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ABSTRACT. The MgATP-bound conformation of the Fe protein of nitrogenase #awtobactewinelandii

has been examined in solution by small-angle X-ray scattering (SAXS) and compared to existing
crystallographically characterized Fe protein conformations. The results of the analysis of the crystal
structure of an Fe protein variant with a Switch Il single-amino acid deletion recently suggested that the
MgATP-bound state of the Fe protein may exist in a conformation that involves a large-scale reorientation
of the dimer subunits, resulting in an overall elongated structure relative to the more compact structure of
the MgADP-bound state. It was hypothesized that the Fe protein variant may be a conformational mimic
of the MgATP-bound state of the native Fe protein largely on the basis of the observation that the
spectroscopic properties of the [4Fe-4S] cluster of the variant mimicked in part the spectroscopic signatures
of the native nitrogenase Fe protein in the MgATP-bound state. In this work, SAXS studies reveal that
the large-scale conformational differences between the native Fe protein and the variant observed by
X-ray crystallography are also observed in solution. In addition, comparison of the SAXS curves of the
Fe protein nucleotide-bound states to the nucleotide-free states indicates that the conformation of the
MgATP-bound state in solution does not resemble the structure of the variant as initially proposed, but
rather, at the resolution of this experiment, it resembles the structure of the nucleotide-free state. These
results provide insights into the Fe protein conformations that define the role of MgATP in nitrogenase
catalysis.

Biological nitrogen fixation is a critical step in the global the latter serving as the sites fop Rinding and reduction
nitrogen cycle that is carried out exclusively by prokaryotes. (2—4).
The reduction of Mto two NH; molecules is catalyzed by During catalysis, the Fe protein and the MoFe protein
the enzyme nitrogenase that exists in Mo-, V-, and Fe-only associate with the transfer of a single electron from the Fe
forms. Mo nitrogenase is the most extensively studied form protein to the MoFe protein coupled to the hydrolysis of two
and consists of two oxygen sensitive protein components MgATP molecules, one of each subunit of the Fe protein.
termed the Fe protein and the MoFe protei). (The Fe Since eight electrons must be transferred to the MoFe protein
protein is a homodimer~64 kDa) with a single [4Fe-4S]  for the reduction of one Nmolecule to two NH molecules
cluster bridging the two subunits with each subunit possess-and the reduction of two protons yielding,Hinultiple cycles
ing a single site for MgGATP binding and hydrolysis. The of component protein interaction are required for the
MoFe protein, amf; heterotetramer<230 kDa), has two ~ complete nitrogenase catalytic cycle. One of the more
types of complex irofrsulfur clusters termed the P-clusters intriguing aspects of the nitrogenase mechanism is the
(8Fe-7S) and the FeMo cofactors (Mo-7Fe-9S-homocitrate), involvement of MgATP: The coupling of MgATP hydrolysis

to multiple-electron reduction reactions is unusual in biology.
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the substratel]). The ability to accumulate multiple electrons hypotheses with respect to nucleotide-dependent conforma-

on the MoFe protein is necessary to complete the catalytictional states and to determine the relationship between the

cycle since N does not bind at the FeMo cofactor until the structure of the authentic MgATP-bound form and the

enzyme is reduced by several electroBsic—17). previously crystallographically characterized conformations.
The binding of nucleotides to the Fe protein is known to

induce protein conformational changes as evidenced by EXPERIMENTAL PROCEDURES

changes in the spectroscopic properties of the [4Fe-4S]

cluster L8—27). While these spectroscopic methods reflect ) . . .
changes in the electronic properties of the [4Fe-4S] cluster, L127A Fe protein of nitrogenase froAzotobactewvinelandii

; ified as described previoush8|. The proteins were
they do not directly access changes to the overall structureV€'® PUr : i
of the Fe protein. To gain insights into nucleotide-dependent buffer-excr:anged |rr]1to 2|0% egcIefrloI b.ufferhat pH 7.5 Wr']th
protein conformational states of the Fe protein, a number of 05M N‘_"‘C by Sep acry -200 gel filtration chromatography.
X-ray crystal structures of Fe protein and Fe proteifoFe | 1€ native Fe protein was concentrated to 33 mg/mL, and
protein complexes without and with bound nucleotides have the L1_27A Fe protein was concentrated to 100 mg/mL using
been determined®8—35). These structures provide insights 2" Amicon concentration apparatus under argon pressure and

into the interactions of nucleotides with Fe protein, the role Storéd in liquid nitrogen.
of the signal transduction pathways and switch regions, and Sample PreparationAll samples for the SAXS experi-
intermolecular electron transfer between Fe and MoFe ments were prepared in a glovebox (Vacuum Atmospheres,
proteins. These studies have clearly shown that the Fe proteirtiawthome, MA) operating under a.Nitmosphere at less
is capable of undergoing conformational changes manifestedthan 1 ppm of oxygen. All buffers, which contained 20%
mainly as the rigid body reorientation of the two subunits. glycerol and 5 mM dithionite, were degassed under vacuum
On the basis of these studies, models for the conformationalin sealed Wheaton vials in an atmosphere of 10026
changes and the interaction that occur within the nitrogenaseensure the integrity of MgADP- and MgATP-bound samples,
complex have been proposed. The crystal structure of a keynucleotide stock solutions (100 mM) were prepared no more
state in defining Fe protein nucleotide-dependent conforma-than 15 min prior to data collection. To ensure nucleotide
tional change, the MgATP-bound state, has not been saturation, three different nucleotide concentrations were
elucidated. initially used, specifically 1 mM ATP/ADP with 2 mM
Although the structure of a true MgATP-bound state of MJClz, 5 mM ATP/ADP with 10 mM MgC}, and 10 mM
the Fe protein has not been determined, we have recentlyATP/ADP with 20 mM MgC}. There were no discernible
characterized the X-ray crystal structure of a variant of the differences observed at the different concentrations, and a
Fe protein with a single deletion in the switch region that final nucleotide concentration of 5 mM (a 2@5-fold molar
connects the nucleotide binding site to the [4Fe-4S] cluster €xcess) was used throughout the experiment to ensure
(33, 34). The crystal structure of the L1A7Fe protein shows  saturation.
a structure strikingly different from the previously determined  Data Collection.SAXS data were collected at beamline
structures, characterized by a large rigid-body reorientation 4-2 (39) at the Stanford Synchrotron Radiation Laboratory
of the two subunits. Spectroscopic and biochemical studies(SSRL) on five different occasions. On the first two
of this variant protein have revealed similarities in the occasions, conventional flat-window cells with thin mica
spectroscopic properties of the nucleotide-free form of the windows were used. For data collections in which all of the
L127A Fe protein and the MgATP-bound state of the Fe data presented herein were recorded, a continuous flow cell
protein 36). The L12°7A Fe protein is not capable of nitrogen incorporating a thin wall X-ray capillary was used. The flow
reduction, but it can form a stable complex with the MoFe cell was attached to a computer-controlled syringe dispenser
protein in the absence of nucleotides that resembles the nativéHamilton 500 series, 25@L syringe) via oxygen-imperme-
Fe protein-MoFe protein complex stabilized by MgADP-  able tubing, and the samples were injected into the flow cell
tetrafluoroaluminated7, 38). Although the characterization  system from sealed vials under mildly positive ptessure
of the [4Fe-4S] cluster of this variant provides support for to maintain anaerobic conditions. The sample volume for
the idea that the L12Y Fe protein somehow mimics several each run was 8QuL, and the dispenser was set in a
aspects of the MgATP-bound native Fe proted®)( the continuous loop to allow the sample to pass;30in the
relationship between the variant and the MgATP-bound state forward and reverse direction (A./s) relative to the X-ray
from the perspective of protein structure has not yet been beam position. The continuous flow of the sample evenly
examined. distributed 20 X-ray exposures, each lasting 10 s, over the
Recent structural work in which a number of nitrogenase majority of the sample aliquot. This data collection strategy
complexes were stabilized in the presence of nucleotides andoroved to be highly effective, and the effects of X-ray
nucleotide analogues favors a different model in which Fe radiation damage and protein aggregation, which initially had
protein conformational changes were much less pronouncedbeen observed, were eliminated. To maintain anaerobic
(32). From the results of this work, it was proposed that the conditions throughout the experiments, we flushed the flow
cycle of complex association, coupled nucleotide hydrolysis cell with anoxic buffer after each run. The capillary cell was
and electron transfer, and complex dissociation involved the maintained at 20°C throughout the measurements. The
binding of the different states of the Fe protein to the MoFe detector pixels were calibrated to the momentum transfer
protein at different sites. In the work presented here, small- Q, which equals # sin(@)/1 (6 is one-half of the scattering
angle solution X-ray scattering studies have been imple- angle andl is the wavelength) using the (100) and related
mented to analyze the structure of the Fe protein in higher-order reflections from a cholesterol myristate or silver
nucleotide-bound conformations to critically evaluate our behanate powder sample. Fe protein data were collected at

Protein Purification.Both the native Fe protein and the



14060 Biochemistry, Vol. 46, No. 49, 2007 Sarma et al.

an incident beam energy of 8700 eV, 8950 eV, or 11 keV DAMMIN calculations were constrained to 2-fold symmetry
using a MARCCD165 detector (MarUSA, Evanston, IL) 1 and were run 10 times to check for reproducibility of model
m from the sample cell. construction. The 10 separate, but similar, three-dimensional
Calibration. Lysozyme was used as a calibration standard structure models obtained by DAMMIN for each condition
for experimental setup and measured intensities as describedvere spatially aligned and also analyzed for spatial discrep-
previously @0). Reagent-grade lysozyme (Fischer Scientific) ancy by SUPCOMBA45) which was run as a subprocess of
was used to make up solutions [10 mM ammonium acetate DAMAVER (46). In this analysis, dissimilar models are
(pH 5.0) and 150 mM NacCl] at four different concentra- rejected and a most probable model representing the most
tions: 2.5, 5, 10, and 20 mg/mL. Each of the samples was populated volume among the 10 models is given.
run in triplicate at 8950 eV. The experimental scattering
curves were compared to the theoretical scattering curve RESULTS AND DISCUSSION

generated using Protein Data Bank crystal structure 193L ) )
(41) in CRYSOL @42). Several structures of the nitrogenase Fe protein have been

determined, and their characterization has revealed that the
protein can exist in several different conformatio28-

32). The main differences among these conformations are
manifested in different orientations of the individual subunits

standards. Scattering curves were collected for ferrous'ith respect to one another. This indicates that during
ammonium sulfate at 0.1, 0.3, and 0.7 mM in buffer solution Catalysis the Fe protein undergoes conformational changes
at three different energies: 7050 eV, 7150 eV (near the Fe UpoOn nucleotide binding, complex association, and dissocia-

edge), and 8950 eV (remote relative to the Fe edge). A tion, .which tune the spectroscopic prope_rties of the Fe
Vortex silicon drift detector (SIl NanoTechnology USA, protein’s [4Fe-4S] cluster, modulate the distance between

Northridge, CA) was also used to evaluate the potential intermolecular r_edox partners (Fe protein [4Fe-4S] cluster
contribution of Fe fluorescence in the scattering data. and MoFe protein P cluster), and promote MgATP hydroly-

Data Analysis.The two-dimensional images from the SIS.
detector were azimuthally integrated, scaled for beam The overall differences in the dimensions of the Fe protein
intensities, frame-averaged, and background-subtracted withn different conformations from crystal structures, shown in
MarParse(sg) to y|e|d the Scattering curves. Each experi_ Figure 1, indicate that the Fe protein can exist in molecular
mental run was carried out at least in duplicate to ensure Shapes that range from a more globular protein, as observed
reproducibility. In addition, scattering curves of each cor- for the nucleotide-free native Fe protein (72>A51 A x
responding buffer and nucleotide solution were subtracted 50 A), to a more open or elongated shape, as observed for
from the individual protein scattering curves to eliminate any the L127A Fe protein (87 Ax 46 A x 60 A). The dramatic
scattering contributions of the buffer solution. The data conformational difference observed between the crystal
statistics of a preceding buffer solution measurement estab-structures of native and L1A7Fe protein was not antici-
lished the amount of systematic error in the data collection pated. There are limited interactions between the subunits
system and propagated to the protein scattering data uporin the structure of the L12Y Fe protein, suggesting a
buffer curve subtraction in addition to the standard deviation Potentially higher degree of flexibility of the structure in
from the protein measurement. Radii of gyrati®g)(values comparison to the more globular compact conformations of
for native Fe protein samples (both nucleotide-free and the native nucleotide-free Fe protein. The limited interactions

nucleotide-bound states) were obtained from the Guinier plotsbetween the subunits of the L1&%Fe protein coupled with
using the first 20 intensity points beyond the beam stop in the large differences observed between the native structure
the Q range of 0.023-0.052 A, In the case of the L12Y and the variant structure make it necessary to investigate
Fe protein sample®, values were estimated usingarange whether the observed structure predominates in solution or
of 0.022-0.045 A. Theoretical curves were generated with Whether the crystalline lattice itself is stabilizing a local
CRYSOL @2) from the crystal structure of the nucleotide- €nergy minimum of an overall conformationally dynamic
free native Fe protein (2NIPB0) and the crystal structure ~ L127A Fe protein.
of the nucleotide-free L12Y Fe protein (1IRW4)33). The The structure of the L12Y Fe protein was probed using
electron pair distance distribution functioR(r), was cal- SAXS to examine if the structure observed by crystal-
culated using GNOM43). In these calculations, scattering lography was present as a predominant structure in solution.
intensity points in th& range 0f~0.02-0.3 A1 were used. The scattering curves of globular compact proteins are
The maximum distanceD{na,) values of 70 and 80 A were  noticeably different from the curves of the proteins having
assumed for the native and L1&Fe protein calculations, elongated or ellipsoid shapes. The extent of the differences
respectively, on the basis of the dimensions obtained from between the conformation of the L127Fe protein and the
the corresponding crystal structures. ThBggx values were native Fe protein is large enough to result in discernible
verified to be valid in solution by running GNOM with  differences between the respective scattering curves. Theo-
varying Dnmax Values. The best results were obtaine@®aix retical scattering curves for the crystal structures and their
values of 70 A (native) and 80 A (L12yj for the nucleotide- Ry values for two conformations of the Fe protein are shown
free states and dnmax values of 75 A (native) and 80 A in Figure 1C. The structure of the more elongated LA27
(L127A) for the nucleotide-bound states. Fe protein has a larger anticipated radius of gyration because
Ab initio shape reconstructions of the Fe protein in the the elongated shape has a longer largest dimension. In
nucleotide-free state and the L1RFe protein were calcu-  addition to the largeR, value, clear differences exist in the
lated with DAMMIN (44). In this particular work, all overall shape of the theoretical curves, especially in@he

Potential for artifacts arising from Fe fluorescence or
anomalous scattering effects from the [4Fe-4S] cluster in the
Fe protein was probed by measuring scattering curves of
buffer solutions containing different concentrations of Fe
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Ficure 1: Surface renderings and maximum dimensions of the nitrogenase Fe protein in different structural conformations, including (A)
the native nucleotide-free (2NIP) state (blue) and (B) the IAL2icleotide-free (LRW4) state (red). The two views of the Fe protein

showing are separated by a°9@tation about the horizontal axis. (C) Theoretical scattering curves obtained from CRYSOL for the crystal
structures of Fe protein in the conformations shown in panels A and B with the same coloring scheme.

range of 0.10.2 A1, The scattering data in thi® range a protein molecule in solution and also gives an estimate of
are more sensitive to subtle conformational differences thanthe Ry values. TheR, values obtained by GNOM for the
Ry alone would indicate and can be exploited in distinguish- native Fe protein and L12VFe protein were 25.2 and 27.6
ing the Fe protein conformational states. A, respectively (Figure 2B). These values are similar to the

The first set of experimental runs, for both the native and values obtained using the Guinier plots (Figure 2A inset).
L127A Fe proteins, were carried out at three different protein The largerR; value for the L12A Fe protein in solution is
concentrations, 5, 10, and 20 mg/mL. A decrease inRhe ~ consistent with a more elongated structure as observed by
values as a function of concentration for both the native Fe crystallography.
protein (25.3 A for 5 mg/mL, 22.7 A for 10 mg/mL, and The scattering curves can be further exploited to yield
21.3 A for 20 mg/mL) and the L12¥ Fe protein (28.3 A molecular envelopes that can be compared directly to the
for 5 mg/mL and 25.6 A for 20 mg/mL) were reproducibly existing crystal structures. The most probable low-resolution
observed, indicative of some repulsive interparticle interfer- structural models of the native Fe protein and the LAF#
ence. Subsequent measurements were conducted at a comprotein computed from the experimental scattering data using
centration of 5 mg/mL to limit interference since high-quality DAMMIN are shown in panels C and D of Figure 2. The
data with good signal could be obtained. average normalized spatial discrepancy (NSD) values over

The experimental scattering curves of the solution struc- all independent models were 0.55(.03) for the native Fe
tures of the nucleotide-free states of the native Fe protein Protein and 0.63+£0.01) for the L12A Fe protein. One
and L127 Fe protein differences are shown in Figure 2A. model for the L12A Fe protein was excluded by DAM-
The curves are consistent with the salient features of theAVER due to a slightly higher NSD value. The range of
theoretical curves for the two proteins based on the known NSD values in all cases indicates satisfactory similarity
structures of the proteins obtained by crystallography (Figure @mong 9 or 10 individually computed models from which
1C), including the key distinguishing differences observed the most probable models were computed by DAMAVER.
in the Q range of 0.1-0.2 A-1. Additionally, theR, values As indicated in Figure 2, the shape reconstructions generated
obtained from the Guinier plots (Figure 2A inset) for the from the experimental curves are consistent with the overall
native Fe protein (25.3 0.1 A) and the L12Z& Fe protein globular state of the native Fe protein versus the more
(28.3+ 0.1 A) are near the simulated values of 25.0 and elongated shape for the L1&Fe protein observed by X-ray
27.0 A, respectively (Figure 1C). Tt value for the L12A crystallography (Figure 1).
is nearly~1 A larger than the simulated curves, but clearly,  Although the salient differences of the scattering profiles
the differences in comparing the native and LAZ+e protein in comparing the native Fe protein and LY Fe protein
are consistent with the observation that the native Fe proteincan be rationalized in the context of the differences in the
exists in a more compact state and the L127 Fe protein issimulated scattering curves, a close comparison of the
more elongated in structure. The lack of a precise fit to the simulated and experimental scattering curves of both proteins
simulated curve may, however, suggest that the crystalline (Figure 3) reveals significant differences at the higher
lattice in the L127A Fe protein may be imposing some scattering angles 0.15 A™%). The differences in the
structural constraints on the conformation. To validate if the experimental data are reproducible and could be the result
anticipated molecular shape of the native Fe protein and theof slight conformational variation or conformational dynam-
L127A Fe protein is consistent with the observed scattering ics in solution in comparison to the crystal structure. The
curves, the scattering data were analyzed by the indirectpotential for the discrepancy to be associated with artifacts
Fourier transform method using GNOM. This analysis resulting from the experimental setup was addressed using
evaluates the electron pair distance distribution function of the protein lysozyme as a calibration standard. With the setup
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Ficure 2: (A) Experimental scattering curves of the nucleotide-free native Fe protein (blue) and nucleotide-frée Hel protein (5
mg/mL) (red) and Guinier plots as the inset (A), where intensities are artificially offset to aid comparison. (B) Electron pair distribution
function plots generated from the scattering curves in panel A with calcuRgedlues for the nucleotide-free forms of the native Fe
protein (blue) and the L12Y Fe protein (red)Ab initio low-resolution structural reconstruction from the scattering curves obtained using
DAMMIN and the cartoon representation of the crystal structure of the native Fe protein (blue) (C) or nucleotide-fraeFRel@ibtein

(red) (D) fitted manually into the DAMMIN envelope.
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Ficure 3: (A) Comparison of experimental scattering profiles of 5 mg/mL Fe protein (blue) and theoretical scattering curves of nucleotide-
free native Fe protein (2NIP) (brown). (B) Comparison of experimental scattering profiles of 5 mg/mA IEEGrotein (red) and theoretical
scattering curves of nucleotide-free LY2Fe protein (LIRW4) (violet).

used in this study, the experimental scattering data for of the molecular mass of an Fe protein dimer in the range

lysozyme match exactly the simulated data computed from of 64 kDa.

193L using CRYSOL in the entire angular range, indicating  Since the Fe protein contains a [4Fe-4S] cluster, the

that no artifacts were introduced at the level of the data potential for artifacts occurring as a result of Fe fluorescence

collection or processing as the exactly the same proceduresor anomalous scattering effects was also addressed by
were employed as in the Fe protein runs. In addition, using examining the scattering curves of Fe standards at different
lysozyme as a concentration standard for measured intensitiesncidence X-ray beam energies. Scattering curves of ferrous
as previously describedQ) resulted in accurate estimation ammonium sulfate solutions at 0.1, 0.3, and 0.7 mM at three
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different incident energies (7050, 7150, and 8950 eV) near with minimal hydrolysis to MgADP. The scattering curves
and remote relative to the Fe absorption edge (7113 eV) werefor the native Fe protein (5 mg/mL) in the absence of
examined to address the potential influence of the presencenucleotides and in the presence of 5 mM MgADP or MgATP
of Fe in the Fe protein on the experimental scattering data. (>50-fold) are shown in Figure 4A. The scattering curves
These control experiments revealed a small contribution of reveal that in the presence of either MgADP or MgATP,
Fe in the signal intensities of scattering curves and a smallthe structure of the Fe protein at the low resolution of the
dependence on incident energies. However, the degree okcattering experiment resembles the native state and does
the differences observed was orders of magnitude smallernot undergo a large-scale conformational change to resemble
than the intensity differences observed at the higher anglesthe L127A Fe protein structure (Figure 2A). The estimations
in our data, indicating that the X-ray fluorescence from the of the radius of gyration are very similar-25.0) to that
[4Fe-4S] cluster of the Fe protein is unlikely to be the source obtained for the native Fe protein in the absence of
of the discrepancy between the Fe protein experimental andnucleotide, and the key discriminating features of the
simulated scattering curves. scattering profile observed in th@ range of 0.+0.2 A?

We have examined the possibility that the effect of higher resemble those of the native Fe protein more than those of
solvent density could account for the differences between the L127A Fe protein. This is consistent with the previously
simulated and experimental scattering curves at higher anglescharacterized crystallographic structure of the Fe protein with
Modulating the values of solvent density in the calculation bound MgADP which was observed to exist in the same
of the simulated scattering curves was found to significantly overall conformation as the nucleotide-free Fe protein. These
affect the intensity at higher angles. Increasing the valuesresults clearly indicate that the MgATP-bound state in
for the solvent density in the simulation to more correctly solution does not exist in the elongated structure observed
reflect the buffer density of experimental samples (20% for the L127A Fe protein. Thus, in overall shape, the LI7
glycerol and 0.5 M NaCl) resulted in better fits at the higher Fe protein does not appear to faithfully mimic the conforma-
angles; for instance, a solvent electron density that is highertion of the MgATP-bound state.
than that of pure water by 6% improved tp&value from Although the addition of nucleotides does not result in
8.6 to 5.3 for the native protein. Although there are likely to the large-scale conformational change proposed in our
be small-scale differences in the solution and crystal previous work, comparison of the scattering curves of native
structures of the Fe protein structures in the study, it can beand nucleotide-bound states indicates subtle differences
concluded that the most significant differences at higher (Figure 4A). Since th&®, and shape of the scattering curves
scattering angles are due to the higher solvent density in theare nearly the same, we can conclude the structures of the
experiments. Other subtle differences in the scattering curvesnative and nucleotide bound states must be very similar. The
may be a result of slight differences in the rigid body small differences in the scattering curves of the native form
reorientation of the monomers in solution relative to the in the presence (MgATP or MgADP) and absence of
conformation observed in the crystal structures. We are nucleotides could be a result of differences in the background
currently attempting to optimize conditions to record accurate subtraction. However, the relative differences in the native,
high-angle data to address this. MgADP, and MgATP scattering curves are also observed

Having established that the difference between solution at higher (20 mg/mL) protein concentrations, and MgADP
structures of the L12X Fe protein and the native Fe protein and MgATP should contribute very similarly to the back-
can be clearly distinguished using SAXS, we used this ground. Alternatively, the subtle differences could suggest
experimental method as a relative benchmark to ask thethat the states behave differently in solution which may be
question of whether the different nucleotide-bound states a result of the slight variability of the structures or dynamics
resemble the conformations previously described. Thesein solution that cannot be revealed at the resolution of this
studies are very important for the characterization of the study.

MgATP-bound state since it has not yet been possible to  Although the L127A Fe protein is essentially inactive, it
obtain a structure of a MgATP-bound state of the native Fe is competent in MgGATP and MgADP binding; therefore, we
protein crystallographically. For the MgADP-bound state of have conducted a parallel study examining the effects on
the native Fe protein, the structure has been crystallographi-SAXS curves in the presence of saturating concentrations
cally determined and the overall structure at a low resolution of MgADP and MgATP (Figure 4B). The differences in the
approximately resembles the conformation observed for the scattering curves of the L12A7Fe protein in comparing the
native Fe protein and in essence serves as an internal controhucleotide-free and nucleotide-bound forms are more pro-
for this analysis. Previous SAXS experiments probing the nounced than those observed for the native Fe protein. In
nucleotide-bound states of the Fe protein repoRgdalues addition, theR; values of the L12& Fe protein are decreased
for the nucleotide-bound conformations very similar to those by ~1 A upon addition of nucleotides to more closely
observed for the nucleotide-free native Fe protdir, ¢8). approximate thé&y values of the nucleotide-free Fe protein
In the current study, the effects of binding of nucleotide to obtained by simulation. This suggests that the LAZ7e
both the native and L12Y Fe protein are examined in  protein, in the presence of MgADP or MgATP, undergoes a
parallel to directly assess whether the LA2Fe protein is conformational change that is likely manifested in movement
a mimic of the MgATP state as suggested previou8B).( of the subunits toward a more globular structure or toward

The Fe protein was incubated with a molar excess of either a conformation that more closely approximates the structure
MgATP or MgADP for 5-10 min prior to data collection.  observed crystallographically for the L1&%e protein. The
The significant molar excess of MgATP and the short time variance in the observdg), values may reflect a larger degree
of incubation prior to data collection ensured that the Fe of conformational flexibility in the L12A Fe protein dimer
protein would be predominantly in the MgATP-bound form, in comparison to the native Fe protein. This is likely to be
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Ficure 4: (A) Experimental scattering curves of nucleotide-free Fe protein (blue) along with nucleotide-bound conformations of 5 mg/mL
native Fe protein incubated with 5 mM MgATP (magenta) or MgADP (green) and Guinier plots for Fe protein with bound MgATP (magenta)
and MgADP (green) as inset A. (B) Experimental scattering curves of nucleotide-frelE&protein (red), along with nucleotide-bound
conformations of 5 mg/mL L12X Fe protein incubated with 5 mM MgATP (gray) or MgADP (aqua) and Guinier plots for Fe protein with
bound MgATP (gray) and MgADP (aqua) as inset A. (C and D) Pair distribution function plots generated from scattering curves A and B,
respectively, with calculateBy values for the native Fe protein with MGATP (magenta) and MgADP (green) and calc®atedues for

the L127A Fe protein with MgATP (gray) and MgADP (aqua).

a result of the relatively small number of intersubunit SUMMARY AND CONCLUSIONS
interactions in the L12X Fe protein. Recently, the structure

of the L127A Fe protein with bound MgATP was determined In this study, SAXS was used to probe and analyze the

. . structure of the nitrogenase Fe protein in defined states in
(34). This structure was generated by soaking crystals of thesolution. The results described herein established that the

.nucleo'tide-free state O,f the L127 AFe projtein with MGATP e elongated L12Y Fe protein conformation observed
just prior to cryo-cooling for data collection. The crystal j, the crystal structure predominates in solution. Using the
structure of the MgATP'bOUnd State d|d not diﬂ:er in OVera” Crysta' structures of the native Fe protein, the MgADP_bound
conformation or the relationship between the two subunits state of the native Fe protein, and the LA2Fe protein as

of the dimer when compared to the nucleotide-free form of benchmarks, it is concluded that the structure of the IAL27
the L127A Fe protein. The observation that these two Fe protein observed crystallographically either in the presence
structures have the same overall shape crystallographicallyor in the absence of bound nucleotides does not closely
but clearly differing shapes in solution strongly suggests that "fesemble the MgATP-bound conformation of the Fe protein
the limited intersubunit contacts allow for a more flexible N solution.

structure in solution, and multiple states distinct from the ~ The proposal that the L127Fe protein might mimic the

native Fe protein structure can be observed; thus, theconformation of the MgATP-bound state of the Fe protein
crystalline lattice in this case may be stabilizing a local WS based on the results of a wealth of biochemical and

minimum energy structure. The apparent conformational spectroscopic experiments that |nd|cate. clear par.allels be-
flexibility of the L127A Fe protein not withstanding, the tween the blochemlcal and spectroscoplg propertles of the
' L127A Fe protein and the native Fe protein in the presence

overall conclusion of this work is clearl_y that the more ¢ p o ind MgATP. In addition, it was shown that the L1927
elongated structure of the L1&7Fe protein observed by Eg protein was capable of undergoing a conformational
crystallography predominates in solution, and the idea that change in the presence of the MoFe protein to form a stable
this state is not a faithful mimic of the MgATP state is well complex that closely resembles the Fe protditoFe protein
supported. complex stabilized in the presence of MgADP and tetrafluo-
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roaluminate 87). Since the overall solution structures of the
L127A Fe protein and the MgATP-bound state of the Fe
protein, as determined by SAXS, do not appear to closely 19
resemble each other, these results suggest that similar
complexes can therefore be formed via at least two different
pathways of Fe protein conformational change triggered by

the MoFe protein. Also, apparently similar spectroscopic and »q.

biochemical properties, including similarities in EPR spectral
features and metal chelation properties, can be obtained by
markedly different protein conformations. This indicates the 5,
need to further dissect the factors that influence the spec-

troscopic and electronic structure properties of the [4Fe-4S] 22.

cluster of the Fe protein.
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