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ABSTRACT: Nitrogenase naturally requires adenosine nucleoside triphosphates and divalent metal cations
for catalytic activity. Their energy of hydrolysis controls several mechanistic functions, most probably
via separate structural conformers of the nitrogenase Fe protein. To characterize the ligand environment
of the divalent metal in the ternary complex, with ADP or ATP and the Fe protein fromKlebsiella
pneumoniae, the hyperfine structures have been investigated by electron paramagnetic resonance (EPR)
spectroscopy by substituting naturally occurring diamagnetic Mg2+ by paramagnetic oxovanadium. This
metal replacement leads to inhibition of nitrogenase activity. Moreover, depending on pH, two distinctly
different VO2+ EPR spectra are detected. At pH 7.4 each of the vanadyl EPR hyperfine lines is further
split into two. This indicates that several spectroscopically distinguishable metal coordination environments
coexist for VO2+-nucleotide chelate complexes in the presence of the reduced Fe protein. Overall, a
total of at least three distinct local metal coordination environments have been identified. We report the
EPR parameters for each of the disparate metal coordinations measured at different pH values with ADP
and ATP bound. EPR spectra have also been recorded for the oxidized Fe protein showing essentially
similar spectra to that of the reduced protein. The EPR parameters of VO-nucleotides in the presence of
the Fe protein are consistent, for all metal coordination environments, with direct metal ligation by
nucleotide phosphate groups and the formation of mononucleotide complexes. The nucleotide binding
environment with the highest ligand field strength is compatible with a metal coordination structure that
is also found in various G-proteins with GTP bound. No significant EPR line width change is detected
after exchange into D2O buffer solution for any of the pH forms although differences exist between the
pH forms. The missing difference between the EPR parameters in the presence of ADP or ATP suggests
that there is little or no conformational rearrangement between these two forms; this contrasts with behavior
of G-proteins that undergo substantial conformational changes upon hydrolysis. This could be related to
the inhibition of nitrogenase by VO2+.

The nitrogenase iron protein is encoded by thenifH gene
and is one of two protein components that comprises the
minimal functional unit required by diazotrophic organisms
for enzymatic reduction of dinitrogen to ammonia (see, e.g.,
refs 1 and2) according to the reaction:

The reaction requires eight electrons, which are critical for
the stepwise reduction of dinitrogen on the second nitroge-
nase component protein, theR2â2 heterotetrameric MoFe

protein. According to reaction 1, for each electron released
for interprotein electron transfer from the Fe protein to the
MoFe protein, a minimum of two ATP1 molecules are
hydrolyzed to ADP and inorganic phosphate (2). Nucleotide
binding and hydrolysis occur on the nitrogenase Fe protein
(3) while substrate reduction takes place on the MoFe protein.
The Fe protein (Mr ∼60000) consists of two identical
subunits (γ2-dimer structure) and contains a [4Fe-4S] cluster
that yields a rhombic EPR signal when the Fe protein is
reduced and is EPR silent when it is oxidized. Divalent metal
ions M2+, usually Mg2+, are absolutely required in order for
nucleotides to bind to the Fe protein (4) where ATP is an
essential cofactor for substrate reduction whereas ADP is a
competitive inhibitor. Mg2+ di- and triphosphate nucleosides
bind tightly to the Fe protein in a positive cooperative manner
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N2 + 8H+ + 16M2+ATP + 8e- f

2NH3 + H2 + 16M2+ADP + 16Pi (1)
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(2), with MgADP binding more tightly than MgATP.
However, reported dissociation constants vary depending on
factors including the method of measurement, the specific
activity of the protein, and the organism employed (1).
Differences between the reduced and oxidized states of the
protein have also been observed (5, 6).

The X-ray crystal structures of several nitrogenase Fe
protein preparations have now been analyzed as well as the
nitrogenase heteroprotein complex consisting of the Fe and
MoFe protein. Structures of the isolated Fe protein contained
either no cosubstrate Mg2+-nucleotide complex at all (7),
ADP and two molybdate ions without bound Mg2+ (8), or
two ADP and Mg2+ ions (9). The first study of the Fe protein
from AzotobacterVinelandii (8) revealed that the [4Fe-4S]
cluster is located at the interface of the two protein subunits,
at a sort of pivotal point between them. In addition, the
protein contained substoichiometric amounts of, presumably,
very tightly bound ADP. This nucleotide bridges the subunits,
with the adenosine moiety in contact with one subunit and
the phosphate groups contacting the other, at a distance of
about 20 Å from the cluster center. In the crystal structure
two molybdate ions were present, one on each subunit,
probably occupying theγ-phosphate position of the ATP site.
It is notable that substantially less than one nucleotide per
subunit copurified and no Mg2+ was bound. More recently,
the X-ray crystal structure of Av2 in the presence of MgADP
has also been determined (9). Moreover, two nitrogenase
complexes have been analyzed: the Av1-Av2 complex
structures with Mg2+, ADP, and AlF4

- bound (10) and a
catalytically inactive altered protein structure with Mg2+ and
ATP bound (11). Both complexes possess two nucleotides
bound per Fe protein, or four per nitrogenase complex. The
native Fe protein has not yet been crystallized with ATP or
a nonhydrolyzable ATP analogue. Even though significant
progress has been made and the crystal structure of the Fe
protein is now known, the exact hydrolysis mechanism and
its regulatory function still remain largely uncharacterized.
Numerous questions are left unanswered including whether
the observed nucleotide binding site on the Fe protein is the
only site where hydrolysis occurs, how information about
the presence of nucleotides is transmitted to the cluster 20
Å away, the exact functional role of the nucleotides and the
mechanism by which ATP is hydrolyzed, and how hydrolysis
relates to electron transfer and what exactly triggers the
component proteins to dissociate after electron transfer.

Several lines of evidence suggest that binding and hy-
drolysis of nucleotides are accompanied by significant
structural rearrangements within the Fe protein; in particular,
a change occurs to a more axial [4Fe-4S] cluster EPR signal
(12, 13). A continuum of protein conformational changes is
actually believed to modulate the complex functions of
nitrogenase, such as electron transfer and protein association/
dissociation coupled to MgATP binding, Pi hydrolysis, Pi
release into solution, and repositioning of Mg2+, finally
ending in the coproduct (MgADP) bound state (9). Apart
from the X-ray structures these conformational changes have
generally only been detected spectroscopically indirectly by
observing a distinct change at the FeS cluster. The X-ray
crystal structure of the Fe protein-MoFe protein complex
has graphically established the conformational changes upon
aggregation, but it does not yield information on alterations
happening on nucleotide hydrolysis, or change of oxidation

state, which are presumably responsible for complex dis-
sociation. A detailed analysis of the coordination environment
of the metal center bound to ADP or ATP and of the reduced
and oxidized Fe protein might assist in elucidating the
complex metal-nucleotide coordination environments in the
various forms.

Because the divalent metal binding site is likely to be
intimately associated with the signal transduction mechanism
(9, 14), in this work we have investigated the protein
conformation directly at the nucleotide binding site by using
the metal center bound to the nucleotide, i.e., vanadyl, as
the spin probe. Vanadium(IV), as oxovanadium with a net
charge of+2 is EPR active and was used here for substitution
of the usual diamagnetic Mg2+ ion. The vanadyl ion (VIVd
O)2+ has a 3d2 ground state, and perturbation by the oxygen
atom lifts the otherwise 3-fold t2g degeneracy to give a ground
stateS) 1/2 Kramer’s doublet from which the higher energy
levels are energetically well separated. The unpaired electron
resides predominantly in a nonbonding dxy orbital (15). The
hyperfine structure of the VO2+ ion gives eight resolved EPR
lines, due to the coupling to the51V (I ) 7/2) nuclear spin,
which are further split in polycrystalline spectra into
“powder-type” parallel and perpendicular resonances due to
g-value and hyperfine anisotropy. In the present study we
report the metal hyperfine interactions obtained by EPR that
allow us to characterize the coordination environment of
VO-ADP and VO-ATP in the presence of the Fe protein
and demonstrate that with VO2+ (replacing Mg2+) major
conformational rearrangements at the metal binding site can
be observed. These studies provide information obtained
from a spin probe bound directly at the site of ATP
hydrolysis and on rearrangements implicated to be essential
factors modulating the complex electron-transfer reactions
in the Fe protein (16). We further demonstrate that confor-
mational rearrangements of the Fe protein not only occur
upon nucleotide hydrolysis but also as a function of pH.

MATERIALS AND METHODS

Sample Preparation.The Fe protein of the bacterial
diazotrophKlebsiella pneumoniaeNCIB 12204 (Kp2) was
purified under strictly anaerobic conditions and characterized
as reported by Thorneley and Lowe (17). All experiments
with the nitrogenase Fe protein in the presence of VO-
nucleotides were carried out in a 50 mM Tris buffer solution
after the protein was exchanged into Mg-free buffer by gel
filtration. The final solutions contained 250 mM NaCl instead
of the 90 mM MgCl2 normally used. The metal-nucleotide
was added from pH adjusted, premixed stock solutions with
a 9-fold excess of adenosine 5′-diphosphate or adenosine 5′-
triphosphate nucleotides over VOCl2. Solutions of the
reduced Fe protein contained 5 mM sodium dithionite unless
otherwise stated. Protein concentrations, after purification
and subsequent concentration using Minicon B-15 macro-
solute concentrators (Amicon), were 150-170 mg/mL. All
operations were conducted in an anaerobic glovebox. Anaer-
obic conditions also prevent aerobic oxidation of VO2+ to
VO2

+ (18).
Preparations exchanged into D2O buffer were treated, using

a similar procedure to that for removal of Mg2+, by running
purified protein down a Bio-Gel P-6DG column (Bio-Rad,
Watford, Herts, U.K.) equilibrated with D2O (99.9% isotopic
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purity). VOCl2 was added to nucleotide before addition to
the protein. To exclude the possibility that the water
exchanges extremely slowly with D2O, we also performed
experiments for preparations which were incubated with D2O
over several hours and observed no further change of the
EPR line width.

Oxidation of Kp2 protein was achieved using the dye
indigo carmine (AnalaR grade) as described by Ashby and
Thorneley (6) with the exception that a much larger Bio-
Gel P-6DG column (1.5 cm× 20 cm) was used. The protein
was concentrated using Minicon B-15 concentrators after
elution from the column to increase the concentration to the
desired level.

ActiVity Assay.The specific activity in the presence of
oxovanadium nucleotides was assayed by monitoring the
reduction of acetylene to ethylene as described elsewhere
(17). Assays were carried out at low salt concentrations
(NaCl <30 mM). The specific activity in the presence of
12.5 mM VOCl2 and 5 mM ATP was less than 1% of that
with 12.5 mM MgCl2 and 5 mM ATP. Competition experi-
ments were performed at pH 7.5 and 30°C using a Kp2:
Kp1 molar ratio of 4:1 plus 9 mM ATP and 12.5 mM MgCl2

by monitoring C2H4 production as a function of VOCl2

concentration. The VOCl2 concentration was varied from 0
to 12.5 mM and showed an essentially linear decrease of
the specific activity, from ca. 1300 nmol of C2H4 (min‚mg
of Fe protein)-1 at zero VOCl2 to less than 20 nmol of C2H4

(min‚mg of Fe protein)-1 above 10 mM VOCl2. Thus
replacing Mg2+ by VO2+ has the additional advantage,
besides its favorable spectroscopic properties, that no non-
hydrolyzable ATP analogue needs to be used.

EPR Spectroscopy.Low-temperature X-band EPR spectra
were recorded on a standard Bruker ESP300 spectrometer
slightly modified to accommodate quartz EPR sample tubes
up to 5 mm o.d. The spectrometer was fitted with a
conventional liquid helium Oxford Instruments ESR900 flow
cryostat for which the sample temperature had been cali-
brated with a thermocouple at the sample position inside the
quartz dewar. The temperature was controlled by an Oxford
Instruments ITC4 temperature controller. The values for the
occupancy of particular conformations have been determined
from the peak intensities of the EPR transition, not from
integrations. The spin Hamiltonian parameters have been
calculated by individual spectral simulation of the composite
EPR spectra using the program LSIM. The experimental EPR
line width was determined as the width at half-height.

RESULTS

The X-ray crystal structure of one of the two almost
identical metal-nucleotide binding sites of homodimeric Av2
in the ADP-bound or “off” conformational state in the
presence of the naturally coordinated divalent Mg2+ ion (9)
is shown in Figure 1. The 6-coordinate metal is bound in a
monodentate, “head-on” configuration to one of the phos-
phate oxygens of ADP. The only direct protein contact is
via a serine side-chain Oδ interaction. The other four ligand
positions are occupied by water which in at least two cases
forms bridges to protein carboxyl side chains. This structure
closely resembles the Mg-diphosphate nucleotide binding
site composition of other nucleotide binding proteins as
discussed below. The inner-sphere metal coordination ge-

ometry is best described as square bipyramidal, with two
water molecules coordinated in the equatorial plane.

The effect of vanadyl concentration on nitrogenase activity
has been probed by using protein activated with Mg2+. The
inhibition of ethylene production by nitrogenase through the
addition of VO2+ is depicted in Figure 2, showing the ability
of VO2+ to compete effectively with Mg2+ for nucleotide
binding.

The frozen solution X-band EPR spectra of oxovanadium,
at two different pH values, in the presence of ATP and
reduced Fe protein of nitrogenase isolated fromK. pneumo-
niae are shown in Figure 3. The spectra are superpositions
of the signal from the VO2+ complex and theS) 1/2 signal
of the [4Fe-4S]1+ cluster from the dithionite-reduced Fe
protein (12). The principal axisg-tensor components of the
intrinsic cluster, measured in the absence of VO-nucleotides,
are indicated by arrows in the figure. The vanadyl EPR
spectrum is split by the hf interaction with theI ) 7/2 nuclear
spin of 51V into (2I + 1) EPR lines. The top trace in Figure
3A shows the experimental spectrum for the sample at pH
6.4 and resembles the typical eight-line hyperfine-split
vanadyl spectrum in a polycrystalline matrix found for other
VO2+ complexes (19) with an almost axialg and hf tensor.
At pH 7.4 the corresponding VO2+ spectrum is considerably
different from that at the lower pH (Figure 3B, top trace).
Thus, two substantially different vanadyl EPR spectra are
detected, characteristic of low and neutral pH forms. Virtually
identical pH dependencies were observed for spectra of VO-
ATP and VO-ADP in the presence of reduced Kp2.

FIGURE 1: X-ray crystal structure of the metal-nucleotide coor-
dination environment of the ternary complex consisting of the
nitrogenase Fe protein fromA. Vinelandii, Mg2+, and ADP (PDB
coordinates: ID code 1FP6).

FIGURE 2: Nitrogenase specific activity in the presence of vanadyl
relative to maximal activity obtained in the absence of VOCl2. The
competition experiment has been carried out in the presence of 12.5
mM MgCl2 at a Kp2:Kp1 molar ratio of 4:1.
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The parameters used for the spectral simulations of aS)
1/2 electron spin system from the51V(IV) ion in a randomly
oriented rigid matrix coupled to anI ) 7/2 nuclear spin
(middle traces in Figure 3A and 3B) demonstrate that
significant differences exist between the local metal coor-
dination environments for the two pH forms. The EPR
parameters for the low and neutral pH forms indicate low
and high ligand field strengths, respectively.2 The bottom
traces in Figure 3 are the spectra of VO2+ free in solution in
the absence of protein and nucleotides. At these pH values,
VO2+ free in solution precipitated, forming polymeric, EPR-
silent [VO(OH)2]n complexes (19). As these traces demon-
strate, only negligible amounts (<15% at pH 7.4 and even
less at pH 6.4) of VO2+ are detectable by EPR so that no
significant amounts of VO2+-Tris chelates form under our
conditions in the absence of nucleotides and Kp2. Prepara-
tions containing reduced Kp2 and VO-ATP, instead of VO-
ADP, give essentially identical spectra (data not shown), with
the same resonance positions and intensity ratios.

Close inspection of the spectra reveals that each of the
EPR hyperfine lines of samples at neutral pH is split into
two components; this is most apparent for preparations in
D2O buffer and for EPR lines corresponding to an orientation

of the magnetic field vector aligned along the VdO axis,
i.e., the high-field parallel hf lines. A portion of the high-
field region of the VO2+ EPR spectrum with the threeMI )
+3/2,+5/2, and+7/2 parallel transitions is shown in Figure
4 on an expanded scale. Trace A represents the VO2+

spectrum for the VO-ADP complex with dithionite-reduced
Kp2 in D2O buffer (pD 7.4). The different line positions of
the signal components arise from two inequivalent, super-
imposed, EPR spectra with differentg- and A-tensor
anisotropies with the high-field component being more
intense.

As mentioned for the wide scan spectra (Figure 3), spectral
comparisons of theMI ) +3/2, +5/2, and+7/2 parallel high-
field transitions with VO-ATP bound to reduced Kp2 (data
not shown) yield essentially similar resonance positions to
those with VO-ADP in H2O and D2O buffer, and at about
neutral pH(pD), with resonances from separate subspectra,
whereas at low pH (pD), each of the hf lines only shows a
single resonance. The similarity of the subspectra composi-
tions suggests that the coordination environments of the metal
centers are remarkably similar for both nucleotides.

The oxidized Fe protein binds nucleotides even more
tightly than the reduced Fe protein (2). Figure 4 (trace C)
illustrates the effect of the oxidation of Kp2 on the site
specificity for the VO-ADP-Kp2 complex in D2O buffer
(pD 7.4). Again, each of the hf lines is split, with essentially
identical resonance field values to those of the reduced Fe
protein. However, oxidation of the Fe protein increases the
proportion of the high-field component (only about 15% of
the intensity remains in the low-field line compared to 35%

2 Almost all VO2+ spectra in the presence of Kp2 can be explained
within a system of axial or pseudoaxial symmetry without any
significant rhombic distortion within our resolution. The deviation
between the experimental spectrum and the simulation, which is most
pronounced for the high-field side of the neutral pH spectrum is caused
by the underlyingS ) 1/2 FeS cluster signal, which was not included
in the simulation.

FIGURE 3: Frozen aqueous solution X-band EPR spectra of VO-ATP in the presence of reduced nitrogenase Fe protein fromK. pneumoniae
at different pH values. Buffer solutions contained 250 mM NaCl and 5 mM Na2S2O4. The protein concentrations were approximately 140
mg/mL, and concentrations of VOCl2 and ATP were 1 and 9 mM, respectively. The top spectra in (A) and (B) are the experimental spectra
of the preparation at pH 6.4 and at pH 7.4, respectively. The middle spectra are the corresponding powder spectra simulations with the EPR
parameters given in the text. Arrows indicate the principal axisg-value components of the FeS cluster of Kp2. The bottom traces in (A)
and (B) are the spectra in the absence of protein and nucleotides. Experimental conditions: temperature, 20 K; microwave frequency, 9.44
GHz; microwave power, 0.2 mW; modulation frequency, 100 kHz; modulation amplitude, 1.58 mT.
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with reduced Fe protein). Thus, the relative proportions of
the two signal components appear to depend on the oxidation
level of the Fe protein.3

Titration of Kp2 with increasing VO2+ concentration again
shows that at least three distinguishable EPR subspectra can
be identified, denotedR, â, andγ. They are seen most clearly
for parallel hf lines and are indicated for theMI ) -7/2
parallel resonance for the three inequivalent metal environ-
ments by the dashed lines in Figure 5. It is apparent that the
subspectrum with the hf line at the high-field side of the
-7/2 parallel transition (R-conformation) is best discerned
at low metal concentrations and clearly dominates at
concentrations lower than 1:1 metal:protein ratios, while the
subspectrum with resonances at the low-field side (γ-
conformation) is only observed at high metal concentrations
>2 VO2+/Fe protein. The latter conformation has the largest
parallel hf component,A|, corresponding to low ligand field
strength, while theR subspectrum with the inner lines
(smallestA| component) has the highest ligand field strength.
The third subspectrum (â-conformation) is most intense at
intermediate metal concentrations. The regions where the

various conformations yield maximal EPR intensities are
most evident in Figure 6, which shows the EPR intensities
as a function of the concentration ratio. The spectrum of the
γ-conformation observed at neutral pH and high vanadyl
concentrations is essentially identical to that for the low-pH
form.

The spectra of Figures 4 and 5 also demonstrate that no
additional superhyperfine structure, such as would be given
by a strong31P coupling to a coordinating phosphate group,

3 Note that the intensity distribution is also affected by the magnitude
of the hyperfine couplingA, where the relative intensities of parallel
hf lines for largerA| values are generally less intense than those for
smaller. This is most pronounced for the outer parallel hf lines and
obstructs a direct comparison of intensities.

FIGURE 4: Comparison of the high-field portions of the EPR spectra
of the VO-ADP complex in the presence of the Fe protein shown
on an expanded scale with theMI ) +3/2, +5/2, and+7/2 parallel
EPR lines indicated. Spectra are for (A) the dithionite-reduced Fe
protein exchanged into D2O buffer, pD 7.0, (B) the dithionite-
reduced Fe protein at pH 5.0 and in H2O containing buffer, (C) the
indigo carmine-oxidized Fe protein at pD 7.0 in D2O buffer, and
(D) the VO-ATP complex prepared under identical conditions at
pD 7.6 in D2O buffer in the absence of protein. Spectra are averages
of five scans recorded at a temperature of 20 K (A and C), 10 K
(B), and 25 K (D). Other conditions were the same as for Figure 3.

FIGURE 5: Frozen solution EPR spectra of VO2+-ATP in the
presence of reduced Kp2 in H2O buffer solution at pH 7.5 for
various concentration ratios of metal to protein. Spectra of the low-
field region with theMI ) -7/2 andMI ) -5/2 parallel hf lines for
a ratio of metal:Kp2 of 0.5:1 (A), 1:1 (B), 1.5:1 (C), 3:1 (D), and
5:1 (E) using 9 mM ATP. VO2+ spectral components are indicated
for the-7/2 parallel hf line by the dashed lines and are labeledR,
â, andγ. Experimental conditions: temperature, 25 K; microwave
frequency, 9.63 GHz; microwave power, 0.2 mW; modulation
frequency, 100 kHz; modulation amplitude, 0.24 mT.

FIGURE 6: EPR intensities from theMI ) -7/2 parallel hf line of
the three identifiable coordination environments as a function of
the metal:protein concentration ratio. The pH is kept invariable at
pH 7.5. Squares are for theR-conformation, triangles for the
â-conformation, and circles for theγ-conformation.
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is resolved for any of the EPR hf lines. A similar observation
was made even after exchange into D2O buffer solution (data
not shown). This was not the case for any of the VO2+ hf
lines or for preparations at low and neutral pH. However, a
strong shf coupling to phosphorus nuclei has been detected
by ENDOR spectroscopy (32).

Multiple inequivalent pH-dependent VO2+-nucleotide
coordination environments have been identified in the
presence of Kp2. All spin Hamiltonian parameters deter-
mined for various preparations at different pH values with
VO-ADP and VO-ATP in the presence of Kp2 are listed
in Table 1. The data suggest that theâ-conformation might
be further composed of two distinctly separate coordination
environments with slightly different spin Hamiltonian pa-
rameters as discussed below. The subspectrum with the
smallest hf parameters is given by theR-conformation with
somewhat unusually low values ofA| andA⊥ for VO2+ in
biological environments.A| values reported so far for VO2+

in proteins normally range between about 157-180× 10-4

cm-1 (19) with two exceptions, imidazole glycerol phosphate
dehydratase (20) and F1-ATPase (21). It should be noted that
the latter is also the only other nucleotide binding protein
that has been studied in detail in the presence of vanadyl
ions. Intriguingly, the VO2+-nucleotide binding structure
of F1-ATPase with ADP bound at one of the sites, reported
to be that of the catalyticâTP activated form, has anA| value
of 155 × 10-4 cm-1 that is remarkably close to one of the
values we measure for the neutral pH form of Kp2.

Most of the EPR spectra for the VO-nucleotide-Fe
protein complexes can be interpreted within a system of axial
or pseudoaxial symmetry with no resolvable rhombic distor-
tion. The only spectrum for which a slight rhombicity was
identified is that for the VO-ATP complex with reduced
Kp2 in D2O buffer (pD 7.8) (cf. Table 1). It is, however,
possible that the spectra of corresponding preparations with
VO-ADP, or in H2O buffer, exhibit a similar rhombic
distortion for the perpendicular hf lines which is not resolved
because it is masked by the convolution of subspectra and a
slightly broader line width. The magnitude of theA⊥ value
suggests that the rhombic distortion occurs in theR-confor-
mation. Nonetheless, it is obvious from the spectra that
substantial spectral changes occur when going from the high-
to the low-pH form, pertaining to a substantial change ofg

and A tensor, especially a decrease of the hf coupling
componentsA| and A⊥. This large pH effect on the EPR
parameters suggests that a substantial rearrangement in the
inner-coordination environment of the metal center occurs
as a function of pH.

EPR spectra for preparations in H2O or D2O buffer solution
can both be simulated with virtually identical line width
parameters, namely,Γ ) 1.7 mT. The experimental line
width determined for theMI ) -5/2 parallel hf line for
preparations at low pH is about 1.8 mT independent of the
used nucleotide or deuteration status of the solvent. On the
other hand, when the pH is raised, the line width increased.
A line width of about 2.5 mT was measured for preparations
at about neutral pH and above. Thus the only significant
differences are observed between theγ-conformation (domi-
nating at low pH) and theR-conformation (dominating at
neutral pH and low metal:protein ratio). This suggests that
there are no or only few water molecules bound in the
equatorial metal plane.4

DISCUSSION

Vanadium is known to be a potent inhibitor of a variety
of proteins where it is usually bound as vanadate (see, e.g.,
ref 22). Nonetheless, there is also a smaller number of
proteins that are inhibited by vanadyl; these include ribo-
nuclease (23), receptor tyrosine kinases (24), and imidazole
glycerol phosphate dehydratase(20). Here we have shown
that VO2+ inhibits acetylene reduction by disrupting the
ATPase activity at the Fe protein.

The presence of separate, spectroscopically distinguishable,
vanadyl EPR spectra shows that VO2+-nucleotides in the
presence of Kp2 undergo a critical rearrangement in the
inner-sphere metal coordination environment as a function
of pH with at least three identifiable coordination environ-
ments, R, â, and γ, which partially coexist.5 The EPR
parameters of these coordination environments can yield
valuable information about the ligand environment of the

4 However, line width changes could be masked by couplings to other
ligand nuclei, such as phosphorus groups.

5 The general relationshipge > g⊥ > g| (15) is fulfilled for all three
coordination environments and therefore indicates that the vanadyl metal
center symmetry isC4V in all three cases.

Table 1: EPR Spin Hamiltonian Parameters of VO2+ in the Presence of Nucleotides and the Dithionite-Reduced Nitrogenase Fe Protein from
K. pneumoniaea

complex conformation g| g⊥ A|/×10-4 A⊥/×10-4

VO(ATP)-Kp2red (pH 7.4) R (â2?) 1.942 1.993b 158.0 50.3b

â (â1?) 1.952 1.993b 165.7 50.3b

VO(ATP)-Kp2red (pH 6.4) γ 1.937 1.987 178.7 66.5
VO(ADP)-Kp2red (pH 5) γ 1.932 1.982 179.8 68.1
VO(ATP)-Kp2redin D2O (pD 7.8) R 1.963 1.987, 1.982c 151.6 43.9, 51.7c

â 1.942 1.982 167.3 62.2
VO(ADP)-Kp2red in D2O (pD 7.0) â 1.945 1.983b 168.1 66.2b

γ 1.932 1.983b 178.5 66.2b

VO(ATP)-Kp2red in D2O (pD 6.0) γ 1.937 1.986 179.1 66.5
VO(ADP)-Kp2red in D2O (pD 6.5) γ 1.941 1.985 179.6 67.3
VO(ADP)-Kp2ox in D2O (pD 7.0) â 1.945 1.981b 168.1 66.5b

γ 1.932 1.981b 178.5 66.5b

VO(ATP) in D2O (pD 7.6) Ax 1.946 ndd 164.5 nd
a Determined by the method of Chasteen (19) (see text for details). The values for the principal axis hyperfine coupling components,A| andA⊥,

are in cm-1. b Differences between the parameters for the two conformations cannot be determined due to insufficient discrimination of the subspectra.
c Separate parameters are most likely caused by a rhombic distortion.d nd: not determined.
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metal. The low-pH form found in the present study is that
of a system of low ligand field strength, with theA| value
relatively close but not identical to the value for the weak
field limit of the pentaaquo-VO2+ complex withA| ) 182.6
× 10-4 cm-1 (25). The spin Hamiltonian parameters for the
γ-conformation are essentially identical with those measured
for VO2+ATP complexes (pH 5.0) in the absence of protein
with an A| value of 180.1× 10-4 cm-1 (26). The high-pH
forms observed at low to moderate VO2+ concentrations, on
the other hand, have values forA| andA⊥ which are relatively
low and indicate a relatively strong ligand field. The
simultaneous presence of separate, spectroscopically distin-
guishable, vanadyl EPR spectra in proteins indicates that
different local metal center coordination environments exist.
Their pronounced pH dependence is not unusual and has been
previously observed for a number of proteins including
carboxypeptidase A (27), apoferritin (28), chloroperoxidase
(29), D-xylose isomerase (30), and imidazole glycerol
phosphate dehydratase (20). Vanadyl nucleotides in the
absence of protein, on the other hand, show only a single
vanadyl coordination environment (26, 31). Therefore,
multiple coordination environments, observed here, are
directly associated with the formation of the protein complex.

The correlation of the ligand field strength for the VO2+

ion, derived from the spin Hamiltonian EPR parameters, i.e.,
theg| and theA| values, can be used to give to some extent
an indication of the nature of the equatorial ligands of the
metal center (19). Using the sum formula of Chasteen (19):

where i sums over the different ligands and assuming that
the contribution of one equatorial ligand is independent of
the other three, one can calculate the parallel VO2+ hf
component for different donor group composition.

γ-Conformation.The EPR parameters for the low-pH form
suggest that the equatorial coordination environment contains
some H2O ligands, or ligands withAi

| values close to those
for H2O such as carboxylates. From a consideration of the
nitrogenase X-ray crystal structures, a comparison with other
“classical” nucleotide binding proteins (vide infra), and
results from synthetic metal-nucleotide chelate complexes,
it appears reasonable to assume that the metal possesses at
least some inner-sphere phosphate oxygen ligands originating
from coordination to the nucleotide phosphate chain. The
most probable number of coordinated phosphate groups for
the ATP complex is two. On the basis of this assumption
and given the experimental EPR parameters for that particular
site, we assume that, in addition to two phosphate oxygens
with individual values ofAi

| ) 171 × 10-4 cm-1 (32), two
H2O ligands comprise the equatorial inner-sphere coordina-
tion shell, yielding a calculated value ofAcalc

| ) 176.8×
10-4 cm-1. This is in reasonably good agreement with the
experimental value of about 179× 10-4 cm-1 and still within
the acceptable error of 3× 10-4 cm-1 laid down by Chasteen
(19). This interpretation holds for both the VO-ADP and
VO-ATP bound forms because theγ-conformation for these
two yields very similarA| values (cf. Table 1), which implies
that the number of coordinated phosphate groups is invariant
for VO2+ with ADP or ATP. However, due to the similarity
of Ai

| values, especially for carboxyl and phosphate oxygen

ligands but also for water ligands, this interpretation needs
to be viewed with some caution.

Alternatively, a tridentate nucleoside coordination is
conceivable for theγ-conformation such as observed for the
bisnucleotide complex [M(H‚ATP)2]4- with M ) Mg2+ or
Ca2+ without any protein (33). However, this would result
in an even lowerAcalc

| value of 173.9× 10-4 cm-1, and the
interpretation of subsequent31P ENDOR (34) spectra opposes
this consideration. VO2+ could also have only one nucleotide
ligand. Such a coordination structure has been reported for
the dissimilar nitrogenase complex of the Leu∆ altered Fe
protein with MgATP (11) and for one of the binding sites
(RDP) with VO2+-ATP in F1-ATPase, with three equatorial
waters, giving a value ofA| ) 181.5× 10-4 cm-1 (21). This
value is again close to the spin Hamiltonian parameters of
the γ-conformation and is consistent with the ADP-bound
X-ray crystal structure (cf. Figure 1). However, we consider
this interpretation less likely since no EPR line narrowing
was observed on exchange of preparations in the low-pH
form into D2O buffer nor were1H ENDOR resonances found
that were consistent with equatorial water coordination (35).
This contrasts with the X-ray crystal structures of the Fe
protein fromA. Vinelandii (9) and G-proteins, such as the
MgGDP-bound p21Ras oncogene product (36, 37), which
all gave evidence for the presence of at least one equatorial
water molecule in the inner-coordination shell of the ADP/
GDP-bound conformation. This apparent discrepancy for the
γ-conformation (and in part also for one of theâ-conforma-
tions) is not yet fully understood.

It has been demonstrated that it is virtually impossible to
distinguish between 5- and 6-coordinate vanadyl complexes
purely on the basis of the EPR spin Hamiltonian parameters
(38, 39). Thus, in the present study, we cannot exclude that
the VO2+ center is 5-coordinate, which could have one
coordinated water less. ENDOR studies, however, are
characteristic of hexacoordination (35). Furthermore, it has
to be noted that the additivity relationship of Chasteen (19)
has its limitations because, for example, it does not take into
account the axial ligand, possible changes of the EPR
parameter through multidentate coordination with mixed
equatorial and axial ligation, or the relative orientation of
the ligands within the equatorial plane (40). As a conse-
quence of the probable water coordination (with two equato-
rial and one axial water ligand) we conclude that the
γ-coordination environment represents a conformation in
which the metal interacts only weakly with the protein (such
as via an intervening water molecule), if the metal-
nucleotide complex is bound at all. It is possible that at low
pH only the nucleotide but not the metal center makes direct
contact with the protein.

R-Conformation.The conformations of the vanadyl ion
with relatively high ligand field strength at neutral pH cannot
solely be attributed to either equatorial phosphate oxygen
coordination or water coordination nor to a mixture of these
but must involve ligands with relatively smallAi

| values.
Assuming that the complex possesses two equatorial phos-
phate oxygens, for at least the ATP-bound case, the
experimental value for theR-conformation ofA| ≈ 152 ×
10-4 cm-1 can only be attained when the other two ligands
have a very small value forAi

|. This is the case, for
example, for two amino acid R-O- ligands (Ai

| ) 141.3×

Acalc
| ) ∑

i

niAi
|/4 (2)
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10-4 cm-1), such as from serine or threonine side-chain
oxygens, yieldingAcalc

| ) 156 × 10-4 cm-1. Thus we
conclude that the most probable equatorial ligand composi-
tion for the R-conformation is that with two phosphate
oxygens and two R-O- ligands from the Fe protein. This
assignment is supported by the comparison with the only
other VO2+-substituted protein complex, the F1-ATPase (21,
41). Interestingly, our EPR parameters are compatible with
the bidentately coordinated ADP catalytic active site in
spinach chloroplast F1-ATPase (21) which has likewise
shown a very lowA| value of 155.8× 10-3 cm-1.6 We can,
however, not exclude the possibility that for Kp2 one of the
two putative phosphate ligands, in the Fe protein coordination
scheme, is occupied by another ligand which possesses an
Ai

| value close to that of a coordinating phosphate oxygen
such as from a coordinating carboxyl side group.

A rhombic distortion of the EPR parameters has been
observed for theR-conformation of Kp2. Such a coordination
environment might indicate a distortion of the metal sym-
metry, such as a mixed tridentate nucleotide coordination
with equatorial and axial ligands. In fact, for F1-ATPase, it
was argued that such a facial tridentate coordination structure
should give rise to a considerable rhombic distortion of the
VO2+ EPR spectrum (21). Intriguingly, one of the F1-ATPase
sites also showed a noticeable rhombicity of the EPR
parameters.

â-Conformation(s).The other coordination environments
[â-conformation(s)], only observed at more neutral pH, have
intermediate experimentalA| values and thus represent
conformations for which one of the equatorial coordination
positions, occupied in theR-conformation by R-O- ligands,

could be occupied by a hydroxyl group or water molecule,
yielding values ofAcalc

| ) 159.5× 10-4 cm-1 and 166.7×
10-4 cm-1, respectively. These calculatedA| values are close
to the experimental values (cf. Table 1) used for the proposed
equatorial ligation. TheA| values for theâ-conformation
varied depending on the specific preparation so that it is
possible that not only one but two distinctâ-conformations
coexist, labeledâ1 and â2. Intriguingly, very similar EPR
parameters are observed for all three EPR subspectra in VO-
ATP and VO-ADP bound to Kp2; thus it appears that
homologous metal coordination environments are present
with both nucleotides in all three conformations.

The tentative model for the equatorial vanadyl ligand
compositions for the various, inequivalent conformations as
a function of pH is illustrated in Scheme 1. The proposed
coordination environments for the three conformations sug-
gest that protonation/deprotonation reactions and bond
formation with specific equatorial donor groups account for
the different spin Hamiltonian parameters. On the basis of
this model, a pH-dependent sequence of rearrangements at
the metal-nucleotide binding site occurs in the presence of
Kp2.

There are several ways that could cause the simultaneous
occupancy of distinctly different binding conformations. The
different occupancies as a function of pH pertaining to
protonation/deprotonation reactions are not unusual (e.g., refs
19 and42). Two pH-dependent inequivalent VO2+ coordina-
tion environments were, for example, found with horse spleen
apoferritin (28). The metal environments were subsequently
studied in more detail by ESEEM (44) where these two forms
were related to a protonation/deprotonation of one of the cis
ligands. On the other hand, the Fe protein possesses two
metal-nucleotide binding sites, one on each of the ho-
modimers. Therefore, it is tempting to relate the simultaneous
occupancy of two distinctly different binding conformations,
that we detect for concentrations<2 VO2+/protein at neutral
pH, to the catalytic requirement of nitrogenase for at least

6 Despite the close homology of the spin Hamiltonian parameters
for the γ- and R-conformations of Kp2 with two of the VO2+-
nucleotide binding sites in the F1-ATPase, and hence perhaps their
coordination environments, it should be noted that the F1-ATPase
conformations of the VO2+-nucleotide studies have all been carried
out for preparations at neutral to high pH.

Scheme 1: Model of the Proposed Equatorial Ligand Composition of the VO2+ Ion in the Presence of Nucleotides and the
Nitrogenase Fe Protein, Compatible with the Vanadyl Spin Hamiltonian Parametersa

a This model is based on the assumption of two equatorially coordinating phosphate groups.
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two hydrolyzable ATP molecules. In fact, two very different
MgATP binding sites have been observed in the crystal
structure of the [Av1-Av2] complex with an altered Fe
protein (11). Thus the simultaneous presence of two in-
equivalent metal-nucleotide conformations, irrespective of
the site composition, suggests that the local metal coordina-
tion environment might be associated with the formation of
two sites which could become independently protonated/
deprotonated and hydrated/dehydrated. Yet another inter-
pretation is possible; it is known that two independent
ATPase reactions exist for the Fe protein, one of which is
related to the catalytic activity of the enzyme while the other
is associated with a reduction-independent ATPase cycle
(45). Thus, it is also possible that the different coordination
environments are associated with these two reactions.

For other VO2+-nucleotide complexes, after exchange into
D2O, couplings to a coordinating phosphate group occasion-
ally give rise to a resolvable structure of the parallel EPR
lines (31, 46). No such shf structure was observed here. This
lack of a resolvable structure is consistent with earlier
observations for VO2+ in enzymes with coordination to more
than one phosphate group such as pyruvate kinase (47) and
one of the sites in F1-ATPase (48). A coupling to a single
phosphate should result in a more easily resolvable doublet
of 1:1 intensity ratio while the coupling to two phosphate
groups with a 1:2:1 line pattern is often not resolved. This
is particularly the case when the couplings are slightly
inequivalent. A second site of F1-ATPase, on the other hand,
shows the typical 1:1 pattern characteristic of monodentate
coordination (48). Thus we suggest that VO2+ in the presence
of Kp2 is coordinated by more than one, and most probably
two, nucleotide phosphate groups at all pH values investi-
gated. This is assumed to be the case for both VO-ATP
and VO-ADP since there are no significant differences
between the EPR parameters or the line widths of the two
nucleotides.

There are striking homologies between the nitrogenase Fe
protein and other nucleotide binding proteins (NBP’s) in the
amino acid sequences (49) and, to some extent, in tertiary
structures (8). The Fe protein contains a characteristic
conserved amino acid sequence of the form G‚X‚X‚X‚X‚
K‚S/T (where X represents any amino acid residue), known
as Walker motif A (50) that had been identified as being
involved in metal-nucleotide binding in a number of
proteins. This motif is usually located close to the carboxyl
terminus of the protein between the end of a loop region,
called the P-loop, and the start of aR-helix. However, not
all NBP’s possess a Walker A motif, but those that do are
very likely to bind nucleotides. Interestingly, the proposed
metal coordination structure for the neutral pH form (R-
conformation) with VO-ATP bound is consistent with the
X-ray crystal structures of other NBP’s having the Walker
motif A.7 These other NBP’s are the GTP hydrolases (G-
proteins) p21Ras (37, 51-53), GiR1 (54), the elongation
factor-Tu (55, 56), transducin-R (57), and the ATPase RecA
(58). All of these NBP’s have a common serine or threonine
residue of the Walker motif A that directly coordinates the
metal corresponding to Ser16 in the Av2 crystal structure

(cf. Figure 1) (Ser17 inK. pneumoniae). In addition to this
residue a second Ser/Thr residue presumably coordinates the
metal only in the ATP/GTP-bound state (52, 56, 57). The
Fe protein also appears to contain two other conserved
features, based on the proposed homology with small
GTPases, the switch I and switch II regions. These are the
two regions that presumably undergo the most pronounced
conformational rearrangements upon ATP hydrolysis. The
equatorial metal coordination of theR-conformation that we
deduce is consistent with the structure observed for the
proteins above with a second amino acid side-chain oxygen
coordinating the metal center in the “on” conformational
state. These other proteins exhibit a critical rearrangement
in the ATP-bound state especially through a second Thr/Ser
ligand in the switch I region (effector loop) moving close
enough to directly coordinate the nucleotide-bound metal ion.
This structure has not yet been observed for the nucleotide
binding sites of the nitrogenase Av2 complex with AlF4

-

(10) or in an altered Av2, carrying a deletion at Leu127,
when bound to Av1 in the presence of MgATP (11).
However, in the latter case the mutation alters the Fe protein
nucleotide binding site so that the metal-ATP coordination
may not be the same as that in the native, wild-type protein.
Unfortunately, there are no comparable EPR data available
on other GTP and ATPases for vanadyl-substituted proteins.

The X-ray crystal structures of the ADP/GDP-bound state
have also been determined for most of the proteins mentioned
above. The diphosphate nucleoside structure with VO2+,
proposed in the present study, is, however, incompatible with
the structures of other NBP’s or the Fe protein. The
homology of the VO-ADP and VO-ATP bound EPR
spectra of Kp2 suggests that one of the critical conforma-
tional changes of the metal-nucleotide binding site that
regulates protein function might be missing or disturbed
when VO2+ replaces Mg2+. The X-ray structure of the Fe
protein also shows that an aspartic acid (Asp39 for Av2) is
bound to the metal via an intervening water molecule. This
residue has been mutated with significant effects on the
protein properties. The Asp39f Asn altered Fe protein
exhibits substrate inhibition and altered interprotein interac-
tions (59). Interestingly, nitrogenase inhibition by the altered
protein is remarkably similar to inhibition by vanadyl. This
allows us to suggest that VO2+ substitution may affect the
metal coordination environment in a manner similar to the
mutation of the protein without any direct intervention at
the protein. In addition, also the Asp129f Glu altered Fe
protein was inactive (60). Thus vanadyl substitution may
have a similar effect on the signal transduction pathway
believed to regulate interprotein interactions as the altered
proteins.

However, exceptions also exist to typical nucleotide
binding configurations harboring the Walker sequences A
and B, such as the Rho superfamily (61, 62). X-ray
crystallography has shown GDP binding structures with
Mg2+ that deviate significantly from those of the above
Mg2+-NBP’s with the most noticeable differences in the
switch I region. Remarkably, they are compatible with the
metal environment observed here with VO2+; i.e., they
possess only three water molecules bound and two metal-
coordinated threonine residues in the GDP-bound case. This
contrasts the above ATP/GTPases but maintains the mono-
dentateâ-phosphate oxygen coordination with GDP.

7 It should be noted that the Av2 crystal structures should correspond
to the neutral pH form since crystals were presumably grown at pH
8.5 (9).
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The probable inability to undergo such rearrangement upon
hydrolysis could explain nitrogenase inhibition by VO2+.
Conversely, the pH dependence of the inner-sphere metal
coordination going from theγ- to the R-conformation
indicates that the pH modulates one of the essential confor-
mational rearrangements, suggesting that the pH dependence
for maximal nitrogenase activity might be coupled to the
ability of the Fe protein to undergo one of these critical
changes.

There is a debate about sometimes deviating metal
coordination structures in G-proteins with a missing or only
weakly interacting second ligand (63-65). The presence of
one or possibly two conformations observed in the present
study [â-conformation(s) that lack a second equatorial R-O-

ligand in the ATP(GTP)-bound case] may help to resolve
this controversy if such a conformation is also adopted by
G-proteins in the Mg2+- or Mn2+-bound forms. This behavior
might also be capable to explain the differences between the
solution and crystalline state or polycrystalline structures (66)
since small changes of pH may already lead to shifts of the
occupancy of the conformations.

It remains to be mentioned that, without knowing the
identities of at least some of the equatorial ligands reasonably
firmly, the identification of the others, purely on the basis
of the EPR parameters, must remain somewhat speculative.
Other, higher resolution, spectroscopic techniques such as
ENDOR or ESEEM need to be employed in order to further
confirm the assignments.

In summary, changes in the coordination environment of
VO2+-substituted nucleotides in the presence of Kp2 have
been detected by EPR. These depend on pH, the specific
nucleotide, and the oxidation level of the [4Fe-4S] center in
the protein. Thus the coordination structure of the metal
bound to the nucleotide and concomitantly the associated
control of the nitrogenase Fe protein function is much more
complex than previously assumed.
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