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ABSTRACT: Deletion ofnifB results in the formation of a variant nitrogenase MoFe protamf8 MoFe
protein) that appears to contain two normal [8Fe-7S] P clusters. This protein can be reactivated to form
the holo MoFe protein upon addition of isolated FeMo cofactor. In contrast, deletioiftbfesults in a
variant protein AnifH MoFe protein) that appears to contain FeS clusters different from the normal P
cluster, presumably representing precursors of the normal P clusterAfiifid MoFe protein is not
reconstituted to the holo MoFe protein with isolated FeMo cofactor. The EPR and EXAFS spectroscopic
properties of FeS clusters in thenifH MoFe protein clearly differ from those of the normal P cluster
found in theAnifB MoFe protein and suggest the presence of [4Fe-4S]-like clusters. To further characterize
the metal cluster structures in tianifH MoFe protein, a variable-temperature, variable-field magnetic
circular dichroism (VTVH-MCD) spectroscopic study has been undertaken on boNmifBeMoFe protein

and theAnifH MoFe protein in both the dithionite-reduced and oxidized states. This study clearly shows
that each half of the dithionite-reducechifH MoFe protein contains a [4Fe-4Stluster paired with a
diamagnetic [4Fe-4S]-like cluster. Upon oxidation, the VTVH-MCD spectrum of\thiéH MoFe protein
reveals a paramagnetic, albeit EPR-silent system, suggesting an integer spin state. These results suggest
that theAnifH MoFe protein contains a pair of neighboring, unusual [4Fe-4S]-like clusters, which are
paramagnetic in their oxidized state.

Nitrogenase is a metalloenzyme that catalyzes the reduc-designated the P clustemd the iror-molybdenum cofactor,
tion of dinitrogen to ammonia (for recent reviews see refs respectively. The [8Fe-7S] P clusted) (ikely participates
1-7).t This enzyme is composed of two separately purifiable in interprotein electron transfer, whereas the FeMo cofactor
proteins, the iron (Fe) and the molybdenuiron (MoFe) (9) serves as the active site of substrate binding and reduction.
protein. The homodimeric Fe protein couples ATP hydrolysis  For decades, the biosynthetic mechanism of the two metal
to interprotein electron transfer during substrate reduction, clusters of the MoFe protein has attracted considerable
serving as an obligate electron donor to the catalytically interest, not only because these clusters are important for
active component, the MoFe protein. Thgs, tetrameric N fixation but also because successful chemical synthesis
MoFe protein contains two copies of unique metal clusters, of these clusters has remained elusive so far. The FeMo
cofactor is a heterometallic double cubane comprising one
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L Four classes of nitrogenases have been described. They are the
molybdenum nitrogenase, the vanadium nitrogenase, the iron-only

nitrogenase, and the nitrogenasestifeptomyces thermoautotrophicus

The major distinctive feature of the first three classes of nitrogenases,

which are otherwise very similar, is the heterometal atom in the active
site of the metal cluster (molybdenum, vanadium, and iron, respec-

identity is unknown but is considered to be C, O, ord. (
Located entirely in thex subunit, the FeMo cofactor is
bridged to the protein by only two ligands, a cysteine that is
bound to the iron at one end of the cluster and a histidine
that is bound to the molybdenum at the opposite end of the

2 Abbreviations: Avl, MoFe protein fromzotobacterinelandii;
Kp1, MoFe Protein fronKlebsiella pneumoniad® cluster, FgS; cluster
located in the MoFe proteimifB, gene used to encode a protein needed
in the initial steps in FeMo cofactor synthesigH, gene used to encode

tively). The fourth nitrogenase is superoxide-dependent and is apparentlyfor the polypeptide of the Fe protein (the gene product is also involved

different from the other nitrogenase class85)( The molybdenum

nitrogenase discussed herein is considered to be the “conventional”

nitrogenase. The biosynthesis of the component proteins of the
molybdenum nitrogenase and their containing metalloclusters are
controlled by the nitrogen fixatiom({f) genes (for recent reviews see
refs 11 and 36).

in FeMo cofactor maturation and insertion into the apo MoFe protein);
VTVH-MCD, variable-temperature, variable-field magnetic circular
dichroism; IDS, indigodisulfonic acid; NifEN, protein encoded by the
nifE and nifN genes and proposed to function as a scaffold for the
formation of the FeMo cofactor; EXAFS, extended X-ray absorption
fine structure.
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cluster. The molybdenum is also coordinated by homocitrate. contributions associated with a diamagnetic ground state. The
The P cluster, with a topology similar to that of the FeMo MCD spectrum of the as-isolatekhifH MoFe protein arises
cofactor, consists of a symmetric double cubane in which from C-term contribution clearly associated with a para-
two [4Fe-3S] partial cubanes share a centgadulfur atom magnetic [4Fe-4S]cluster. Following oxidation, the clusters
(8). It is located between thes dimeric interface and is  in both proteins are paramagnetic. In theifB MoFe protein,
connected to the protein through six cysteine ligands, two the paramagnetism arises from th&*Rnteger spin state.
terminal and one bridging cysteine from each subunit. The The paramagnetism in the oxidize®hifH MoFe protein

P cluster can be reversibly oxidized from this native, all presumably also arises from an integer state most likely
ferrous state, designated',Pwith indigodisulfonate (IDS), associated with neighboring, spin-coupled [4Fe-4S]-like

to yield a two-electron oxidized state, designat&d & P>*. clusters. This structural characterization of tkreifH MoFe
Following a redox-dependent conformational change, the protein means that the clusters of this protein do not behave
[4Fe-4S] cube associated with the subunit is largely like typical ferredoxin clusters and gives further insight into

unchanged, whereas the [4Fe-4S] cube associated with thehe chemical synthesis and processing of the MoFe protein

B subunit is opened concomitant with a decrease in the P clusters.

coordination of the central sulfur atom from six to fo@; (

10). The two iron atoms that are no longer coordinated by MATERIALS AND METHODS

the central sulfur in the ¥ state remain four-coordinate by i ,

forming new bonds, one with the alkoxy group of a Unless otherwlse noted, all ch_eml_c_als and_ reagents were

neighboring serine and the other with a backbone amide ©Ptained from Fisher, Baxter Scientific, or Sigma.

group of a bridging cysteined( 10). Construction of Variant Avinelandii StrainsConstruction
Despite the progress in elucidating the biosynthesis and of A. vinelandii nifB and nifH deletion strains DJ1143 and

insertion mechanism of the FeMo cofactid), the assembly ~ DJ1165 (provided by Prof. Dennis Dean, Virginia Polytech-
of the P cluster remains largely unknown. Two types of hic Institute), which produce His-taggethifB and AnifH
FeMo cofactor-deficient MoFe protein variants, obtained MoFe proteins, respectively, has been described eatigr (
through eithemifB or nifH deletion, have allowed studies 15).
of P cluster species without the interference of the FeMo Cell Growth and Protein Sample Preparation. Zine-
cofactor (L2—15). Deletion ofifB gene, the product of which  landii mutant strains DJ1165 and DJ1143 were grown in 180
is the starting point of FeMo cofactor biosynthedig)( does L batches in a 200 L New Brunswick fermentor on Burke'’s
not affect P cluster formation, and the resulting MoFe protein minimal medium supplemented with 2 mM ammonium
variant contains intact P clusterd 13). Interestingly, acetate. The growth rate was measured by cell density at
deletion of thenifH gene, the product of which has been 436 nm. The His-tagged, FeMo cofactor-deficient MoFe
established to be involved in FeMo cofactor biosynthesis proteins expressed b4. vinelandii DJ1165 AnifH MoFe
(11, also has an effect on the formation of the P cluster protein) and DJ1143XnifB MoFe protein) were purified as
(14, 15). A recent study based on Fe K-edge X-ray absorption described earlierl), except that the procedure was im-
(XAS) edge and extended fine structure (EXAFS) showed proved by (i) adding 10% glycerol to all buffers, (ii) limiting
that a MoFe protein variant isolated fromni#H deletion the purification process to less than 15 h, and (iii) performing
strain of Azotobactervinelandii (designatedAnifH MoFe cell rupture at less than 10000 psi. The complete occupancy
protein) does not contain a fully assembled P cluster; rather,of the P cluster or proposed P cluster precursor was
it has a P cluster precursor that is composed of two [4Fe- confirmed by the presence of 17401.6 or 16.8+ 1.3 mol
4S]-like clusters 14). Three different types of structural of Fe/mol of AnifB or AnifH protein, respectively. All
models were proposed as the most plausible structure of thesamples were prepared in a Ar-filled drybox (Vacuum
P cluster precursor, all of which were consistent with Atmospheres, Hawthorne, CA) with an @vel of less than
biochemical {5 and electronic evidencelq): (i) two 3 ppm. Dithionite-reducednifB and AnifH MoFe proteins
completely separated [4Fe-4S] centers, (ii) two [4Fe-4S] were in 25 mM TrisHCI (pH 8.0), 10% glycerol, and 2 mM
center fragments which are bridged by one cysteine, and (iii) Na,S,0, (dithionite-reduced state). When prepared at Uni-
an edge-bridged [8Fe-8S] double cubai¥) (These results  versity of California, Irvine, MoFe protein samples were
provide the first insights into the process of P cluster oxidized by incubation with excess indigodisulfonate (IDS)
formation, which occurs likely by the condensation or for 30 min. IDS was subsequently removed by a single
rearrangement of two [4Fe-4S]-like fragments, possibly passage over an anion-exchange column (AG 1-X8; Bio-
concomitant with Fe proteinn{fH gene product) induced Rad, Hercules, CA), following a procedure described previ-
conformational changeld). ously (16). IDS-oxidized and dithionite-reduced samples
Due to the absence of crystal structures, it is impossible were concentrated in a Centricon-30 (Amicon) concentrator
to exclude any of the three structural models of the P clusterin anaerobic centrifuge tubes outside of the drybox. Some
precursor in theAnifH MoFe protein and further establish  protein samples were frozen and shipped to Louisiana State
the exact function of the Fe protein in the P cluster assembly. University for spectral recording while others were placed
Here we report a comparative variable-temperature, variable-into MCD cells and frozen prior to shipping. These latter
field magnetic circular dichroism (VTVH-MCD) spectro- MCD samples [up to 70 mg/mL protein in 150 of 25
scopic study comparing the metal clustersAfifH and mM Tris-HCI (pH 8.0) and 50% glycerol] were transferred
AnifB MoFe proteins in both as-isolated and oxidized states. into MCD sample cuvettes under anaerobic conditions and
These spectra clearly show electronic differences betweenflash frozen in a pentane/liquid nitrogen slush. Oxidized
the two protein forms. The as-isolat@aifB MoFe protein AnifB MoFe protein samples prepared at Louisiana State
possesses a featureless MCD spectrum dominat&dtbym University were made by slowly adding 1 mM thionine to
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the sample in an anaerobic drybox;(© 1.0 ppm) until the the magnetic field was linearly varied from 6 6 T at a
end point (i.e., faint blue color) was reached. Excess thioninerate of 0.1 A/s with a resolution of 2 s. MCD data were
was removed by passing the oxidized sample over a G-25analyzed using a fit/simulation program created by Neese
column containing anaerobic, but dithionite-free, buffer. ~ and Solomon (Stanford University) 7). The program allows
EPR SpectroscopyAll samples were prepared under the calculation of best-fit saturation magnetization curves
anaerobic conditions using a Schlenck line. Protein samplesusing experimental data as a basis set and is valid for any
were prepared under Ar in reducing Bis-Tris (pH 7.1) to a spin state, half-integer or integer, at any specified temper-
final volume of 35QuL and a final concentration of 2680 ature.
mg/mL. EPR spectra were recorded on an X-band EPR Experimental data were analyzed by fitting the spin
spectrometer (Model EMX; Bruker, Billerica, MA) equipped Hamiltonian parameters and the effective transition moment
with a liquid helium cryostat (Model ESR-900; Oxford, products Mgy, M5y andM7, with a scaling paramet@¥asim
U.K.). Spectra were recorded at a temperature of 12 K, = y/47S,wherey is the magnetogyric ratio. The effective
microwave frequency of 9.5 GHz, modulation amplitude of transition moment products represent the planes of polariza-
12 G, time constant of 163 ms, and conversion time of 81.9 tion that reflect the anisotropy of thg-factors. Since the
ms. Each spectrum represents the sum of three scans. Spiinitial slope of the magnetization curve is dependent on the
quantification of theS = ¥/, EPR signal of the as-isolated g-factors, the transition polarizations relate the transition
AnifH MoFe protein was determined using the standard 0.1 dipole to theg-factor axes of a powder or randomly oriented
mM CuEDTA. Double integration was performed on both sample. The spin parametegfactor @), axial zero-field
S= 1, EPR signals, and the percentage of unknown spins splitting (D), and the rhombic distortion of the electronic
was calculated. environment E/D) are based on the Hamiltonian
MCD SpectroscopyMCD spectra were recorded with a . R L L
CD spectropolarimeter (Model J-710; Jasco, MD) interfaced  H = fBgS+ D[S — (1/3)35+ 1) + (E/D)(S — )]
with a superconducting magnet (Model Spectromag 400-7T; (1)
Oxford, U.K.). Sample temperatures were monitored witha ] ) ]
thin film resistance temperature sensor (Model CX1050-Cu- Which is the expression for energy of the Zeeman interaction
1-4L; Lakeshore, Westerville, OH) positioned directly (1 and_the correction to the energy of the individual spin states
mm) above the sample cuvette. The linearity of the magnetic @rsing from spir-orbit coupling. At low temperatures-1.6
field was monitored with a calibrated Hall generator (Model K) the lowest energy state is predominantly populated and
HGCA-3020; Lakeshore, Westerville, OH) placed directly dictates the_beh_awor of the magnetization curve. As the
outside the superconducting magnet. temperature is reysed, 'the spectral parameters of excited states
Sample cells were constructed of optical quality quartz P€come increasingly important in the profile of the magne-
(170-2200 nm, 1 mm path length, Model BS-1-Q-1; Buck tlzatlo_n_gurve. Best-fit simulations of the experlmental_data
Scientific, East Norwalk, CT: or Model SUV R-2001 or Were initially performed at the lowest temperature to aid the
FUV; Spectrocell, Oreland, PA). Each cuvette was cut to o_ietermine_ltion of the spectral parameters. Subsequt_ant §imu|a—
the appropriate dimensions to fit the sample holder (1.8 cm tions of high-temperature data aided in the determination of

x 0.45 cm), resulting in a sample volume of about 160  the axial zero-field splittingD. _
All samples contained 50% glycerol to ensure the formation ~MCD  spectral intensities are the composite of three
of an optical glass upon freezing. additive, contributing terms, callel, B, andC. TheA-term

All spectroscopic samples were prepared under anaerobic2/Ses from degenerate excited states, whilexterm arises
conditions. Previously frozen (as-isolated) samples were from degenerate ground states. Byerm contribution does
thawed in a 3.5 mL vial under anaerobic conditions on a NOt require any degeneracy. Degeneracy of the ground or
Schlenck line. An MCD cuvette, positioned in the sample €Xcited state will be removed in the presence of a magnetic
holder, was flushed for 30 s with He gas, filled with protein field resulting in a derivative-shaped spectral inflection from
solution under a continuous flow of He gas, and rapidly the A- and C-terms. Furthermore, since thé-term is
frozen by lowering into the liquid He bath in the sample dependent on ground-state degeneracy, its intensity is

chamber of the Oxford magnet. regulated by the Boltzmann distribution of that state such
MCD spectra were recorded at a rate of 50 nmthfrom that the intensity decreases with increasing temperature.
800 to 350 nm at a resolution of~20 nm. Since optical TheB-term differs from the other two terms and is induced

glasses formed at low temperature often generate a strainPy ground- and ex_ci;ed—.state mixing with thg transition states.
induced background CD spectrum, the CD spectrum WasAII molecules ex_h|b|t this effgct. Tha-term is temperature
recorded in zero magnetic field to determine whether the independent while thB-term is often temperature indepen-
background signal was excessive. Those samples containing!€nt but can become temperature dependent when field-
a significant CD spectrum were thawed and refrozen until Induced mixing occurs between low-lying states whose
the background signal reached an acceptable low level. ToPOPulation is based on temperature.
further eliminate interference by this signal, the corrected RESULTS
MCD spectrum was obtained for each sample by first
recording the spectrum with the magnetic field in the normal  EPR Spectroscopyhe hues of the two apo MoFe proteins
direction and subtracting from it the spectrum with the field differ (15), suggesting electronic differences between the
in the reversed direction. All spectral intensities were metal clusters in the two proteins. To check this difference,
corrected for path length and sample concentration. the EPR spectra of the dithionite-reducgdifB and AnifH
Analysis of Magnetization DataMagnetization curves  MoFe proteins and oxidizenifB andAnifH MoFe proteins
were recorded at a set wavelength and temperature whilewere recorded. In agreement with previous measurements
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Ficure 1: EPR spectra of (viewed top to bottom) oxidiz&difH 400 ' 500 600 ' 700 ' 800

MoFe protein (13 mg/mL), as-isolatetinifH MoFe protein (27

mg/mL), oxidizedAnifB MoFe protein (13 mg/mL), and as-isolated

AnifB MoFe protein (32 mg/mL). Samples were prepared and B 4
recorded as described in Materials and Methods.

Wavelength (nm)

ol 1.58 K

(12, 15) the dithionite-reducednifB MoFe protein is EPR |
silent while the as-isolatednifH MoFe protein exhibits an
axial S = 1/, EPR signal withg, = 2.05 andgy = 1.90
(Figure 1). Spin integration of th8 = Y/, EPR signal from
the dithionite-reducednifH MoFe protein established it to
represent about 0.7 spin/protein, in agreement with the
previous work 12, 15, 18). Oxidation of theAnifB MoFe
protein converts it into an EPR-active, absorption-shaped
= 11.8 signal best observed in a parallel mode cavig).(
On the other hand, oxidation of th&nifH MoFe protein
converts it into an EPR-silent state in both parallel and
perpendicular mode.

MCD Spectroscopy. (A)nifB MoFe Protein. (1) Dithion- 00 500 60 700 800
ite-ReducedAnifB MoFe Protein.The MCD spectrum of Wavelength (nm)

the dlthlonlte-reducgd&nlfB MoFe protein (Flgu.re 2A) is FIGURE 2: (A) MCD spectra of the as-isolatexhifB MoFe protein
most noteworthy by its lack of features, decreasing gradually (35 mg/mL) at 6.0 T and temperatures of 1.63 and 9.30 K (spectrum
in intensity with increasing wavelength. The spectrum at 4.22 K has been omitted for clarity). (B) MCD spectra of the
resembles more the absorption spectrum of this profigin ( as-isolated, wild-type MoFe protein@T and temperatures of 1.58,
15) than a typical MCD spectrum of a paramagnetic center. 4.22, and 9.44 K. Samples were prepared and recorded as described
The spectrum also differs from typical MCD spectra in its " Materials and Methods.
constancy of intensity with temperature (16830 K). In . .
contrast, the holo MoFe protein, containing both the P cluster asymp'gohcglly approaching a constant value called the
and FeMo cofactor, exhibits an MCD spectrum (Figure 2B) saturation limit feaim) (19-21).
showing broad positive bands that decrease systematically Magnetization curves of the dithionite-reducexhifB
in intensity with increasing temperature. This spectrum has MoFe protein at temperatures of 1:63.30 K (Figure 3A)
been attributed to the paramagne&_—( 3/2) FeMo cofactor were recorded at 420 nm (thIS WaVElength was arbitrarily
in the protein. chosen since the MCD spectrum shows no distinct maxima
Magnetization curves were recorded at the maximum of Of minima). These curves are nearly linear and temperature
a major positive band(s) in the MCD spectrum. Magnetiza- dependent. When only plotted against the magnetic field
tion curves are plots of the MCD spectral intensity versus (Figure 3B), the curves coalesce, reconfirming the temper-
BBIKT, wheref is the Bohr magnetorB is the magnetic ~ ature independence of the spectrum. This temperature
flux density, k is the Boltzmann constant, arifl is the independence is consistent with a diamagnetic ground state
absolute temperature. In paramagnetic systems, the shape d¥ith a spectrum composed of onky- and/orB-terms. The
these curves is dominated by the temperature-dependengbsorption shape of the spectrum implies that it is dominated
C-term of a paramagnetic transition. As a result of the Dy aB-term contribution.
Boltzmann distribution population of the Zeeman splitground  (2) OxidizedAnifB MoFe Protein.Upon oxidation, the
state, theC-term is linearly dependent on magnetic flux/ AnifB MoFe protein exhibits an MCD spectrum (Figure 4)
temperature at low magnetic flux and high temperature. This markedly different from that of the dithionite-reducAdifB
relationship is commonly referred to as the Curie law. As MoFe protein. The spectrum of the oxidized protein reveals
the magnetic flux increases and/or temperature decreasesjominant positive bands at 380 and 520 nm, a shoulder at
the lowest state becomes the dominant populated level and590 nm, and an intense broad band with maximu800
as such, the&-term becomes independent of the reBild, nm. This spectrum is temperature dependent, decreasing in
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FiGUrRe 3: Magnetization curves of the as-isolatAdifB MoFe
protein (32 mg/mL) recorded at 420 nm at temperatures of 1.63,
4.2, and 9.30 K. (A) Traditional magnetization curves showing the
MCD intensity vs B/2kT at various temperatures. (B) MCD
intensity curves plotted vs only the magnetic field intensity,
illustrating the magnetic field dependency and temperature inde-
pendency of the spectra.
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Ficure 5. (A) Experimental and best-fit simulations of the

magnetization curves performed at 790 nm for the oxidixedB
MoFe protein (13 mg/mL) at 6.0 T and a temperature of 1.58 K.
Simulation parameters are as follows:-YS= 3,D = 4 cn’?,

E/D = 0.33,M; = 0.35,M) = 1.30, andV{y = 0.1; (--) S= 3,

D = —3cnr?, E/D = 0.08,M§) = 1.25,M5) = 1.25, andvlggf =
—0.6; ) S=4,D=4cnr’, E/D = 0.33,M) = 0.75,M, =
1.25, anz:l\/|e§;f =0.15; (-)S=4,D = -3 cnr' L, E/D = 0.08,M)

= 1/19, M = 1.32, andM;, 0.4. (B) Experimental and
simulated magnetization curves performed at 790 nm of the oxidized
AnifB MoFe protein at 6.0 T and temperatures of 1.58, 4.22, and
9.44 K using the best-fit parameters f8r= 4, D = 4 cnr?, as
listed above.

intensity with increasing temperature (1-58.44 K). The
small rate of intensity decrease with increasing temperature
suggests the presence of a high-spin, paramagnetic ground
state while the presence of an EPR spectrum in parallel mode
suggests an integer spin state.

A dramatic change is also observed from the nearly linear
magnetization curves of the dithionite-reduceaifB MoFe
protein to the magnetization curves of the oxidizedifB
MoFe protein performed at 790 nm (Figure 5B). The
magnetization curves of the oxidizexhifB MoFe protein
exhibit a steep initial slope that rapidly approaches saturation.
These curves are nested at different temperatures. Nesting
refers to a change in the initial slope of the magnetization

K. Samples were prepared and recorded as described in Materialscurve (increasing or decreasing) as the temperature increases.

and Methods.

The source of nesting is usually the presence of low-lying
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Ficure 6: MCD spectra of the as-isolatetinifH MoFe protein FiGURe 7: Best-fit simulation of the magnetization curve performed

(70 mg/mL) @ 6 T and temperatures of 1.61, 4.21, and 10.01 K. at 790 nm for the as-isolateAlnifH MoFe protein (70 mg/mL)
Samples were prepared and recorded as described in Materials andompared with the experimental data at temperatures of 1.61, 4.21,

Methods. and 10.01 K. Simulation parameters &e= %/, My = 0.35, M5y
. . . - =1.30, andM{] = 0.1.

paramagnetic excited states associated with differant

energy levels of the spin system. The trend of the magnetiza-

tion curves in Figure 5B shows positive nesting where the 20

initial slope of each magnetization curve increases with

increasing temperature (in negative nesting the slope de-

creases with increasing temperature). The extent of nesting 104

reflects the magnitude of the zero-field splitting (zfs repre-

sented aP andE in eq 1) and is usually observed when the g ]

spin stateS > Y/,. The nesting observed in the MCD spectra < M

of the AnifB MoFe protein along with the steep initial slope <

suggests a high-spin, paramagnetic ground state. This is

consistent with the presence of a parallel mode EPR signal 104

atg 11.8, implying an integer spin system, possiBly= 3

or 4.

(B) AnifH MoFe Protein. (1) Dithionite-ReducetinifH 20 : . : . : . : .
MoFe Protein.The dithionite-reducecnifH MoFe protein 400 500 600 700 800
exhibits an MCD spectrum (Figure 6) with a wide range of Wavelength (nm)
positive bands at 404, 436, and 520 nm and a very broadpgure 8: MCD spectra of the oxidizednifH MoFe protein (34
maximum around 775 nm as well as positive shoulders mg/mL) & 6 T and temperatures of 1.58, 4.24, and 9.44 K. Samples
around 537 and 567 nm. There is also a negative bandwere prepared and recorded as described in Materials and Methods.
centered at 660 nm and a negative shoulder at 615 nm. The
intensities of all of these transitions are highly and uniformly Which shows only broad positive bands (Figure 4), the
temperature dependent, characteristic of a distinct paramag-spectrum of theAnifH MoFe protein also possesses a
netic ground state of low spin. This assignment is consistentnegative band at 610 nm. The intensities of all the bands in
with the EPR spectrum, which shows an a8a# Y/, signal. the oxidizedAnifH MoFe protein uniformly decrease at a

The magnetization curves of the dithionite-redugedfH small rate as the temperature increases. Obviously, even
MoFe protein were recorded at 520 nm and temperatures ofthough the oxidized\nifH MoFe protein is EPR silent, it
1.61, 4.21, and 10.01 K (Figure 7). These curves exhibit POSS€sses a paramagnetic ground state.
classic magnetizations that are temperature dependent with Magnetization curves at 790 nm (Figure 9) are distinctly
a slow approach to saturation and negative nesting. Snce different from those of the dithionite-reduced form. The
= 1/, states possess no low-lying excited states, nesting iscurves of the oxidizednifH MoFe protein possess a steep
not expected to be observed. The presence of nesting suggesiaitial slope with a fast approach to saturation, analogous to
anS > 1/, contribution to the spectrum, as discussed below. the curves (Figure 5B) for the oxidizekhifB MoFe protein.

(2) OxidizedAnifH MoFe Protein.The MCD spectrum  However, these curves differ from those of the latter protein
of the oxidizedAnifH MoFe protein (Figure 8), like that of  in having a downward slope after maximum magnetization
the dithionite-reduced protein, exhibits a wide range of both is reached. The magnetization curves obtained at 560 nm
positive and negative bands. Sharp positive bands are(Figure 10) are similar in steepness to those at 790 nm but
observed at 435, 467, 560, and 650 nm with a very broad do not exhibit a downward slope. The initial steepness of
band around 790 nm and a shoulder around 510 nm. Unlikeboth sets of magnetization curves of the oxidizedifH
the MCD spectrum of the oxidizednifB MoFe protein, MoFe protein suggests a high-spin state.
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Ficure 10: Experimental and simulated magnetization curves

B performed at 560 nm of oxidizeAnifH MoFe protein at temper-
atures of 1.58, 4.24, and 9.44 K. Simulation parameterSare,

D = 3.05 cn?, E/D = 0.17,M§ = 0.02,M57 = 0.89, andViSy =

0.94.

in the holo MoFe protein. The diamagnetic property of the
P cluster in theAnifB MoFe protein is the same as that in
the dithionite-reduced, holo MoFe proteinN(Btate), as
demonstrated in Masbauer spectroscopic studies on the latter
protein 2—24). The Mtsshauer studies also show all eight
Fe ions in the P cluster to be #&n the as-isolated protein.
The study here, therefore, suggests the same valence
characterization for the Fe ions in the P cluster in the
dithionite-reduced\nifB MoFe protein fromA. vinelandii.
The MCD spectrum of the dithionite-reducéahifB MoFe
00-0 T o2 o4 06 08 1o 12 14 protein fromKlebsiella pneumoniakas also been published
BBI2KT (25). Unlike t_he sar_nple used in this study, the protein from
K. pneumoniaeexhibited anS = Y/, EPR spectrum and a
ametaaton s porencd 1790 v o e ovasgp - Paramagnetic MCD specirum. It has subsequenty been
Moge protein (34 mg/&L) at 6.0 T and a temperature of 1.58 K. ShOW.n 26) t.hat theS =/, EPR signal Opserved with that
protein originates from the paramagnetit §ate of the P

Simulation parameters are as follows:-{S=3,D = —3 cn7}, ! !
E/D = 0.08, Meff =0.24,M" = 0.25, and\/le“ -0.32; (»-) S= cluster and not the diamagnetic reducedl &tate, as

Ag lem™™"

2.D=—3cm? E/D = 0.08, Mgy = 0.28, Me" 0.28, andMy investigated here.

=-024;()S=2,D=1282 le E/D = 0.14, Meff = _0. 33 Following oxidation by either thionine or IDS, thenifB
mef = 0.71, andMeff =1.26;(-)S=3,D=3 Cnrl ED = MoFe protein exhibits an MCD spectrum with several broad
0.33, Mg = 0.24, MEff = 0.23, andMZ = —0.72. (B) Experi-  temperature-dependent positive bands, indicative of a domi-

mental and simulated magnetization Curves performed at 790 nmnantC-term from a paramagnetic FeS center. This spectrum
of the oxidizedAnifB MoFe protein at 6.0 T and at temperatures  js essentially identical to that previously observed with the

of 1.58, 4.22, and 9.44 K. oxidized holo MoFe protein fromA. vinelandii and K.
pneumonia@s well as the oxidizednifB MoFe protein from
DISCUSSION K. pneumoniad25, 27, 28). Because the FeMo cofactor is

This study reveals the MCD spectrum of the dithionite- diamagnetic in the oxidized holo MoFe protein, the MCD
reduced apo-MoFe protein, which arises from the P cluster spectrum is dominated by tli&term of the paramagnetic P
without the interference of the FeMo cofactor. The spectrum cluster in the PX state. The similarity of the MCD spectra
confirms that the P cluster of the dithionite-reducsaifB that arises from the P clusters in all of these proteins suggests
MoFe protein is diamagnetic. Ti&= 0 spin state isimplied  that oxidation of theAnifB MoFe protein converts its P
by the absence of temperature dependency of the spectratlusters from the diamagnetié' Btate into a similar ® state.
intensities and is consistent with the lack of EPR features. The spin state of the® has been the subject of much
The MCD absorption at wavelengths below 450 nm is discussion. Mesbauer and parallel-mode EPR studies on the
especially strong. This is important because it means thatholo MoFe protein Z4) suggest a spin state &= 3.0 or
the spectrum that arises from the diamagnetic P cluster will 4.0. However, both spectroscopic techniques have difficulty
have a significant contribution to the low-wavelength region determining spectral and spin-state parameters (@,&/D,
to the MCD spectrum of the paramagnetic FeMo cofactor andS) of integer states. The Msbauer studies suggest the
(Figure 2B) recorded in the dithionite-reduced MoFe protein, electronic ground state of®is a nearly degenerate doublet
leading to a false representation of the cofactor’s spectrumof an integer spin system while the EPR spectrum (inflection
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Table 1: Parameters of the Best-Fit Simulations
polarizatiori
MoFe protein S D*(cm 1) E/DP g-factors Mgy mer MeY
as-isolated\nifH Y, NA NA 2.05,1.98,1.90 0.35 1.30 0.10
oxidizedAnifH, A = 790 nm 2 2.82 0.14 2.0023 —0.33 0.71 1.26
oxidizedAnifH, A = 560 nm 2 3.05 0.17 2.0023 —0.02 0.89 0.94
as-isolated\nifB 0 NA NA NA NA
oxidizedAnifB, A = 790 nm 4 4.00 0.33 2.0023 0.75 1.32 —0.40

aUncertainty+0.05.° Uncertainty+0.02.¢ Uncertainty4-0.08.

atg 11.8 in parallel mode) possibly arises from an excited-
statems = 4-3.0 transition. The domina@-term of the MCD

another spectral component, possibly associated with a higher
spin paramagnetic state or maybe a domin&aterm

spectrum (Figure 4) at very low temperatures is often taken contribution. The presence of mixed spin states is not unusual

to meanD < 0. These interpretations are less valid for a
system of high rhombicity.

To help to clarify these interpretations, we undertook a
simulation study of the magnetization curves of the oxidized
AnifB MoFe protein for different integer spin states. Best-
fit simulations (Figure 5A) of the 1.58 K magnetization curve
were determined fos= 2.0, 3.0, and 4.0 using both positive
and negativeD while varying bothE/D (0 to %3) and the
effective transition moment productslsy, My, and MS7.

xyr Vixz»

As an initial approximation, we assumed that Bderms

in [4Fe-4S¥ clusters and may explain the EPR spectral data,
which show theS = ¥/, signal representing only about 70%
of the dithionite-reduced\nifH MoFe protein. The EPR
spectrum of a second spin state has not been observed.
The MCD and EXAFS studies are consistent with the
presence of paramagnetic [4Fe-48Justers in the dithionite-
reducedAnifH MoFe protein, presumably equally distributed
between the two equivalent P cluster sites. The EXAFS study
further suggests that all of the Fe atoms are in [4Fe-4S]-like
clusters. The Fe quantification of about 16 per protein implies

of the ground and excited states were small compared to thetwo [4Fe-4S]-like clusters per P cluster site where one of

ground-stateC-term. This assumption tends to be valid for
high-spin states but can break down for lower spin stefes (
< 2). Of the three spin stateS,= 2 was the only one that
could not simulate the data usimy> 0. Even withD < 0,
the simulation using = 2 is very poor. Bott§= 3 andS

= 4, with either positive or negativD, provide adequate
simulations of the data, wits = 4, D > 0 providing the
best least fair fit (Table 1). The close fit is true for the lowest

the two is in the [4Fe-48]state in the dithionite-reduced
state of the AnifH MoFe protein. Assuming that this
representation is correct, we can predict the structural
arrangement of the other cluster in each half.

In the dithionite-reduced protein, only tf&= 1/, signal
of the [4Fe-4S} cluster is observed and is unperturbed by
neighboring spin interactions. Therefore, either the second
[4Fe-4S]-like cluster is diamagnetic or paramagnetic in an

temperature data as well as the data at elevated temperaturédSPR-silent state. If paramagnetic, the second cluster must

(Figure 5B). While the values dd and E/D for each spin
state are only approximations for the oxidiz&difB MoFe

be distant £ 12 A) from the [4Fe-4S] cluster, since no spin
perturbations are observed in the EPR spectrum. Because it

protein, our simulations define the range of acceptable valuesis unlikely that the second cluster is this far from the [4Fe-

and show the possibility dd > 0.

The dithionite-reducedAnifH MoFe protein is clearly
paramagnetic, exhibiting the EPR spectrum of an &Rkl
1/, spin state. The MCD spectrum of this protein (Figure 6)
has the classic profile of a [4Fe-4S§luster and is similar
to the spectrum of the [4Fe-4Stluster in the NIifEN protein

4SJ" cluster, we favor the first description.

Upon oxidation, theAnifH MoFe protein becomes EPR
silent in both perpendicular and parallel modes. Most
surprisingly, the MCD spectrum (Figure 8) clearly shows a
paramagnetic ground state. This spectrum is more similar
to that of the dithionite-reduced protein (Figure 6), possessing

(29). This characterization is consistent with a recent K-edge both positive and negative inflections, than it is to the broad,

Fe-EXAFS study on thénifH MoFe protein, which found
Fe—-S and Fe-Fe distances similar to conventional [4Fe-
4S]" clusters 14). The magnitude of the molar MCD
intensity of approximately 35A¢ M~t cm™® at 520 nm
implies the presence of less than 1.0 [4Fef48ister per
AnifH MoFe protein 80, 31) and is consistent with the EPR
spin quantification of 0.7 spin per protein. The low-spin

all positive spectrum of the oxidizednifB MoFe protein
(Figure 4). Obviously the oxidizednifB and AnifH MoFe
proteins have different cluster and electronic structures.
The fact that the oxidizednifH MoFe protein is EPR
silent, yet paramagnetic, suggests a low-value, integer spin
state of the present clusters. This statement is based on the
general observation that the separation between the energy

concentration suggests that the P cluster precursors in thdevels of S = 1 or 2 states tends to be large such that

dithionite-reduced state of thenifH MoFe protein are not
fully poised in the [4Fe-4S] state.

The spectral parameters of &= Y, state ¢ = [2.05,
1.90, 1.90] and, by definitionD = 0, E/D = 0) greatly
simplify the simulation of its magnetization curves. Further-
more, because thg anisotropy is small, variations in the
effective transition moment products have only minor effect
on the shape of the magnetization curve. In spite of this,
Figure 7 shows that the simulation of 8% 1/, system does
not provide a good fit of the data, implying the presence of

transitions between these levels are usually unobservable at
X-band frequencies. Energy level separations dramatically
decrease in higher spin states, often making transitions
observable. In agreement with this, simulations of magne-
tization curves at both 520 and 790 nm are best fit \8ith
2 andD ~ 3 cm! (Figure 10) with moderate rhombicity
(E/D = 0.17 and 0.15, respectively).

The presence of paramagnetism in the oxidizedfH
MoFe protein definitely rules out the possibility that each
half of the oxidized protein contains a pair of [4Fe-4S]
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clusters, since such clusters are always diamagnetic. Thisground state, presumably of integer spin. The paramagnetism
means that the clusters are unique and do not behave likeof the oxidized protein rules out the existence of neighboring
conventional ferredoxin-like clusters, which would be in the [4Fe-4S}" clusters, which are always diamagnetic. By

diamagnetic [4Fe-43} state under these oxidizing condi-

inference, the dithionite-reduced protein does not contain the

tions. A consequence of this is that the dithionite-reduced [4Fe-4S}/[4Fe-4S%" pair in each half. Therefore, thenifH

protein does not contain the cluster pair [4Fe#4&}d [4Fe-

MoFe protein contains an unusual pair of [4Fe-4S]-like

4SF* in each protein half, since oxidation of this cluster pair clusters with unusual redox properties.

would generate a pair of [4Fe-£S]clusters, contrary to our

MCD data. One possibility is that both clusters in the ACKNOWLEDGMENT

oxidized protein are neighboring half-integer spin clusters
(possibly two [4Fe-43] clusters) and, due to spirspin
interaction, couple to produce an integer spin system. Another
possibility is that both clusters have integer spin yet are well
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