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ABSTRACT. Protein-bound [FeS] clusters function widely in biological electron-transfer reactions, where
their midpoint potentials control both the kinetics and thermodynamics of these reactions. The polarity of
the protein environment around [FeS] clusters appears to contribute largely to modulating their midpoint
potentials, with local protein dipoles and water dipoles largely defining the polarity. The function of the
[4Fe-4S] cluster containing Fe protein in nitrogenase catalysis is, at least in part, to serve as the nucleotide-
dependent electron donor to the MoFe protein which contains the sites for substrate binding and reduction.
The ability of the Fe protein to function in this manner is dependent on its ability to adopt the appropriate
conformation for productive interaction with the MoFe protein and on its ability to change redox potentials
to provide the driving force required for electron transfer. Phenylalanine at position 135 is located near
the [4Fe-4S] cluster of nitrogenase Fe protein and has been suggested by amino acid substitution studies
to participate in defining both the midpoint potential and the nucleotide-induced changes in the [4Fe-4S]
cluster. In the present study, the crystal structure ofAhetobactervinelandii nitrogenase Fe protein
variant having phenylalanine at position 135 substituted by tryptophan has been determined by X-ray
diffraction methods and refined to 2.4 A resolution. A comparison of available Fe protein structures not
only provides a structural basis for the more positive midpoint potential observed in the tryptophan
substituted variant but also suggests a possible general mechanism by which the midpoint potential could
be controlled by nucleotide interactions and nitrogenase complex formation.

A broad range of proteins contain [FeS] clusters, the trogenase Fe protein exists as a dimer of identical subunits
majority of which have been shown to function in electron bridged by a single [4Fe-4S] cubane. The MoFe protein is
transfer. The midpoint potential of these [FeS] clusters anayf.-tetramer that contains two types of metalloclusters,
controls both the thermodynamics and kinetics of the the FeMo cofactor, and the P cluster. Eagf-dimer is
electron-transfer reactions. Therefore, understanding thethought to function as an independent half and contains one
elements of the protein environment that dictate the propertiesFeMo cofactor and one P cluster. The FeMo cofactor (1Mo-
of the bound [FeS] cluster is of significant fundamental 7Fe-9S-homocitrate) is located entirely within thkesubunit
importance 1, 2). Unique to this class of proteins is the and is the site of substrate binding and reductit®).(The
nitrogenase Fe protein in which the magnitude of the P cluster is located at the interface of thheandS-subunits,
midpoint potential can be controlled through conformation and it is believed to participate in the transfer of electrons
states of the protein dictated by its interaction with nucle- from the Fe protein to the substrate reduction sifé-21).
otides and its specific electron acceptor. During catalysis, the Fe protein dimer docks with the MoFe

During the biological conversion of nitrogen to ammonia, Protein such that the 2-fold symmetric axis of the Fe protein
the nitrogenase Fe protein participates as the exclusivepairs with the pseudo symmetig3-subunit interface of the
electron donor to the MoFe protein where substrate reductionMoFe protein to form a complex placing the [4Fe-4S] cluster
occurs (recently reviewed in re@s-8). The electron-transfer ~ Of the Fe protein in close proximity to the P cluster of the
process that leads to substrate reduction on the MoFe proteifMoFe protein for intermolecular electron transfer. The
involves the hydrolysis of MgATP, which occurs on the Fe reduction of a single molecule of dinitrogen requires multiple
protein within the nitrogenase Fe proteiMoFe protein electron transfer events, and dissociation of the complex
complex. The X-ray crystal structures of the Fe protein and likely represents the rate-limiting step during turnova)(
the MoFe protein have been determined fréaotobacter Both structural 23) and amino acid sequence comparisons
vinelandii and Clostridium pasteurianun9—15). The ni- (24) indicate the Fe protein is a member of a large class of

proteins that couple the energy from the binding and
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that r_lucleotide binding_and subse_quent F_e pret_MnFe Table 1: Data and Refinement Statistics
protein complex formation results in negative shifts in the -
midpoint potential of the [4Fe-4S] cluster of the Fe protein zgﬁ%?rgéﬂgfons '
(25—28), increasing the driving force for electron transfer a(A) 56.54
to substrate reduction. Nucleotide binding causes changes b (A) 91.05
in the midpoint potential 35—28) and other biophysical C()é\) 693é3756
properties 25, 29—33) of the [4Fe-4S] of the Fe protein fegoﬁgt)ion A 0.6-2.4
presumably by remotely triggering changes in the protein completeness (%) (2.442.40) A 95.2 (7'5.5)
environment around the cluster. Examination of the three- observed reflections 265 157
dimensional structures of proteins containing [4Fe-4S] unigue reflections 24 852
clusters has suggested that the polarity around the [4Fe-4S] é: (6P %87"%2(3'23
clusters of these proteins contributes to defining the midpoint protein nonhydrogen atoms " 4380
potential of the clusterl( 2, 34—38). Some important factors solvent molecules 179
in defining the polarity of the cluster environment are solvent Reryst(%0)° 22.6
o - . . . . Riree (%0)° 28.3

accessibility, proximity of main-chain amide dipoles, and the bond lengths (A) 0.010
composition of amino acid side chains in the environment. bond angles (deg) 2576

From the X-ray crystal structure of tife vinelandii native average<B> factor (A?) 50.3

Fe protein, several amino acid residues can be identified in™a yumbers in parentheses indicate values for the highest resolution
the environment of the [4Fe-4S] cluster that could influence bin. ® Rperge= ShSi|li — IS | O, wherel; is the intensity for the
the local charge and the solvent accessibilfly 15). One ith measurement of an equivalent reflection with indiegk, 1. ¢ Reyst
notable residue, phenylalanine 135, is located such that theS:truZChtkl'uZObféaC;r|';c;'chﬁaﬂgot)i’né"hlerge';ogieie?ﬁéez trtﬂcetu?gsfe;‘c’fodr
atoms of the benzene ring (_)f this reSIQUe in each monomeramplitude calculated from fhe mczziiel; 5% of reflections were used to
approach van der Waals distance of inorganic S atoms of cajculateRye. (data 20.6-2.4 A used in the refinement).
the [4Fe-4S] cluster. Mutagenesis studies have revealed that
the conserved Phe at position 135 in the nitrogenase Fe The Fe protein was crystallized by microcapillary batch
protein ofA. vinelandii plays an important role in defining  diffusion (@) using 30% PEG 4000, 0.1 M Tris HCI, pH 8.5,
several biochemical and biophysical properties of the [4Fe- and 0.2 M sodium acetate as precipitating solution. The Fe
48] cluster 89). Substitution of Phe 135 by either Tyr, lle, protein crystals are dark brown in color and grow in 7 days
His, or Trp result in Fe proteins that are no longer competent to an average size of 0.2 0.3 x 0.7 mn? in space group
for MgATP hydrolysis or electron transfer to the MoFe P2; with unit cell parameters (Table 1) similar to those
protein. Significantly, all of these substitutions influence the described previously for the native Fe prote®). (For data
midpoint potential of the [4Fe-48}*" couple in the nucle-  collection, the crystals were equilibrated in a mother liquor
otide-free and nucleotide-bound forms of the Fe protein. For solution containing 30% glycerol, 30% PEG 4000, 0.1 M
example, the midpoint potential of the [4Fe-4S] cluster of Tris, pH 8.5, and 0.2 M sodium acetate overnight. The
the Trp substituted variant is found to be230 mV in the crystals were flash cooled in liquid nitrogen on rayon loops,
nucleotide-free form in contrast to the native Fe protein and data were collected under a continuous nitrogen stream
which has a corresponding midpoint potentiat6310 mV at approximately 100 K. X-ray data were collected on a
in this state. Rigaku R-axis IIC imaging plate system using GuK
To further understand the role of Phe 135 in Fe protein radiation ¢ = 1.5418 A) andg scans with a scan width
function and nitrogenase catalysis, we have determined theof 2.0°. The data were processed using DENZO and
X-ray crystal structure of the nitrogenase Fe protein with SCALEPACK (42). The crystals belong to the monoclinic
Phe at position 135 substituted by Trp in its nucleotide-free space grouf2; (a = 56.54 A,b = 91.05 A,c = 63.35 A,
form. The results establish a structural basis for the changesandf = 99.76), with one dimer in the asymmetric unit (60
in midpoint potential of the [4Fe-4S] cluster. Comparisons K). A total of 265 157 reflections were measured, which
of available Fe protein structures allow consideration of reduced to 24 852 unique reflections representing 95.2% of
factors that contribute to coupling protein conformational a complete 2.4 A data set (Table 1).
changes in the [4Fe-4S] cluster environment with defined  The structure was determined by the molecular replace-
changes in the midpoint potential of the cluster. ment method by AMOREA43) using the Fe protein model
1nip as a search moddé)( The search was carried out with
EXPERIMENTAL PROCEDURES the data between 15.0 and 4.0 A, and since the cell
Expression and purification of altered Fe protein were parameters were very similar to that observed in the 1nip
accomplished as previously describ&9)( The Fe protein structure, solution required very little rotational and trans-
was purified in 50 mM Tris buffer, pH 8.0, in the presence lational movement and resulted in a correlation coefficient
of 2 mM sodium dithionite, and included 20% glycerol as a of 69.4% and arR-factor of 36.2%. Solvent flattening and
stabilizing agent. Protein concentrations were determined by2-fold noncrystallographic averaging with SOLOMO#AY
a modified biuret method4(Q) using bovine serum albumin  were employed to improve map quality. The model was
as the standard. The protein was homogeneous as determineidhproved through iterative model building using the program
by SDS gels stained with Coomassie bldé&)( Protein was O (45). During refinement, a bulk solvent correction allowed
protected from oxygen by manipulation in sealed serum vials the inclusion of low-resolution reflections and5% of
with 2 mM dithionite or in an argon atmosphere glovebox the data were randomly selected for cross-validatiés). (
(Vacuum Atmospheres, Hawthorne, CA) with less than 0.5 Model bias was removed for the incorporation Bfee
ppm oxygen. calculation for cross-validation by randomization using the
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Ficure 1: Electron density maps of the environment of the Trp 135 substitution and the [4Fe-4S] cluster of the Fe protein (stereoview).
The position of Trp135 with respect to the [4Fe-4S] cluster and associated Cys ligands is represented in a ball-and-stick diagram with rust
indicating Fe, yellow indicating S, blue indicating N, black indicating C, and red indicating the O of a water molecule. In nalvy are 2

F. electron density maps contoured at 4nd in redF, — F. electron with solvent omitted contoured at.3

simulated annealing routine of X-PLOR4Y) with an It has been inferred by amino acid substitution studies that
annealing temperature of 4000 K. The noncrystallographic MgATP-dependent signal transduction occurs through a
symmetry is exploited during refinement by restraining pathway involving the Asp residues at position 1Z3)(
chemically identical chains to an overall rms deviation of through the main chain5@) to the Cys 132 coordinating
corresponding @ atoms of 0.45 A 48). Initial positional ligands.

refinement of the rigid-body-refined model using 2024 Refinement of the Fe protein variant presented here was
A data followed by grougB-factor refinement dropped the  accomplished in the presence of NCS restraints applied using
Riree t0 30.0%. The final model has been refined to 2.4 A X-PLOR (47) resulting in rms deviations 0f0.15 A for
resolution to a currenReys; of 22.6% andRiee Of 28.37%  the symmetry-related monomers. Careful inspection of
and consists of all 578 possible protein residues, one [4Fe-electron density maps indicated no noticeable deviations from
48] cluster, and 224 water molecules (Table 1). The model NCS that were not represented in the final model, and a good
obeys good geometry, with rms deviations from ideality for quality of fit of the data to the final model refined in this
bond lengths and angles of 0.010 A and 25 7éspectively, manner was observed. Table 2 shows a comparison of the
and has 100% of amino acid residues in allowed regions of distances of amide N atoms to the S atoms of the [4Fe-4S]
a Ramachandran plo#9). The structural representations in  cluster and its coordinating ligands of the Trp-substituted

Figurest-3 were generated in MOLSCRIPB@E), BOB- Fe protein variant, the native Fe protein structures, 19)p (

SCRIPT 61), and RASTER3D §2). and 2nip 15), and the Fe protein of the Fe proteiNloFe
protein nitrogenase complex stabilized with tetraflouoalu-

RESULTS minate and MgADP Z1). The helices which span residues

Overall Structure The structure of the altered nitrogenase 98122 and 133141 are both directed at the [4Fe-4S]
Fe protein with Phe substituted by Trp has been refined to cl_uster in the native Fe protein structure. These helices are
2.4 A resolution (Table 1). The structure reveals that, with directed at the [4Fe-43] cluster to a much lesser extent in
respect to the overall conformation of the previously the Eg protein from the structure of the mtr_ogenase complex
characterized Fe protein structures, the Trp-substitutedSt@Pilized by MgADP and tetraflouroaluminate.
protein is largely unchanged, indicating that the changes in N comparison of the native Fe protein to the Trp-
biochemical and biophysical properties of the [4Fe-4S] are substituted vanant,_thg majority of dlsta_nces remains S|m|Iar.;
likely due to changes in its local environment only. The however, the _substltutlon h.as resulted m_changes in the main
structures were compared by first a superpositié8) ©f chain that bring the peptide bond amide of re5|due.13.5
the dimers of each Fe protein structure followed by the samedreater than 0.5 A closer to the S atom of Cys 132 to within
treatment using individual monomers. Very little difference ’“3-6_'&- In addition, the mutation introduces an amide from
in the overall rms deviations (0.75 A for the individual the side chain which is located4.4 A from the cluster S
monomers versus 0.79 A for the dimers using 1nip for the atoms.
superposition) in the two scenarios indicates the Trp substitu-
tion has not resulted in a significant rigid body repositioning DISCUSSION
of the monomers with respect to one another. Protein Control of the Midpoint Potential of the [4Fe-

Environments of the Substitution and +8 Cluster. 4S] Cluster.Changing Phe 135 to Trp results int®0 mV
Density for the Trp residue was very clear in electron density change in the midpoint potential of the [4Fe-&S]" cluster
maps revealing the position and orientation of the Trp side (39). Examination of the structure of the Trp 135 altered Fe
chain (Figure 1). The orientation of the Trp indole side chain protein presented here provides the opportunity to define how
indicates that the amide nitrogen of the indole moiety of each the Fe protein controls the midpoint potential of the [4Fe-
Trp is located in close proximity to the [4Fe-4S] cluster 4S] cluster. In addition, these observations may impact our
approaching within-4.4 A of S atoms of the cluster cubane. broader understanding of protein control of the electronic
A water molecule is found to be asymmetrically coordinated properties of Fe'S clusters. The presence of the larger Trp
by the Trp amide dipoles and located within hydrogen bond side chain at position 135 at the interface of the homodimers
distance of the S of the [4Fe-4S] cubane (Figure 1). of the Fe protein did not result in significant differences in

The site of the substitution at position 135 is very close the relationship of one monomer to another indicated by the
to the Cys 132 coordinating ligands of the [4Fe-4S] cluster. superposition of the carbon atoms of the amino acid
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a.

Ficure 2: Stereoviews of (a) ball and stick diagram of the coordination environment of the [4Fe-4S] cluster of the Fe protein. The color
scheme includes Fe represented in rust, S in yellow, oxygen in red, nitrogen in blue, and carbon in black. (b) Superposition of the cluster
environments of native Fe protein structures 1 nip (green) and 2nip (blue) on the structure of the Trp substituted Fe protein variant (red).
(c) Superposition of the structure of the native Fe protein, 1nip on the structure of the Trp substituted Fe protein variant. The relative
positions of Phe and Trp in the respective structures are shown by superposition in a different view than that of panels a and b as well as
the additional bound water molecule (WAT) in the Trp substituted variant structure. The native Fe protein (1nip) is shown in blue and the
Trp substituted Fe protein variant is shown in red. The two subunits of the Fe protein are designated as A or B.

substituted Fe protein with that of the available native protein and the metal cluster and protein control of solvent
vinelandii Fe protein structures. This demands that the access to the metal clustdy, @). It is not difficult to imagine
observed changes in the properties of the altered Fe proteirthat substitution at position 135, just two residues from the
[4Fe-4S] cluster must result from more localized changes. coordinating ligands Cys 132, could impose structural
Several factors have been shown or postulated to providechanges on the environment of the [4Fe-4S] cluster leading
protein control of metal cluster properties in other metallo- to the changes in the midpoint potential. A comparison of
proteins. These include dipolar interactions between the the most recent 2.2 A native Fe protein structure (2riig),(
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WAT 135

Ficure 3: The relative position of the Phe at position 135 to the [4Fe-4S] cluster of the Fe protein from the nitrogenase FeNjodtein
protein complex stabilized by MgADP and tetraflouroaluminate compared to the relative position of the Trp at position 135 to the [4Fe-4S]
cluster of the Trp substituted Fe protein variant. The perspective of the stereoviews is the same as that shown in Figure 2c.

Table 2: N to Cluster S Distances in the Fe Protein Structures F135W, 2nip, and 1nip and the Fe Protein from the Nitrogenase Fe
Protein-MoFe Protein Complex Stabilized with MgADP and Tetraflouroalumihate

donor-acceptor F135W (A) Av2 (2nip) (&) Av2 (1nip) (A AlF (A)d
C97A(N)—[4Fe-4S](S) 4.40 3.80 3.80 5.10
C97B(N)-[4Fe-4S](S) 4.50 4.58 3.63 5.15

(4.45+ 0.05) (4.19+ 0.39) (3.72+ 0.09) (5.13+ 0.03)
A98A(N)—[4Fe-4S](S) 3.28 4.06 3.55 3.52
A98B(N)—[4Fe-4S](S) 3.39 3.43 4.02 3.50
(3.34+ 0.06) (3.75+ 0.32) (3.79+ 0.24) (3.51+ 0.01)
A98A(N)—CI7A(S)) 3.42 4.06 2.82 4.19
A98B(N)—C97B(S) 3.41 3.25 3.05 4.21
(3.42+ 0.01) (3.66+ 0.41) (2.94+ 0.12) (4.20+ 0.01)
G99A(N)-C9I7A(S)) 3.65 3.70 3.70 4.14
G99B(N)-C97B(S) 3.64 3.38 3.22 4.14
(3.65+ 0.01) (3.54+ 0.16) (3.46+ 0.24) (4.14+ 0.00)
G99A(N)—[4Fe-4S](S) 4.32 457 5.27 3.01
G99B(N)—[4Fe-4S](S) 4.24 3.69 4.73 3.01
(4.28+ 0.04) (4.13+ 0.44) (5.00+ 0.27) (3.01 0.00)
R100A(N)-C97A(S)) 4.04 4.47 4.41 3.46
R100B(N)-C97B(S/) 4.05 4.65 4.46 3.46
(4.04+ 0.01) (4.56+ 0.09) (4.44+ 0.03) (3.46% 0.00)
C132A(N)-C132A(S)) 3.12 3.16 2.89 2.87
C132B(N)-C132B(3) 3.12 2.81 3.13 2.85
(3.12+ 0.00) (2.99+ 0.17) (3.01+ 0.12) (2.86+ 0.01)
G133A(N)-[4Fe-4S](S) 4.17 3.68 3.68 5.83
G133B(N)-[4Fe-4S](S) 4.61 4.09 4.47 5.81
(4.39+ 0.22) (3.89+ 0.20) (4.0t 0.46) (5.82+ 0.01)
G133A(N)-C132A(S) 3.85 4.31 3.30 4.40
G133B(N)-C132B(S) 3.82 3.67 3.67 4.41
(3.83+ 0.02) (3.99+ 0.32) (3.49+ 0.19) (4.40+ 0.01)
G134A(N)-C132A(S) 3.57 6.48 3.36 4.66
G134B(N)-C132B(S) 3.64 3.64 3.85 4.67
(3.61+ 0.04) (5.06+ 1.42) (3.61+ 0.24) (4.67+ 0.01)
G134A(N)-CI7A(S)) 4.92 3.58 6.69 7.84
G134B(N)-C97B(S/) 451 4.44 6.68 7.85
(4.72+ 0.20) (4.01+ 0.43) (6.69+ 0.01) (7.85+ 0.01)
G134A(N)-[4Fe-4S](S) 3.60 4.31 3.58 5.92
G134B(N)-[4Fe-4S](S) 3.28 3.67 3.17 5.95
(3.44+ 0.16) (3.99+ 0.33) (3.38+ 0.20) (5.93+ 0.02)
FIW135A(N)-C132A(S)) 3.51 5.24 3.94 4.83
F/IW135B(N)-C132B(S) 3.67 3.68 4.32 4.83
(3.59-+ 0.08) (4.46+ 0.78) (4.13+ 0.19) (4.83% 0.00)
W135A(Ne)—[4Fe-4S](S) 4.46 NA NA NA
W135B(Ne)—[4Fe-4S](S) 4.39 NA NA NA
(4.43+ 0.04)

aThe designation A and B denote the Fe protein sububitsf. 15, °ref 9, dref 21.

the first reported 2.8 A native Fe protein structure (1nip) hampered in some cases due to apparent crystal-packing
(9), and the Fe protein of the nitrogenase Fe protdioFe interactions that cause the cluster environment to be some-
protein complex stabilized by tetraflouroaluminate and what distorted and largely asymmetric. This asymmetry is
MgADP (21) indicates that there are differences in the evident in the large variation in the distances of the amide
geometry of the coordinating ligands and adjacent residuesN atoms to S atoms in the environment of the [4Fe-4S]
that are reflected in alternative main-chain positioning and cluster when comparing corresponding interactions in the Fe
arrangement of nearby amides. (Figure 2/Table 2). A direct protein monomers related by noncrystallographic symmetry
comparison of the structure determined here with the most(NCS) (L5) (Table 2). However, there are some variations
recent high-resolution structure of the native Fe protein is in the distances of the amide N atoms to S atoms in
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comparing NCS-related monomers, albeit to a lesser extent,as a crude approximation of the conformational changes
in the original 2.8 A native Fe protein structure (1nip) and observed in the MoFe protein independent MgATP bound
the structure of the Trp-substituted Fe protein variant. This form of the Fe protein, then the solvent accessibility of the
variability may also arise from crystal lattice contacts; cluster would be increased§, 21). Therefore, if solvent
however, since the structure of the Trp-substituted Fe proteinaccessibility is a dominating factor, then it would be expected
variant was determined in the same monoclinic space groupthat the MoFe protein independent form of the Fe protein
symmetry with similar cell parameters as the native Fe would have a more positive midpoint potential. MgATP
protein @), 1nip, comparisons are much easier. This variation binding to the Fe protein results in a negative shift in the
between NCS-related monomers is not observed in the Femidpoint potential, suggesting that solvent accessibility is
protein of the nitrogenase complex stabilized by tetraf- unlikely to be a dominating factor.
louroaluminate and MgADP where strict NCS constraints  Nucleotide Interactionsln the presence of MgADP or
were applied Z1). The amides shown in the table are MgATP, the Fe protein undergoes conformational changes
indicated on the basis of distance only without regard to that result in changes in the midpoint potent2é+{28) and
directional geometry with respect to productive hydrogen spectroscopic propertie23, 29—33) of the [4Fe-4S] cluster.
bond formation since the presence of these amides irrespectn addition, the [4Fe-4S] cluster of the MgATP-bound form
tive of orientation would contribute to the local charge of of the Fe protein becomes more susceptible to specific metal
the cluster and to the apparent midpoint potential due to chelators %5, 56). It is generally thought that the confor-
microsolvation effects. An important observation is that the mational changes result in a rigid body reorientation of the
amides in the environment (Table 2/Figure 2) are located atFe protein monomers with respect to one another closing
N termini of o-helices that terminate at the Cys cluster the dimer interface. This rigid body reorientation is observed
ligands and could therefore have a significantly stronger in the nitrogenase Fe proteitMoFe protein complex
dipole moment than a single uncoupled dipole. The individual stabilized with tetraflouroaluminate and MgADP1j. The
helix dipoles could account for a larger charge and signifi- results of small-angle X-ray-scattering studies are also in
cantly larger dipole moment such that the amide N atoms at support of a similar rigid body reorientation of the monomers
their termini would approach a formal positive charge. This in the presence of MgATP but in the absence of the MoFe
could be a significant factor in stabilizing the reduced state protein 67). These conformational changes are critical to
of the cluster consistent with the more negative midpoint the productive interaction of the Fe protein with the MoFe
potential that has been observed for the [4Fe-4S] cluster ofprotein in order to bring about MgATP hydrolysis and
the Fe protein within this complex28). Additionally, electron transfer to substrate3, @, 6). Upon nucleotide
although the differences are subtle, these helices appear thinding, the Trp-substituted Fe protein variant appears to
be directed to a slightly greater extent in the structure of the undergo nucleotide-dependent conformational changes ex-
Trp-substituted Fe protein variant. hibited by specific spectroscopic changes, susceptibility of
The trends of the distances shown here indicate that thethe [4Fe-4S] cluster to chelators, and specific shifts in the
positions of these amide N atoms are variable in the midpoint potential of the [4Fe-4S] cluste39). The observed
structures. These trends indicate that several of the amideshifts in the midpoint potential could result from the
nitrogens are different in a manner that is consistent with repositioning of the cluster adjacent helix dipoles as men-
the observed differences in midpoint potentials. For example, tioned above. Interestingly, the Trp-substituted Fe protein
comparing the native Fe protein with the Fe protein in the variant is unable to productively interact with the MoFe
tetraflouroaluminate/MgADP-stabilized nitrogenase complex, protein or bring about MgATP hydrolysis or electron transfer.
although a few N-S distances decrease, the majority of the Examination of the structure of the Trp-substituted variant
N—S distances that change are observed to be longer in thandicates that the regions of the Fe protein presumed to be
complex than in the native Fe protein (Table 2), and it is involved in nucleotide interactions appear to be unaffected
known that in the complex the midpoint potential is by the substitution. Of course, it is impossible to say whether
significantly negatively shifted2@). It is conceivable that  these interactions may be altered in an MgATP-bound state;
the observed changes in midpoint potential are due, primarily, however, the Trp-substituted variant exhibits similar affinities
to a combination of the proximity of the individual amide N for MgADP and MgATP. A more straightforward interpreta-
atoms and the overall orientation of the helix dipoles that tion of the inability of this Fe protein to act in catalysis is
are located adjacent to the [4Fe-4S] cluster and terminate inthe inability of the Fe protein variant to achieve the extent
the cluster ligands. These changes could contribute to theof conformational changes necessary for a productive
observed more positive midpoint potential observed in Trp interaction with the MoFe protein. Although conformational
substituted Fe protein variant. changes are undoubtedly imposed on the MgATP-bound Fe
Another factor worth considering in modulating the protein upon interaction with the MoFe protein, it is generally
midpoint potential of the [4Fe-4S] cluster of the Fe protein thought that the conformational changes brought about by
is bulk solvent accessibility. In much the same manner as MgATP binding alone are along the lines of those observed
the aforementioned interaction of the single ordered solventin the nitrogenase complex. Extrapolation of the conforma-
molecule, bulk solvent accessibility is thought to impact the tion changes observed in the Fe protein when complexed
midpoint potential due to the dipolar character of individual with the MoFe protein in the MgADP and tetraflouroalu-
solvent atoms 2). Increased solvent accessibility should minate-stabilized complex2{) on the Trp-substituted Fe
stabilize the reduced state of the cluster and favor a clusterprotein variant suggests that the bulkier Trp group would
with a more positive midpoint potential. If again we consider prevent the extent of comformational changes observed in
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