = 3/2 FeMo-
cofactor signal present in MoFe protein.***

The low intensity of the S = 3/2 signals raises doubts about
their assignment to resting state FeV-cofactor. We, therefore,
explored the possibility that these signals could arise from mis-
incorporation of FeMo-cofactor into the VFe protein, given the
similarities of g values to those arising from FeMo-cofactor in
MoFe protein. To test this possibility, a VFe protein was isolated
from A. vinelandii cells having the niff gene deleted (VFe5™*"/),
Deletion of nifE disables formation of FeMo-cofactor, removing
any possibility of its misincorporation into VFe protein. The
VFeS™ " protein exhibits essentially the same EPR features in
the S = 3/2 and S = 1/2 regions as VFe’" protein, although
having a more prominent S = 1/2 signal compared to the S = 3/2
signal (Fig. 3). This observation rules out the possibility that the
S = 3/2 signal might originate from FeMo-cofactor.

Expressing the VFe®™ protein in a background having nifB
deleted results in formation of VFeS™ "/ protein that does not
contain any FeV-cofactor. The EPR spectrum of this protein

© 2021 The Author(s). Published by the Royal Society of Chemistry
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shows the persistence of the S = 1/2 signal, but loss of the § = 3/
2, g 5.54 and g 4.35 and 3.78 signals (Fig. 3). As already
described, this finding is consistent with assignment of the S =
1/2 signal to P-cluster, or a species associated with either P-
cluster precursor or damaged P-cluster. Disappearance of the
S = 3/2 features in isolated VFeS™ " protein indicates that the
low field EPR signals must originate either from FeV-cofactor or
one of its intermediate assembly species.

To test whether the S = 3/2 signals might be associated with
a VFe®" protein species that contains an immature form of FeV-
cofactor, crude extract prepared from the strain producing
VFeS™ M was supplemented with V and a-ketoglutarate and
incubated for 4 h under turnover conditions prior to isolation of
VFeS""/E Extracts prepared from a strain deleted for nifE was
used for this experiment to ensure there was no possibility for
adventitious incorporation of FeMo-cofactor into VFe protein
during the incubation. Such incubation resulted in only a slight
increment in specific activity of the isolated protein (Table 1),
but also a loss in the g 4.35 and 3.78 EPR signals (Fig. 3). The g
4.35 and 3.78 signals are thus not correlated with active protein,
evidence against the assignment of these signals as the resting
state of the active form of FeV-cofactor.”> Even though the
chemistry behind the loss in the g 4.35 and 3.78 EPR signals is
not yet understood, the result suggests these signals are not
associated with the active form of FeV-cofactor.

The feature at g = 5.54 might originate from the overlap of
the two signals with ¢ = 5.7 and 5.4 arising from the ground
and excited state of an inverted S = 3/2 system.”® The assign-
ment of this signal was probed by redox cycling of the VFe
protein. Methylene blue (MB) is able to oxidize the resting state
FeMo-cofactor (M) and P-cluster (PY) in MoFe protein to
a diamagnetic EPR silent M®" state and a paramagnetic P*
state, respectively.”® After a 15 min treatment of VFeS" with MB,
the high spin S = 3/2 (g = 5.54) and low spin S = 1/2 (g = 2.04,
1.93, and 1.90) signals disappear in the EPR spectrum (Fig. 4).
However, the S = 3/2 (g 4.35) signal remained after oxidation,
accompanied by the appearance of an adventitious S = 5/2 Fe(u)
species with a signal at g = 4.3 (Fig. 4). Re-reduction of the
oxidized VFe®™ protein by 20 mM dithionite resulted in an
unchanged S = 3/2 (g = 4.35) signal, and the recovery of the S =
1/2 signal, but not the S = 3/2 (g = 5.54) signal (Fig. 4). A broad
but weak feature, different from the line-shape of the afore-
mentioned S = 3/2 (g = 5.54) signal, appears in the EPR spec-
trum after the re-reduction by dithionite (Fig. 4). This broad
feature ranges from g ~ 5.8 to g ~ 5.1. Careful examination of
the line-shape revealed that this feature is quite similar to that
for the S = 3/2 spin state of the [4Fe4S]"" cluster Fe protein
produced by the Mo-dependent system, which can be reversibly
converted to the S = 1/2 spin state of the [4Fe4S]"" cluster of Fe
protein.**® The origin of this S = 3/2 signal is not yet clear.
Because the appearance of this signal (g ~ 5.8 to g ~ 5.1)
accompanies the recovery of the S = 1/2 signal after the
dithionite re-reduction of MB-oxidized VFeS", it is reasonable to
propose that this new signal originates from the high spin form
of the metal cluster displaying the S = 1/2 signal (g = 2.04, 1.93,
and 1.90). VFeS" protein that was MB oxidized and then reduced
by dithionite maintained about half of substrate reducing
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MB oxidized VFeSt

DT re-reduction of
MB-oxidized VFeSt

Normalized Intensity

1000

2000 3000 4000

Magnetic Field (Gauss)

Fig. 4 X-band EPR spectra of oxidized VFe proteins. Shown is the
resting state VFe®" in MOPS buffer with 20 mM DT (black trace),
methylene blue (MB)-oxidized VFeS" after 15 min incubation at room
temperature in MOPS buffer without DT (blue trace), and 20 mM DT
re-reduced VFe " after being oxidized by MB for 15 min (red trace). The
MOPS buffer was 100 mM, pH 7.3, with ca. 150 mM NaCl. The final
VFeS" concentration was 50 pM in all samples. The inset in the left
bottom corner presents an overlay of the low field region of the
spectra from three spectra and the spectra difference (magenta trace)
between the MB-oxidized sample and DT re-reduced sample after MB
oxidation. EPR conditions are the same as those in Fig. 3.

activities of that for non-oxidized VFe>" protein (see Table S17)
yet it lost the g = 5.54 EPR signal. Thus, it can be concluded that
this signal does not arise from the catalytically active FeV-
cofactor.

The two S = 3/2 signals, from the g = 5.54 and g = 4.35 and
3.78 species, long seen in VFe preparations and ascribed to
resting-state FeV-cofactor can be ruled out as arising from
catalytically relevant FeV-cofactor based on the results pre-
sented here. Even though contradictory results for these signals
have been reported, the intensity of the § = 3/2, g = 4.35 and
3.78 signals were still used as an indicator to distinguish the
dithionite-reduced, ‘resting’ state from a ‘turnover’ state in the
crystallographic study of VFe protein.***°

Spin state and valencies of resting-state FeV-cofactor

The proposal of the dithionite-reduced resting state of FeV-
cofactor as an S = 3/2 EPR-active system resulted in an assign-
ment of the valency of the resting FeV-cofactor as
[V**3Fe* 4Fe*"] with one more iron site in its ferrous state than
that of resting FeMo-cofactor (Mo 4Fe**3Fe®']) based on XAS
and DFT studies.**>** However, there are several important
observations that contradict assignment of an S = 3/2 state to
the resting FeV-cofactor: (i) unlike the quantitative FeMo-
cofactor EPR signal of MoFe protein, the g = 4.3, S = 3/2
signal of VFe protein has always been observed with low, and
varying intensity,>'*141455051 heing absent in some isola-
tions;'>**+*7%% and (ii) the different redox responses of the two S

6918 | Chem. Sci, 2021, 12, 6913-6922

View Article Online

Edge Article

= 3/2 spin systems seen with VFe protein toward the oxidation
by IDS* and methylene blue described here demonstrate that
the two S = 3/2 signals do not originate from the catalytically
relevant FeV-cofactor. Thus, as described above (Table 1, Fig. 3
and 4), it is clear none of the S = 3/2 species seen in prepara-
tions of VFe protein are necessarily relevant to catalytically
functional FeV-cofactor. In aggregate, the results reported here
indicate that the two S = 3/2 species observed in dithionite-
reduced VFe proteins originate either from incomplete/
immature FeV-cofactor or from some adventitious EPR active
species. As none of the EPR signals evident in dithionite-
reduced VFe protein originate from functional FeV-cofactor,
we are led to conclude that the dithionite-reduced FeV-
cofactor in resting-state VFe protein most likely diamagnetic,
but possibly in an integer-spin (non-Kramers) state.

Reduced states of the VFe protein

Freeze-trapping nitrogenase under high-flux turnover condi-
tions with Fe protein and ATP results in the capture of reduced
states of the active site cofactor (E,, n > 0; Scheme 1).*%2¢
Spectroscopic studies of reaction intermediates freeze-trapped
during turnover of Mo- dependent nitrogenase have revealed
all EPR-active E,, states (n = even) except Eq.* To date, no such
turnover intermediates have been trapped and characterized for
V-nitrogenase.>® The 12 K EPR spectra of 5 uM VFe’"" protein
freeze-trapped during turnover under Ar or N, show not only
a strong signal from the [4Fe-4S]'" cluster of the Fe protein, but
also, to the low-field side of that signal, there appears a portion
of a partially overlapping S = 1/2 signal with much smaller
amplitude exhibiting multiple well-defined *'v (I = 7/2)
hyperfine-splittings (Fig. 5A and S2t). It is noteworthy that the
newly observed signal with *'V hyperfine splitting is the same
whether observed during Ar or N, turnover, and the intensity of
this signal increases with increasing Fe protein concentration
(or increasing electron flux) as depicted in Fig. S3.1 The inten-
sity of the signal from the turnover intermediate does not
significantly change until the temperature is increased to 16 K
(Fig. S47) and enhanced spin-lattice relaxation occurs.

Given the observation of *'V-hyperfine splitting, it can be
concluded that the newly observed S = 1/2 signal arises from
FeV-cofactor. The increase in intensity with increasing electron
flux indicates that the signal is from a reduced intermediate.
Confirmation that this signal is indeed associated with a cata-
Iytic E,, intermediate (Scheme 1) was provided by using EDTA to
quench electron delivery from the Fe protein, which resulted in
decay of the turnover dependent EPR signal (Fig. S5t). Confi-
dence that EDTA quenching does not affect cluster composition
is provided by the observation the EPR signature of the most
sensitive cluster in the system, the Fe protein [4Fe-4S] cluster, is
unaffected by the quenching procedure. An earlier report
showed no appearance of a new S = 1/2 signal under turnover,
much less one that exhibited >'V hyperfine structure.*” In that
study, the turnover experiment was performed using low-flux
conditions,*® whereas the turnover experiment reported here
was performed using high-flux conditions. Although low-flux
turnover experiments with MoFe protein have proven useful

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 g-2region X-band EPR spectra of V-nitrogenase proteins. (A) 12 K spectra of resting states (black trace for VFe

3000 3300 3600
Magnetic Field (Gauss)

St and magenta trace for Fe

protein) and Fe protein-VFe®" freeze-trapped during turnover under Ar (red trace) and N, (blue trace) (B) 5.5 K (green trace) spectra of Ar-

turnover Fe protein—VFeS"

2.09], and isotropic EPR linewidth of 75 MHz. Samples: all samples contain 5 pM of VFe
resting state sample. All samples made in buffer with 200 mM MOPS at pH 7.3 and an ATP-regeneration

40 pM of Fe protein except the VFeS*

along with simulation of turnover intermediate (cyan trace) with Sty hyperfine coupling, ajso = 110 MHz, g =[2.18, 2.12,

S brotein except the Fe protein resting state sample, and

system (20 mM ATP, 20 mM MgCl,, 1 mg mL™! BSA, and 0.4 mg mL~" creatine phosphokinase) with a final dithionite concentration at ~20 mM.
EPR conditions: as in Fig. 3 except each spectrum is the sum of 10 scans.

in the capture of the E; state,*>* they were not able to populate
more highly reduced states of the enzyme.*®

Careful inspection of the EPR spectrum of the intermediate
shows the two *'V hyperfine lines at lowest field have the
‘absorption’ shape characteristic of components in a >'V (I = 7/
2) octet associated with the g, feature for an S = 1/2 center
having a rhombic g-tensor, while the remaining >'V hyperfine
lines have the derivative shape of the octet from the g, feature.
This pattern fixes both [g, A;] and [g,, 4,], but the strong Fe
protein signal at 12 K precludes any insights into the values of
[g3, A3]- However, as the temperature is lowered, the Fe protein
signal saturates and decreases in amplitude, while that of the
intermediate does not (Fig. 5B and S47). At the base tempera-
ture of 5.5-6 K, at fields directly above the g, octet, two addi-
tional negative going *'V hyperfine lines are observed, the shape
expected for g; features, with no indication of additional *'V
lines to still higher field. With this guidance, the observed
intermediate spectra can be simulated quite well with g-tensor,
g =[2.18, 2.12, 2.09], and an isotropic >'V hyperfine tensor, A =
@iso = 110 MHz, Fig. 5B and S6.T Together, the absence of this S
= 1/2 signal with >'V hyperfine splitting in the EPR spectrum of
resting state VFe®"" and its appearance under turnover condi-
tions indicate that this signal arises from FeV-cofactor of
a turnover trapped state.

To estimate the degree of accumulation of this newly iden-
tified EPR-active intermediate, it is found that the simulated
sum of the hyperfine-split signal (HSS) and Fe protein signal is
achieved by adding them in the intensity ratio, HSS/Fe protein
~1/17 (Fig. S6t1). Given that the turnover conditions include
high reductant concentration (20 mM dithionite) and high Fe
protein concentration, it is reasonable to infer that Fe protein is
overwhelmingly present in its EPR-active reduced state, and this

© 2021 The Author(s). Published by the Royal Society of Chemistry

is confirmed by direct integration of the signal to 0.48 spin per
Fe protein. In the case FeV-cofactor, the relative contributions to
the simulation imply that roughly 10% of that present (total, 5
UM VFe protein, 10 uM FeV-cofactor) has been trapped as the
newly identified EPR active intermediate.

E, state assignment of the newly observed intermediate

Because the intermediate is generated during turnover under an
Ar or N, atmosphere, this intermediate must be E, where n < 4,
as Es_g states only exist in the presence of N, (Scheme 1). Given
that the resting E, state of VFe-protein is diamagnetic or in
a non-Kramers state, then states having an even number of
added electrons, E, and E,, should also be EPR silent. As
a result, the S = 1/2 intermediate trapped here would be E;(1H)
or E3(3H), namely reduced from resting state by one or three
electrons, and hence is denoted the E; 5(1,3H) state.

Vanadium valence state in E, ;(1,3H)

The presence of the large 'V hyperfine coupling seen in Fig. 5
for a vanadium ion incorporated into a paramagnetic FeV-
cofactor requires that this ion itself be in a paramagnetic
valence state with a large hyperfine coupling. There are only two
plausible paramagnetic states for such a V ion: V** (d%, 5 = 1) or
v** (@', S = 1/2). Comparison of the observed *'V hyperfine
coupling in the turnover intermediate with those of reference
compounds is next shown to confirm the signal indeed is
associated with FeV-cofactor and to identify the valency of
vanadium.

This effort begins with the recognition that the experimen-
tally observed hyperfine coupling tensor for the nucleus of
metal-ion site i, Ai, within the multinuclear spin-coupled FeV-
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cofactor cluster is proportional to the intrinsic hyperfine
coupling tensor for the uncoupled (isolated) metal ion, A", as
scaled by the projection of the metal ion's local spin onto the
total cluster spin. This dimensionless constant, denoted the
vector-coupling coefficient, K;, is subject to a normalization
condition on the sum over the K; for the coupled metal ions;
Ai = KA™" ;2K =1 1)
According to eqn (1), spin coupling within a cluster alters the
magnitude of the nuclear hyperfine interaction, not its
‘symmetry’: isotropic; axial; rhombic. The V** (d?, § = 1) valence
state, which is relatively rare, has been found to exhibit an
isotropic coupling (aii(m) = 300 MHz).** The V** (d*, § = 1/2)
state is quite common, and is well-known to show an
extremely anisotropic (roughly axial) hyperfine tensor (compo-
nent values that range around median values of, A ~500 MHz,
A, ~200 MHz, aii ~300 MHz).® The finding that *'V hyperfine
coupling of E,;(1,3H) is fully isotropic then identifies the
vanadium of E, 5(1,3H) as V** (d?, § = 1).35424
The isotropic *'V hyperfine coupling observed in the
E;;(1,3H) intermediate, a;s, = 110 MHz, is much smaller than
that of an isolated V', ™ ~300 MHz, and furthermore, the
intermediate signal is from an S = 1/2 (Kramers) center, not that
of an isolated V** (non-Kramers) S = 1 center. These observa-
tions together confirm that the observed signal comes not from
an isolated V** (d*>, S = 1) complex produced by cofactor
degradation, but from a spin-coupled multi-metallic cluster,
a state of spin-coupled FeV-cofactor itself, and thus indeed from
a VFe intermediate. Taking eqn (1) and using Ay" = ajy, ~300
MHz for an isolated V** (d®, § = 1), then a5, = 110 MHz for the
intermediate yields a vector-coupling coefficient for the V** of
E1,3(1,3H): |Ky(u)|~0.3. ENDOR measurements of the sign of the
>1y hyperfine coupling will establish the sign of this coefficient.
As an instructive exercise designed to illuminate the spin
properties of this intermediate, we examine two alternative
limiting models for spin coupling within a FeV-cofactor with
cluster spin, S = 1/2 and containing V** (S = 1): simple anti-
ferromagnetic coupling between a V** (S = 1) and a Fe,
subcluster would yield the observed S = 1/2 cluster spin if the
subcluster had a net spin of either S(Fe;) = 1/2 or 3/2. It is
straightforward to show that such coupling to a subcluster-spin
S(Fe,) = 1/2 would give a vanadium spin-projection coefficient
greater than unity, Ky = 4/3, and thus a V** hyperfine coupling
greater than that of an uncoupled ion, contrary to observation.
In contrast, antiferromagnetic coupling to a subcluster spin
S(Fe;) = 3/2 would give |Ky| = 2/3 < 1 (actually, Ky < 0), and thus
a V** hyperfine coupling less than that of an uncoupled ion,
a result that qualitatively, even though not quantitatively,
reflects experiment. This exercise shows how the observed
hyperfine coupling can be used to gain a qualitative under-
standing of how the V** (S = 1) in E,4(1,3H) is anti-
ferromagnetically coupled to an Fe, sub-cluster of FeV-
cofactor with an overall spin S = 3/2. A full treatment of spin
coupling within FeV-cofactor, which is not at present accessible,
would be needed to precisely discuss all the metal-ion hyperfine
couplings and the E, 3(1,3H) g-tensor. Such a more complex
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Fig. 6 Schematic representation and electronic assignment of the
dithionite-reduced resting state (Ep) FeV-cofactor. The proposed
overall electron spin state, metal valences, and d-orbital electronic
configuration of high spin V() (d?, S = 1) are highlighted on the right.

scheme would explicitly incorporate contributions to its
magnetic properties from zero-field splittings on both Fe and V.

It has been shown that E, of FeMo-cofactor contains a d*
Mo®" (Fig. 1),2>**%* which is odd-electron, that in forming the
MoFe E,(H) the molybdenum remains Mo**,°*%* and further, it
has been proposed that this valency persists throughout the
catalytic cycle.®® Turning to FeV-cofactor, it is shown here the
odd-electron (S = 1/2) E; 5(1,3H) state contains an even-electron
V** (S = 1). It is proposed, in part by analogy to MoFe protein,
that the V** valency likewise persists throughout the catalytic
cycle, in which case the difference in spin states and EPR
behavior observed for the E, states of FeMo-cofactor and FeV-
cofactor arise because the two cofactors exhibit the same,
unchanging trivalent state for the heterometal throughout the
cycle. Simply put, it is suggested that the difference between the
overall cluster spin states for the E, states of FeMo-cofactor and
FeV-cofactor arises merely because Mo** is an odd-electron
Kramers ion (half-integer spin), whereas V*' is an even-
electron, non-Kramers (integer-spin) ion, while the overall
valencies of the Fe, sub-cluster are the same in the corre-
sponding E, states of the two cofactors. Taken together, the
results in this work suggest that the dithionite-reduced resting
state (E,) FeV-cofactor is diamagnetic (S = 0) or paramagnetic
with integer-spin (S = 1, 2...), with a high spin V** (d*, § = 1)
ion, and four ferric (Fe*") and three ferrous (Fe**) ions in the Fe,
sub-cluster (Fig. 6).>"** These findings are consistent with the
electronic similarities suggested by iron-selective M&ssbauer
study of V-dependent nitrogenase,*” but contradict the sugges-
tion of electronic structure differences of the Fe, subclusters in
FeMo-cofactor and FeV-cofactor based on XAS and DFT
studies.®*>*

Conclusions

A combination of genetic, biochemical, and biophysical studies
on V-dependent nitrogenase has revealed that the S = 3/2 and S
= 1/2 signals long observed in the EPR spectra of dithionite-
reduced, resting-state VFe protein are probably not associated
with a functional FeV-cofactor. In contrast to the (S = 3/2)
resting state FeMo-cofactor of Mo-nitrogenase, FeV-cofactor in
the dithionite-reduced VFe protein can now be described as

© 2021 The Author(s). Published by the Royal Society of Chemistry
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likely diamagnetic (S = 0), similar to that of the FeFe-cofactor of
Fe-nitrogenase. The active P-cluster in VFe protein is likely to be
diamagnetic, the same as are those in Mo- and Fe-nitroge-
nase,*® in agreement with Mdssbauer studies.*”

Under turnover conditions, an S = 1/2 spin state interme-
diate (g = [2.18, 2.12, 2.09]) that forms prior to N, binding
(Scheme 1) has been trapped and is assigned to a state reduced
by an odd number of electron: E,, n = 1 or 3. The well-defined
>V hyperfine coupling seen for this intermediate show it to
have a V** (d?, § = 1) valence. It further shows that the V(m) ion
is antiferromagnetically spin-coupled to Fe ions of the Fe,
subcluster of FeV-cofactor, with the Fe ions themselves
instructively discussed as being coupled into what is in effect
a spin of S = 3/2. Given that the resting state of FeMo-cofactor is
persuasively assigned valences of [Mo®", 4Fe**, 3Fe*'], the most
plausible assumption is that the resting-state FeV-cofactor
instead has metal-ion valences: [V*", 4Fe*", 3Fe*"].

Author contributions

Z.-Y.Y. proposed the research direction. E. J.-V.,].S.M. D. C., Z.-
Y. Y, and H. K. and were responsible for bacterial strain
constructions and protein purification. Z.-Y. Y. and H. K. were
responsible for biochemical and EPR studies. H. Y. and D. A. L.
did EPR spectral simulations. Z.-Y. Y., D.A.L.,,B.M. H.,D.R. D.,
and L. C. S. were responsible for the original manuscript draft
and revisions of the manuscript with input from E. J.-V., H. K.,
H.Y.,and]. S. M. D. C. All authors have approved the revisions
and submission of the manuscript.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The construction and expression of nitrogenase proteins in A.
vinelandii and preparation of proteins for EPR spectroscopy was
supported by a grant from the U.S. Department of Energy, Office
of Science, Basic Energy Sciences (BES) under awards to LCS
and DRD (DE-SC0010687 and DE-SC0010834). Paramagnetic
resonance measurements and analysis were supported by
awards to BMH from the National Science Foundation (MCB-
1908587) and the U.S. Department of Energy, Office of
Science, Basic Energy Sciences (BES) (DE-SC0019342). EJ-V was
supported by Bill and Melinda Gates Foundation Grant
OPP1143172.

References

1 J. Raymond, J. L. Siefert, C. R. Staples and R. E. Blankenship,
Mol. Biol. Evol., 2004, 21, 541-554.

2 R. H. Burris and G. P. Roberts, Annu. Rev. Nutr., 1993, 13,
317-335.

3 N. Gruber and J. N. Galloway, Nature, 2008, 451, 293-296.

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

4 L. C. Seefeldt, Z.-Y. Yang, D. A. Lukoyanov, D. F. Harris,
D. R. Dean, S. Raugei and B. M. Hoffman, Chem. Rev.,
2020, 120, 5082-5106.

5 A. J. Jasniewski, C. C. Lee, M. W. Ribbe and Y. Hu, Chem.
Rev., 2020, 120, 5107-5157.

6 C. Van Stappen, L. Decamps, G. E. Cutsail, R. Bjornsson,
J. T. Henthorn, J. A. Birrell and S. DeBeer, Chem. Rev.,
2020, 120, 5005-5081.

7 C. S. Harwood, Annu. Rev. Microbiol., 2020, 74, 247-266.

8 B. K. Burgess and D. J. Lowe, Chem. Rev., 1996, 96, 2983—
3012.

9 B. M. Hoffman, D. Lukoyanov, Z.-Y. Yang, D. R. Dean and
L. C. Seefeldt, Chem. Rev., 2014, 114, 4041-4062.

10 S. Burén, E. Jiménez-Vicente, C. Echavarri-Erasun and
L. M. Rubio, Chem. Rev., 2020, 120, 4921-4968.

11 R. R. Eady, Chem. Rev., 1996, 96, 3013-3030.

12 B. ]J. Hales, Adv. Inorg. Biochem., 1990, 8, 165-198.

13 O. Einsle and D. C. Rees, Chem. Rev., 2020, 120, 4969-5004.

14 K. Schneider and A. Miiller, in Catalysts for Nitrogen Fixation,
Springer, Dordrecht, 2004, pp. 281-307.

15 P. C. Dos Santos, Z. Fang, S. W. Mason, J. C. Setubal and
R. Dixon, BMC Genomics, 2012, 13, 162.

16 M. A. Addo and P. C. Dos Santos, ChemBioChem, 2020, 21,
1749-1759.

17 W. A. Bulen and J. R. LeComte, Proc. Natl. Acad. Sci. U.S.A.,
1966, 56, 979-986.

18 L. E. Mortenson, Biochim. Biophys. Acta, 1966, 127, 18-25.

19 R. R. Eady, Coord. Chem. Rev., 2003, 237, 23-30.

20 L. C. Seefeldt, B. M. Hoffman, J. W. Peters, S. Raugei,
D. N. Beratan, E. Antony and D. R. Dean, Acc. Chem. Res.,
2018, 51, 2179-2186.

21 H. L. Rutledge and F. A. Tezcan, Chem. Rev., 2020, 120, 5158-
5193.

22 L. C. Seefeldt, Z.-Y. Yang, S. Duval and D. R. Dean, Biochim.
Biophys. Acta, 2013, 1827, 1102-1111.

23 D. F. Harris, D. A. Lukoyanov, H. Kallas, C. Trncik,
Z.-Y. Yang, P. Compton, N. Kelleher, O. Einsle, D. R. Dean,
B. M. Hoffman and L. C. Seefeldt, Biochemistry, 2019, 58,
3293-3301.

24 D. F. Harris, E. Jimenez-Vicente, Z.-Y. Yang, B. M. Hoffman,
D. R. Dean and L. C. Seefeldt, J. Inorg. Biochem., 2020, 213,
111278.

25 Z.-Y. Yang, N. Khadka, D. Lukoyanov, B. M. Hoffman,
D. R. Dean and L. C. Seefeldt, Proc. Natl. Acad. Sci. U.S.A.,
2013, 110, 16327-16332.

26 R. N. F. Thorneley and D. J. Lowe, in Molybdenum Enzymes,
ed. T. G. Spiro, Wiley-Interscience Publications, New York,
1985, vol. 7, pp. 221-284.

27 T. Spatzal, M. Aksoyoglu, L. Zhang, S. L. A. Andrade,
E. Schleicher, S. Weber, D. C. Rees and O. Einsle, Science,
2011, 334, 940.

28 K. M. Lancaster, M. Roemelt, P. Ettenhuber, Y. Hu,
M. W. Ribbe, F. Neese, U. Bergmann and S. DeBeer,
Science, 2011, 334, 974-977.

29 R. Bjornsson, F. A. Lima, T. Spatzal, T. Weyhermiiller,
P. Glatzel, E. Bill, O. Einsle, F. Neese and S. DeBeer, Chem.
Sci., 2014, 5, 3096-3103.

Chem. Sci., 2021, 12, 6913-6922 | 6921


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sc06561g

Open Access Article. Published on 29 March 2021. Downloaded on 2/5/2026 6:55:08 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

30 J. K. Kowalska, J. T. Henthorn, C. Van Stappen, C. Trncik,
O. Einsle, D. Keavney and S. DeBeer, Angew. Chem., Int.
Ed., 2019, 58, 9373-9377.

31 T. Spatzal, J. Schlesier, E.-M. Burger, D. Sippel, L. Zhang,
S. L. A. Andrade, D. C. Rees and O. Einsle, Nat. Commun.,
2016, 7, 10902.

32 R. Bjornsson, F. Neese and S. DeBeer, Inorg. Chem., 2017, 56,
1470-1477.

33 G. N. George, C. L. Coyle, B. J. Hales and S. P. Cramer, J. Am.
Chem. Soc., 1988, 110, 4057-4059.

34 ]J. Chen, ]J. Christiansen, R. C. Tittsworth, B. ]J. Hales,
S. J. George, D. Coucouvanis and S. P. Cramer, J. Am.
Chem. Soc., 1993, 115, 5509-5515.

35]. M. Arber, B. R. Dobson, R. R. Eady, P. Stevens,
S. S. Hasnain, C. D. Garner and B. E. Smith, Nature, 1987,
325, 372-374.

36 I. Harvey, J. M. Arber, R. R. Eady, B. E. Smith, C. D. Garner
and S. S. Hasnain, Biochem. J., 1990, 266, 929-931.

37 N. Ravi, V. Moore, S. G. Lloyd, B. J. Hales and B. H. Huynh, J.
Biol. Chem., 1994, 269, 20920-20924.

38 E. Krahn, B. Weiss, M. Krockel, J. Groppe, G. Henkel,
S. Cramer, A. Trautwein, K. Schneider and A. Miiller, J.
Biol. Inorg Chem., 2002, 7, 37-45.

39 D. Sippel and O. Einsle, Nat. Chem. Biol., 2017, 13, 956-960.

40 D. Sippel, J. Schlesier, M. Rohde, C. Trncik, L. Decamps,
I. Djurdjevic, T. Spatzal, S. L. A. Andrade and O. Einsle, J.
Biol. Inorg Chem., 2017, 22, 161-168.

41 R. R. Eady, R. L. Robson, T. H. Richardson, R. W. Miller and
M. Hawkins, Biochem. J., 1987, 244, 197-207.

42 J. A. Rees, R. Bjornsson, J. K. Kowalska, F. A. Lima,
J. Schlesier, D. Sippel, T. Weyhermiiller, O. Einsle,
J. A. Kovacs and S. DeBeer, Dalton Trans., 2017, 46, 2445—
2455.

43 B. Benediktsson and R. Bjornsson, Inorg. Chem., 2020, 59,
11514-11527.

44 B. ]. Hales, E. E. Case, ]J. E. Morningstar, M. F. Dzeda and
L. A. Mauterer, Biochemistry, 1986, 25, 7251-7255.

45 C. C. Lee, Y. Hu and M. W. Ribbe, Proc. Natl. Acad. Sci. U.S.A.,
2009, 106, 9209-9214.

46 E. Jimenez-Vicente, Z.-Y. Yang, W. K. Ray, C. Echavarri-
Erasun, V. L. Cash, L. M. Rubio, L. C. Seefeldt and
D. R. Dean, J. Biol. Chem., 2018, 293, 9182-9823.

47 E. Jimenez-Vicente, Z.-Y. Yang, J. S. Martin del Campo,
V. L. Cash, L. C. Seefeldt and D. R. Dean, J. Biol. Chem.,
2019, 294, 6204-6213.

6922 | Chem. Sci., 2021, 12, 6913-6922

View Article Online

Edge Article

48 W. A. Bulen, R. C. Burns and J. R. LeComte, Proc. Natl. Acad.
Sci. U.S.A., 1965, 53, 532-539.

49 R. D. Joerger, T. M. Loveless, R. N. Pau, L. A. Mitchenall,
B. H. Simon and P. E. Bishop, J. Bacteriol., 1990, 172,
3400-3408.

50 D. Sippel, M. Rohde, ]J. Netzer, C. Trncik, J. Gies, K. Grunau,
I. Djurdjevic, L. Decamps, S. L. A. Andrade and O. Einsle,
Science, 2018, 359, 1484-1489.

51 C. Z. Blanchard and B. ]J. Hales, Biochemistry, 1996, 35, 472
478.

52 E. Jiménez-Vicente, J. S. Martin Del Campo, Z.-Y. Yang,
V. L. Cash, D. R. Dean and L. C. Seefeldt, in Methods in
Enzymology, ed. F. Armstrong, Academic Press, 2018, vol.
613, pp. 231-255.

53 C. Riittimann-Johnson, L. M. Rubio, D. R. Dean and
P. W. Ludden, J. Bacteriol., 2003, 185, 2383-2386.

54 Y. Hu, M. C. Corbett, A. W. Fay, J. A. Webber, B. Hedman,
K. O. Hodgson and M. W. Ribbe, Proc. Natl. Acad. Sci.
U.S.A., 2005, 102, 13825-13830.

55 G. D. Watt and Z. Wang, Biochemistry, 1986, 25, 5196-5202.

56 P. A.Lindahl, E. P. Day, T. A. Kent, W. H. Orme-Johnson and
E. Miinck, J. Biol. Chem., 1985, 260, 11160-11173.

57 J. E. Morningstar and B. J. Hales, J. Am. Chem. Soc., 1987, 109,
6854-6855.

58 B.]. Hales, A. E. True and B. M. Hoffman, J. Am. Chem. Soc.,
1989, 111, 8519-8520.

59 R. Davydov, N. Khadka, Z.-Y. Yang, A. ]J. Fielding,
D. Lukoyanov, D. R. Dean, L. C. Seefeldt and
B. M. Hoffman, Isr. J. Chem., 2016, 56, 841-851.

60 C. Van Stappen, R. Davydov, Z.-Y. Yang, R. Fan, Y. Guo,
E. Bill, L. C. Seefeldt, B. M. Hoffman and S. DeBeer, Inorg.
Chem., 2019, 58, 12365-12376.

61 P. L. W. Tregenna-Piggott, H. Weihe, J. Bendix, A.-L. Barra
and H.-U. Glidel, Inorg. Chem., 1999, 38, 5928-5929.

62 T. S. Smith, R. LoBrutto and V. L. Pecoraro, Coord. Chem.
Rev., 2002, 228, 1-18.

63 R. Bjornsson, F. Neese, R. R. Schrock, O. Einsle and
S. DeBeer, J. Biol. Inorg Chem., 2015, 20, 447-460.

64 C. Van Stappen, A. T. Thorhallsson, L. Decamps,
R. Bjornsson and S. DeBeer, Chem. Sci., 2019, 10, 9807-9821.

65 D. Lukoyanov, Z.-Y. Yang, D. R. Dean, L. C. Seefeldt and
B. M. Hoffman, J. Am. Chem. Soc., 2010, 132, 2526-2527.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0sc06561g

	The electronic structure of FeV-cofactor in vanadium-dependent nitrogenaseElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc06561g
	The electronic structure of FeV-cofactor in vanadium-dependent nitrogenaseElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc06561g
	The electronic structure of FeV-cofactor in vanadium-dependent nitrogenaseElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc06561g
	The electronic structure of FeV-cofactor in vanadium-dependent nitrogenaseElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc06561g
	The electronic structure of FeV-cofactor in vanadium-dependent nitrogenaseElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc06561g
	The electronic structure of FeV-cofactor in vanadium-dependent nitrogenaseElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc06561g
	The electronic structure of FeV-cofactor in vanadium-dependent nitrogenaseElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc06561g
	The electronic structure of FeV-cofactor in vanadium-dependent nitrogenaseElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc06561g
	The electronic structure of FeV-cofactor in vanadium-dependent nitrogenaseElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc06561g
	The electronic structure of FeV-cofactor in vanadium-dependent nitrogenaseElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc06561g
	The electronic structure of FeV-cofactor in vanadium-dependent nitrogenaseElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc06561g

	The electronic structure of FeV-cofactor in vanadium-dependent nitrogenaseElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc06561g
	The electronic structure of FeV-cofactor in vanadium-dependent nitrogenaseElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc06561g
	The electronic structure of FeV-cofactor in vanadium-dependent nitrogenaseElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc06561g
	The electronic structure of FeV-cofactor in vanadium-dependent nitrogenaseElectronic supplementary information (ESI) available. See DOI: 10.1039/d0sc06561g


