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ABSTRACT 
 

                                                              
Nitrogenase is a complex metal-containing enzyme that catalyzes the conversion 
of nitrogen gas to ammonia.  During nitrogenase catalysis the Fe protein and the 
molybdenum-iron protein associate and dissociate in a manner resulting in the 
hydrolysis of two molecules of MgATP and the transfer of at least one electron 
to the MoFe protein.  The role of nucleotide binding and hydrolysis in 
nitrogenase catalysis is one of the most fascinating aspects of nitrogenase 
function.  The Fe protein upon binding to MgATP undergoes a huge 
conformational change which is important for subsequent steps of nitrogenase 
reaction mechanism.  Therefore structural characterization of the Fe protein 
bound to MgATP will provide a basis on how MgATP binding promotes the 
complex formation whereas hydrolysis to MgADP leads to the dissociation of the 
macromolecular complex structure.  Towards these ends we have conducted 
structural studies on a site-directed variant of the Fe protein which is a close 
mimic of the MgATP conformational state.  Structural characterization of this 
Leu127 deletion variant revealed a distinctly new conformation of the Fe protein 
which arises from the rigid body reorientation of the homodimeric Fe protein 
subunits with respect to each other.  The structure not only provides the first 
basis on rationalizing the initial docking interactions between the component 
proteins but also helps us to dissect the conformational changes on the Fe protein 
which occur upon nucleotide binding from those conformational changes that are 
imposed on the Fe protein by the MoFe protein during complex formation.  
Having this structure in hand, we have developed several other experimental 
approaches like Mass spectrophotometry and Small Angle X-ray 
Scattering/Diffraction (SAXS) techniques to probe the relationship between the 
Leu127 deletion variant a close structural mimic of MgATP bound “on state” and 
the actual MgATP bound state which is more difficult to probe 
crystallographically.  These studies will help us to compare the different 
nucleotide bound states (MgADP and MgATP) of the Fe protein in solution that 
will help to predict the level of conformational change that is induced in the Fe 
protein that makes it compatible for binding to the MoFe protein in the nitrogen 
catalysis cycle.  
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CHAPTER 1 

 
INTRODUCTION 

 
The structural characterization of the nitrogenase components provides a 

very appropriate introduction for the description of the biochemical and 

biophysical characterization of nitrogenase.  The structural characterization of 

the individual components of the Mo-nitrogenase system are a significant 

contribution to understanding the catalytic process, but they do not provide all 

the answers to some of the key questions.  However, the structural glimpses 

offered in these studies do provide a basis to refine our proposed hypotheses for 

different aspects of nitrogenase catalysts and allow us to design better 

experiments to test these hypotheses.  These experiments can involve a variety of 

biochemical and biophysical methods, including the structural characterization of 

defined captured states of the enzyme that are relevant to catalysis.  Recently 

several structures of nitrogenase captured during nucleotide binding and complex 

formation offer significant advances toward our understanding of the role of 

nucleotide binding and hydrolysis in nitrogenase catalysis.  

Nitrogenase exists as two separable components in which an exclusive 

electron-transfer component transfers electrons to the substrate-reduction 

component in a macromolecular complex.  The iron (Fe) protein serves as the  

This chapter has been published in the form of a book chapter coauthored by 
Paul M. Benton, Sanchayita Sen and John W. Peters(2002)  in Nitrogenase in the 
Millennium ( Editor G.D. Leigh), Elsevier 
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exclusive electron donor to the substrate reduction component, which exists in 

three varieties containing molybdenum and iron, vanadium and iron, or iron 

alone.  The major biochemical and biophysical studies on nitrogenase, including 

structural studies, have focused on the characterization of the components of 

molybdenum-containing nitrogenase system.  Mo-nitrogenase is comprised of 

two discrete metalloprotein components, the iron (Fe) protein and the 

molybdenum iron (MoFe) protein.  The Fe protein is a homodimer with a 

molecular mass of ~60 kDa that is composed of two chemically identical 

subunits that are bridged by a [4Fe-4S] cluster.  The MoFe protein is a more 

complex α2β2 heterodimer of molecular mass ~250 kDa that contains two distinct 

metalloclusters, a [8Fe-7S] cluster (P-cluster) and a [7Fe-9S-Mo] cluster 

coordinated by homocitrate (FeMo-cofactor).  During the catalytic process the 

two component proteins nitrogenase combine and electron-transfer occurs from 

the Fe protein to the MoFe protein where substrates are then bound and reduced.  

Integral to this electron transfer event is the concomitant hydrolysis of two 

molecules of MgATP.  Once the one electron transfer process and MgATP 

hydrolysis are complete the two component proteins dissociate.  This process is 

repeated until the MoFe protein has accumulated sufficient electrons to reduce 

the substrate present. 

                                                
The MoFe Protein 

 
 

The structures of the nitrogenase MoFe protein from three different 

organisms (A. vinelandii, C. pasteurianum and K. pneumoniae) have been 
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crystallographically determined.  The first MoFe protein to be structurally 

characterized was that isolated from A. vinelandii.  The highest resolution 

structure currently available is the structure of the MoFe protein from K. 

pneumoniae.  The salient structural features of the MoFe proteins are the same 

(Figure 1-1). 

 
Overall Fold 

The MoFe proteins from the microorganisms A. vinelandii, C. 

pasteurianum, and K. pneumoniae exist as α2β2 tetramers.  The subunits share 

amino acid sequence homology, are of comparable size (with 491 and 522 amino 

acids, respectively), and exhibit similar polypeptide folds comprised of three 

domains of the parallel β-sheet/α-helical type (Figure 1-2).  These domains are 

designated I, II, III, and I', II', III' in the α and β subunits respectively [1]. The 

MoFe protein contains two types of metalloclusters, the FeMo-cofactor [Mo-7Fe-

9S-homocitrate] and a set of two P-clusters [8Fe-7S].  FeMo-cofactor is located 

within the α subunit, at the bottom of a wide, shallow cleft that interfaces the 

three domains.  The corresponding site of the subunit is occupied by the side-

chains of four amino acid residues, β-His193, β-Gln294, β-His297, and β-Asp372 

(A. vinelandii).  The P-cluster resides at the interface between domain I of the α 

subunit and domain I' of the β subunit.  The α and β subunits are related by a 

pseudo-2-fold rotation axis that passes between the two halves of the P-cluster.  

Shallow clefts around the P-cluster pair provide sites for the interaction of the 

dimeric Fe protein during nitrogenase complex formation. 
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            Figure 1-1. The Azotobacter vinelandii nitrogenase MoFe protein. 
 
 

                 
Figure 1-2. Comparison of the topology of the MoFe protein α (blue) and β 
(green) subunits. 
 

The α2β2 tetramer is formed essentially by the association of a pair of αβ 

dimers that are related by the molecular 2-fold rotation axis.  At their positions 

of closest approach, the αβ 2-fold axis and the tetramer 2-fold axis are separated 

by ~12Å.  The two axes are not arranged exactly perpendicular to one another as 
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their orientations differ by ~97°.  The tetramer interface is dominated by 

extensive interactions between helices from domains II', and III' of the two β- 

subunits, along with some interface contributions from helices in domain III of 

each α- subunit.  The stabilization rendered by these helical interactions appears 

to provide the predominant incentive for the formation of the tetramer.  

Additional stabilization of the tetramer interface is probably contributed by a 

cation binding site that is created by residues from both β subunits (Figure1-3). 

         

 
Figure 1-3. One of two equivalent divalent metal binding sites in the A. 
vinelandii MoFe protein.  The metal is provisionally presumed to be a Ca2+ ion 
(blue).  The Ca2+ ion is in a octahedral coordination environment surrounded by 
two axially coordinated water molecules and carboxylate side chains of Glu109, 
Asp353, Asp357 and carbonyl oxygen of Arg108 serving as equatorial ligands  
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The coordination of the cation, modeled as calcium in the Azotobacter 

vinelandii MoFe protein structure, consists of carboxyl of Asp353 and Asp357 of 

one β subunit and the carboxyl oxygen of Glu109 and the carbonyl oxygen of 

Arg108 of the other β subunit.  Additional ligands are likely provided by two 

water molecules such that each cation exists in an octahedral coordination 

environment.  The cation-binding site is greater than 20Å away from either the 

P-clusters or FeMo-cofactor.  The functional significance of this site is not yet 

known.  However, its location at the subunit interface may suggest a role in 

structural stabilization of the tetramer.  Interestingly, instead of being occupied 

by residue side chains, an open channel ~8Å in diameter exists between the two 

pairs of αβ dimers with the tetramer 2-fold axis extending through the center. 

 
FeMo-Cofactor 
 

The FeMo-cofactor is comprised of two partial cubanes of composition 

[4Fe-3S] and [Mo-3Fe-3S] that are bridged by three non-protein S atoms (Figure 

1-4).  The FeMo-cofactor is located ~10Å beneath the protein surface in a 

polypeptide environment predominantly consisting of amino acids of the α-

subunit.  The FeMo-cofactor of the A. vinelandii MoFe protein is coordinated by 

side chains from only two residues, α -Cys275 (to Fe1) and α-His442 (to Mo).  

The Mo atom of the FeMo-cofactor is also bound by hydroxyl and carboxyl 

oxygens from homocitrate which completes the octahedral coordination sphere of 

the Mo atom.  With the lack of any additional protein or ligand interactions with 

the FeMo-cofactor, the six Fe atoms (Fe2-Fe7) bridged by the three non-protein 
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S atoms remain three coordinate and posses approximate trigonal planar 

geometry.  While three coordinate Fe atoms baring S ligands is not 

unprecedented, it remains a possibility that trigonal coordination may somehow 

be related to the catalytic function of the FeMo-cofactor.  In fact, it has been 

demonstrated that three coordinate Fe centers are capable of reducing both the 

the bond strength and bond order of the N2 triple bond of bound dinitrogen [2].   

                   

                  
Figure 1-4. The A. vinelandii nitrogenase FeMo-cofactor is composed of 7Fe 
atoms (light salmon), 9 sulfur atoms (yellow) and Mo atom (purple).  The Mo 
atom is covalently coordinated to homocitrate and α-His442. 
 

A recent high resolution structure of the MoFe protein from A. vinelandii 

revealed that the center of the cofactor is, in fact, occupied by a single light atom, 

most likely nitrogen in the form of nitride [3].  A careful analysis using x-ray 

diffraction data at near 1 Å resolution, was utilized in order to attenuate series 

termination effects so that a more precise structural analysis of the FeMo-
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cofactor could be made.  The presence of this central atom in the core of the 

cofactor places the six core Fe atoms in a tetrahedral environment. 

One of the first models proposed for the binding of dinitrogen to the 

FeMo-cofactor was based on the trigonal coordination geometry of the six Fe 

atoms contained within the midsection of the FeMo-cofactor (Fe2-Fe7) [4].  It 

was suggested that if the substrate N2 molecule bound within the internal cavity 

of the FeMo-cofactor, then it would be possible for dinitrogen to coordinate 

simultaneously to all six of the coordinately unsaturated trigonal Fe atoms.  The 

formation of six sp3 hybridized Fe-N bonds would therefore afford all six of the 

Fe atoms approximately ideal tetrahedral geometry and would also weaken the sp 

hybridized N-N triple bond.  Therefore, the overall result of this binding would 

be the increased stabilization of the six trigonal Fe atoms and the lowering of the 

activation energy for the nitrogenase catalyzed reduction of dinitrogen.  It was 

noted that the nitrogen molecule was too large to fit inside the cavity of the 

FeMo-cofactor in such a manner, although it was speculated that, upon reduction 

the bridging Fe-Fe distances of the FeMo-cofactor would increase thereby 

allowing the accommodation of dinitrogen.  However, the solution of the crystal 

structure of the MoFe protein from K. pneumoniae to 1.6Å resolution indicates 

that there is no expansion of the FeMo-cofactor dimensions upon reduction 

suggesting that even a reduced FeMo-cofactor would be incapable of 

accommodating the N2 molecule internally.  Furthermore, other alternative 

nitrogenase substrates, such as acetylene, are undoubtedly too big to bind to the 
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FeMo-cofactor in this fashion.  Although different substrates may adopt different 

binding modes, it seems that this potential binding model may never be used. 

Numerous other binding mechanisms have been proposed in an attempt to 

describe how and where substrates interact with the FeMo-cofactor.  Most 

hypotheses offer variations on the binding of substrates to one or more members 

of the trigonal prism of Fe atoms located within the midsection of the FeMo-

cofactor, although the notion of substrates binding to the Mo atom has also been 

asserted.  A number of possible N2 substrate binding modes have been suggested 

as a result of theoretical studies [5-7].  Three of these binding models involve the 

replacement of one of the three bridging sulfides by N2.  These models describe 

nitrogen binding to one of the three geometrically identical [4Fe-4S] faces, one 

model represents N2 terminally bound to one of the trigonally coordinated Fe 

atoms, one model illustrates N2 binding within the internal cavity of the FeMo-

cofactor, and one model features N2 binding to the Mo atom with the associated 

loss of one of its terminal ligands. 

Although the theoretical study of these potential binding modes leads to 

no firm conclusion as to which is the most feasible, a simple and direct 

assessment can be made based on the known chemistry of the FeMo-cofactor.  

Models involving displacement of the central bridging sulfides seem unlikely 

since they require the breaking and making of Fe-S bonds in order to complete 

the catalytic cycle making these models energetically unfavorable.  Binding in 

the internal cavity as discussed above seems unlikely because there appears to be 

insufficient space within the FeMo-cofactor to accommodate the N2 molecule.  
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Binding at Mo is a possibility but binding without dissociation of a ligand would 

disrupt Mo atom’s normal octahedral coordination sphere.  Since the FeMo-

cofactor contains six coordinately unsaturated Fe atoms, the involvement of 

these Fe atoms in substrate binding seems to be most likely. 

The bond distances determined between the constituent metal atoms of the 

[4Fe-3S] and [Mo-3Fe-3S] cubane fragments are reasonably typical for such 

interactions (Table 1-1) [8, 9]  The Mo to Fe2, Fe3 and Fe4 distances, and the 

Fe1 to Fe5, Fe6 and Fe7 distances, are ~5.0 Å.  The Mo to Fe1 separation of ~7.0 

Å is the largest metal-metal distance within the FeMo-cofactor.  The distances 

separating pairs of three coordinate Fe atoms between the two partial cubane 

fragments is either 2.5-2.7 Å (for Fe2-Fe6, Fe3-Fe7, & Fe4-Fe5) or 3.6-3.7Å  

(for Fe2-Fe5, Fe2-Fe7, Fe3-Fe5, Fe3-Fe6, Fe4-Fe6 and Fe4-Fe7). 

The structure of the MoFe protein from A. vinelandii has been refined at 

2.0 Å resolution in two oxidation states (spectroscopically assigned oxidized and 

dithionite reduced) [9].  It was noted in the study the Fe-Mo and Fe-Fe distances 

in the FeMo-cofactor, particularly those of the [4Fe-3S] partial cubane, decrease 

slightly on going from the oxidized to reduced state.  This result is consistent 

with those obtained from EXAFS studies, in which shorter metal-metal distances 

are observed in the FeMo-cofactor upon reduction of the MoFe protein [10].  

However, these observed differences in the A. vinelandii MoFe structure are on 

the order of the expected individual coordinate errors for a refined structure at 

the resolution of X-ray diffraction data (2.0 Å).   
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Table 1-1.  FeMo-cofactor distances in the (Kp) K. pneumoniae (1.6 Å resolution) and 
(Av) A. vinelandii (2.0 Å resolution) MoFe protein structures. [8, 9] All distances 
represent the average between pairs of the FeMocos related by noncrystallographic 
symmetry. 

Metal-
Metal 

  Reduced     
   (Å) 
Kp     Av 

Oxidized    
    (Å) 
Kp      Av 

   Bond 
Distances 

Reduced       
    (Å) 
Kp      Av 

Oxidized   
    (Å) 
Kp      Av 

Mo1-Fe1 6.97    6.90  6.97    6.99 Mo1-S1B 2.31    2.22  2.32    2.35 
Mo1-Fe2 5.04    4.96 5.05    4.99  Mo1-S3B 2.36    2.23  2.37    2.12 
Mo1-Fe3 5.05    4.95  5.06    4.98  Mo1-S4B 2.33    2.28  2.34    2.29 
Mo1-Fe4 5.08    5.01  5.09    5.02  Fe1-S1A 2.31    2.31  2.30    2.27 
Mo1-Fe5 2.72    2.69  2.72    2.73  Fe1-S2A 2.22    2.61  2.21    2.22 
Mo1-Fe6 2.68    2.64  2.67    2.64  Fe1-S4A 2.26    2.26  2.26    2.30 
Mo1-Fe7 2.67    2.63  2.68    2.54 Fe2-S1A 2.26    2.16  2.26    2.22 
Fe1-Fe2 2.66    2.62  2.66    2.69  Fe2-S2A 2.23    2.26  2.18    2.27 
Fe1-Fe3 2.65    2.58  2.64    2.73  Fe2-S2B 2.20    2.21  2.20    2.16 
Fe1-Fe4 2.67    2.65 2.64    2.74  Fe3-S2A 2.26    2.24  2.21    2.28 
Fe1-Fe5 5.02    4.93  5.00    5.03  Fe3-S4A 2.24    2.24  2.23    2.29 
Fe1-Fe6 5.00    4.89 4.99    4.97  Fe3-S5 2.23    2.12  2.25    2.09 
Fe1-Fe7 5.00    4.89  5.00    5.07  Fe4-S1A 2.30    2.21  2.26    2.28 
Fe2-Fe3 2.70    2.57  2.69    2.66  Fe4-S4A 2.27    2.22  2.28    2.24 
Fe2-Fe4 2.70    2.63  2.69    2.66  Fe4-S3A 2.22    2.20  2.21    2.11 
Fe2-Fe5 3.74    3.62 3.74    3.68  Fe5-S1B 2.29    2.23  2.27    2.25 
Fe2-Fe6 2.59    2.51  2.60    2.53  Fe5-S4B 2.23    2.21  2.23    2.17 
Fe2-Fe7 3.74    3.58  3.75    3.64 Fe5-S3A 2.25    2.14  2.25    2.18 
Fe3-Fe4 2.68    2.56  2.68    2.65  Fe6-S1B 2.26    2.14  2.27    2.14 
Fe3-Fe5 3.73    3.58  3.73    3.65  Fe6-S3B 2.20    2.17  2.20    2.26 
Fe3-Fe6 3.71    3.54  3.70    3.62  Fe6-S2B 2.19    2.19  2.19    2.17 
Fe3-Fe7 2.61    2.53  2.62    2.62  Fe7-S3B 2.24    2.18  2.22    2.19 
Fe4-Fe5 2.62    2.55  2.62    2.54  Fe7-S4B 2.20    2.13  2.23    2.18 
Fe4-Fe6 3.74    3.63  3.74    3.61  Fe7-S5 2.20    2.13  2.18    2.16 
Fe4-Fe7 3.74    3.63  3.74    3.67  Mo1-α-His-

Nδ
2.48    2.15  2.47    2.16 

Fe5-Fe6 2.68    2.57  2.66    2.58  Mo1-O5-
homocit.

2.29    2.05  2.29    2.09 

Fe5-Fe7 2.65    2.56  2.65    2.54  Mo1-O7-
homocit.

2.35    2.02  2.35    2.09 

Fe6-Fe7 2.63    2.46  2.62    2.47  Fe1-α-Cys-
Sγ 

2.32    2.34  2.33    2.25 
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Figure 1-5.  The A. vinelandii nitrogenase FeMo-cofactor, as it appears looking 
down the metal cluster three-fold symmetric axis.  In this view, the [4Fe-3S] sub-
cluster is eclipsed by the [Mo-3Fe-3S] sub-cluster.  Also shown are the protein 
atoms that interact with the sub-cluster-bridging S atoms through H-bonding. 
 
 

In addition, a similar trend was not observed in the comparison of the 

analogous (1.6Å  resolution) oxidized and reduced structures of the MoFe protein 

from K. pneumoniae [8] and thus the trend observed in the A. vinelandii 

structures may be fortuitous. 

It is generally accepted that the FeMo-cofactor provides the site for 

substrate binding and reduction [11-13].  Furthermore mutagenesis experiments 

have established that the immediate polypeptide environment of the FeMo-

cofactor affects FeMo-cofactors ability to perform its catalytic function [14-19].  

For the A. vinelandii MoFe protein, the protein domain surrounding the FeMo-

cofactor is comprised predominantly of hydrophilic residues, with the exception 
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of α-Val70, α-Tyr229, α-Ile231, α-Ile355, α-Leu358, and α-Phe381, which are 

hydrophobic.  Aside from residues α-Cys275 and α-His442, which directly 

coordinate the FeMo-cofactor, several other residues interact with the 

metalloclusters.  The side chains of the residues α-Arg96, α-His195, α-Arg359 

are all capable of forming hydrogen bonds to sulfur atoms of FeMo-cofactor, as 

are the NH groups of α-Gly356 and αGly357 (Figure 1-5).  The exact function of 

these interactions has not yet been established unequivocally, but it seems likely 

that they contribute toward maintaining the FeMo-cofactor’s stability within the 

polypeptide domain, as well as possibly facilitating the catalytic via some, as yet 

undetermined mechanism.   

Furthermore these residues, along with α-Val70 and α-Phe381, all reside 

around the central midsection of the FeMo-cofactor that is comprised of three-

coordinate Fe atoms and the bridging sulfur atoms.  Recent studies involving 

altered MoFe proteins with substitutions at α-Val70 position (which is located 

over one of three geometrically identical [4Fe-4S] faces of the FeMo-cofactor) 

reveal that when Val is changed to a residue with a smaller side chain, such as 

Ala, the resulting MoFe protein variant possesses an expanded substrate range 

and is capable of reducing propyne, propargyl alcohol and other alkyne 

substrates larger than acetylene effectively [20].  Since alkynes larger than 

acetylene are poor substrates for the wild-type MoFe protein, it would appear 

that changing Val to a residue that possesses a side chain of less steric bulk has 

opened up the binding pocket at the active site thereby permitting the binding 

and reduction of larger acetylenic compounds.  The α-Arg96 side chain is also 
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located over the same [4Fe-4S] face of the FeMo cofactor as is the α-Val70 

(Figure 1-6).  It was recently reported that when this residue is changed to Leu, 

Gln, Ala or His, both cyanide and acetylene are able to interact with the FeMo-

cofactor of the resulting altered MoFe proteins under resting state, non-turnover 

conditions [18].  These results certainly imply that the [4Fe-4S] face that is 

adjacent to these two residues accommodates the sites for substrate binding and 

reduction.  If small molecule substrates interact with the FeMo-cofactor in this 

region, then it is certainly feasible for one or more of the residues located within 

the immediate vicinity to contribute to this interaction.  Other residues that are 

located within close proximity of the FeMo-cofactor are α-His195, α-Gln191, α-

Glu440 and α-Glu427.  It has been postulated that α-His195 may participate in 

proton-transfer reactions while other residues are all situated near homocitrate.  

The α-His195 residue is able to form an NH-S hydrogen bond to one of the 

bridging sulfides of the FeMo-cofactor and it has been suggested that this 

interaction may help to position properly the FeMo-cofactor within its immediate 

protein environment. 

Two altered MoFe proteins with substitutions at the α-His195 position, α-

Gln195 and α-Asn195, show altered catalytic activity compared to that of wild-

type MoFe protein [15, 16, 19, 20].  The α-Gln195 is incapable of reducing N2, 

but N2 does act as an effective competitive inhibitor of acetylene and proton 

reduction by this MoFe protein.  In contrast, the reduction of acetylene and 

proton reduction by the α-Asn195 MoFe protein is not inhibited by N2. 
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Figure 1-6. The A. vinelandii nitrogenase FeMo-cofactor and residues in the 
vicinity of the proposed 4Fe substrate-binding region.  The [4Fe-4S] face 
accommodates the sites for substrate binding and reduction.  Val70 and Arg96 
from the α-subunit of the MoFe protein are located over this [4Fe-4S] face of the 
cofactor.  α-His195 is also located within close proximity to the [4Fe-4S] face. 
 
 

The crystal structure of the altered α-Gln195 MoFe protein has been 

solved at 2.5Å resolution [21].  The structure shows that the α-Gln195 

substituted residue is also capable of forming a hydrogen bond to the same 

bridging sulfide of the FeMo-cofactor as the α-His195 residue of the wild type 

MoFe protein.  This result suggests that the functional and spectroscopic changes 

exhibited by the altered α-Gln195 MoFe protein are induced as a direct result of 

the loss of the histidine imidazole group of the α-His195 residue as the source of 

the hydrogen bond to the bridging sulfide of the FeMo-cofactor.  Since 

substitution of the His195 residue of the wild type MoFe protein exerts a 

profound effect on the spectroscopic properties and catalytic activity of the 
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resulting altered MoFe proteins, this residue undoubtedly performs an important 

role in the proper catalytic functioning of the nitrogenase MoFe protein. 

The homocitrate is stabilized by hydrogen bonding interactions of α-

Gln191 and α-Glu440 (via a water molecule) at the terminal carboxylates and a 

large number of water molecules are located at the cluster distal side of the 

homocitrate (Figure 1-7).   

 

                  
Figure 1-7.  The A. vinelandii nitrogenase FeMo-cofactor highlighting the 
location of amino acid residues that interact with homocitrate.  Both the 
carboxylate side chain of homocitrate interacts with α–Gln191, α-Glu427and α-
Glu440.  These residues influence the catalytic functioning of the FeMo-cofactor. 
 
 

Since the presence of homocitrate is important for catalysis, any residue 

that is able to interact with may therefore influence or assist the correct catalytic 

functioning of the FeMo-cofactor.  Substitution of α-Gln191 with α-Lys191 

produces an altered MoFe protein that is unable to reduce nitrogen but is still  
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capable of reducing acetylene and protons, although at a reduced capacity [15, 

19].  Additionally in contrast to the wild type MoFe protein, the altered α-

Lys191 MoFe protein exhibits proton reduction activity that is sensitive to 

carbon monoxide. 

The FeMo-cofactor is situated approximately 10Å beneath the protein 

surface of the MoFe protein.  In order for nitrogenase substrates to bind and be 

reduced they have to be able to interact with the FeMo-cofactor, but they must 

first penetrate the MoFe protein surface and negotiate the FeMo-cofactor’s 

surrounding polypeptide environment.  However, as yet, no distinct channels for 

substrate access or product release have been identified in the region of the 

MoFe protein that accommodates the FeMo-cofactor.  Despite this, a theoretical 

assessment of the available MoFe protein crystal structures, using density 

functional theory has identified three possible proton transfer routes from the 

MoFe protein surface to the FeMo-cofactor [22].  One is a water-filled channel 

that connects the protein exterior to the homocitrate of the FeMo-cofactor, with 

the other two being hydrogen-bonded chains to bridging sulfides of the FeMo-

cofactor.  It is suggested that the water filled channel is used to deliver protons 

to the partially reduced state as well as allowing products and substrates to 

diffuse between the FeMo-cofactor and the surface bulk solvent.  It is proposed 

that the additional two proton channels allow a single proton to be transferred to, 

or from, the FeMo-cofactor during catalysis.  Although these theoretical 

hypotheses have not yet been experimentally tested, they nevertheless provide 
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insight into the potential substrate/product routes between the FeMo-cofactor and 

the MoFe protein surface. 

 
P-Cluster 

The P-clusters exist as [8Fe-7S] clusters that are located ~10 Å beneath 

the protein surface, on the pseudo-two-fold symmetric axes that approximately 

relate each of the α and β subunits.  The structural characterizations of 

nitrogenase MoFe protein from A. vinelandii and K. pneumoniae in multiple 

oxidation states have revealed a very intriguing mechanism of redox dependent 

conformational change [8, 9].  Although the overall structure of MoFe protein is 

essentially identical in each oxidation state, the structure of the P-cluster changes 

significantly between the states.  Interconversion between the two oxidation 

states results in structural changes within the P-cluster, involving the movement 

of two Fe atoms and an exchange of protein coordination for ligands provided by 

a central S atom (Figure 1-8).  In the oxidized state the P-cluster can be 

considered to be compromised of a [4Fe-4S] cluster and a [4Fe-3S] cluster that 

are predominantly bound to the α–subunit and the β–subunit, respectively.  In the 

oxidized form the central S atom of the P-cluster (S1) is within bonding distance 

of four Fe atoms, three from the [4Fe-4S] α–subunit portion of the cluster, and 

one from the [4Fe-3S] β–subunit part of the cluster.  Upon conversion to the 

reduced form of the P-cluster an additional Fe atom, Fe5 from the [4Fe-3S] β–

subunit part of the cluster, is shifted to within the bonding distance of S1.  

Additionally, Fe6 also from the β–subunit partial cubane, moves to the central S 
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atom (S1) forming a putative bond, although this distance is longer than the  

normal Fe-S distance in the A. vinelandii reduced P-cluster structure in the  

K. pneumoniae is closer to a normal Fe-S bond distance (Fe6-S1 in Table 1-1). 

This observation may indicate that the A. vinelandii Fe protein is not 

completely reduced.  As a result of these conformational changes, the central S1 

sulfur of the P-cluster is surrounded by a distorted octahedral arrangement of six 

Fe atoms in the reduced form.  Therefore, for the A. vinelandii MoFe protein 

structure, the oxidized P-cluster average Fe-Fe distance is ~2.88 Å, while for the 

reduced form the average Fe-Fe distance is ~2.59 Å (Table 1-2).  A similar trend 

is observed for the P-cluster metal-metal distances of the K. pneumoniae MoFe 

protein.  This observed decrease in the average Fe-Fe distance upon 

interconversion from the oxidized to the reduced form is consistent with EXAFS 

studies that indicate a contraction of metal-metal distances upon reduction [10]. 

The P-cluster is covalently coordinated to the α– and β– subunits of the MoFe 

protein through six cysteinyl ligands, with three being provided by the α–subunit 

and three from the β–subunit.  For the A. vinelandii MoFe protein P-cluster, the 

α–subunit, α-Cys62 and α-Cys154 provide individual ligands to Fe atoms, while 

α-Cys88 serves as a bridging cysteinyl ligand between two Fe atoms of the 

cluster. Similarly for the β–subunit, β-Cys70 and β–Cys153 coordinate Fe atoms 

individually, and β-Cys95 acts as a bridging ligand coordinating two Fe atoms 

(Figure 1-8).  As described earlier, the change of redox state from oxidized to 

reduced is accompanied by movement of two Fe atoms together with an exchange 

of covalent ligands.   
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Table 1-2. P-cluster distances in the (Kp) K. pneumoniae (1.6 Å resolution) and 
(Av) A. vinelandii (Av-2.0 Å resolution) MoFe protein structures [5,6]. All 
distances represent the average between pairs of the FeMocos related by 
noncrystallographic symmetry. *Some of the distances involving Fe5 and Fe6 are 
not considered to imply bonding depending on oxidation state. 

Metal-
Metal 

Reduced 
(Å) 
Kp      Av 

Oxidized 
     (Å) 
Kp       Av 

Bonds 
distances 

Reduced      
    (Å) 
Kp       Av 

Oxidized 
    (Å) 
Kp      Av 

Fe1-Fe2 2.52    2.42 2.52   2.40 Fe1-S1 2.42    2.42 2.34    2.21  
Fe1-Fe3 2.79    2.76 2.80   2.78 Fe1-S2A 2.42    2.22 2.37    2.24  
Fe1-Fe4 2.53    2.50  2.58   2.61  Fe1-S3A 2.28    2.26 2.29    2.32  
Fe1-Fe5 4.51    4.59  5.77   5.79  Fe2-S1 2.52    2.28 2.51    2.25  
Fe1-Fe6 4.80    5.02  6.09   6.05  Fe2-S2A 2.31    2.18 2.29    2.22  
Fe1-Fe7 6.70    6.64 6.80   6.78  Fe2-S4A 2.28    2.26 2.31    2.26  
Fe1-Fe8 4.46    4.46 4.36   4.39  Fe3-S2A 2.32    2.22 2.32    2.22  
Fe2-Fe3 2.75    2.70  2.74   2.71  Fe3-S3A 2.38    2.33 2.36    2.31  
Fe2-Fe4 2.58    2.53  2.55   2.50 Fe3-S4A 2.28    2.26 2.25    2.17  
Fe2-Fe5 3.75    3.77  4.86   4.83  Fe4-S1 2.40    2.32 2.37    2.23  
Fe2-Fe6 4.59    4.76  5.82   5.69  Fe4-S3A 2.25    2.19 2.26    2.33  
Fe2-Fe7 5.45    5.42  5.51   5.46  Fe4-S4A 2.29    2.23 2.30    2.21  
Fe2-Fe8 2.94    3.05  2.97   2.99  Fe5-S1 2.41    2.39 3.86    3.88  
Fe3-Fe4 2.67    2.60  2.69   2.68  Fe5-S2B 2.30    2.26 2.24    2.20  
Fe3-Fe5 5.34    5.37  6.20   6.24  Fe5-S4B 2.28    2.19 2.35    2.31  
Fe3-Fe6 6.67    6.83  7.93   7.86  Fe6-S1 2.47    2.76 3.83    3.96  
Fe3-Fe7 7.69    7.61  7.72   7.71 Fe6-S2B 2.32    2.27 2.33    2.36  
Fe3-Fe8 5.51    5.57  5.48   5.53  Fe6-S3B 2.36    2.27 2.35    2.30  
Fe4-Fe5 2.92    3.03  3.74   3.79  Fe7-S2B 2.37    2.23 2.30    2.20 
Fe4-Fe6 4.49    4.70  5.62    5.62 Fe7-S3B 2.31    2.27 2.32    2.31  
Fe4-Fe7 5.59    5.57  5.58    5.60 Fe7-S4B 2.34   2.34 2.31    2.27  
Fe4-Fe8 3.99    4.06  3.80    3.93 Fe8-S1 2.49   2.38 2.37    2.50  
Fe5-Fe6 2.52    2.56  3.91    3.84 Fe8-S3B 2.35    2.28 2.28    2.30  
Fe5-Fe7 2.82   2.66  2.81    2.77 Fe8-S4B 2.24    2.31 2.27    2.39  
Fe6-Fe8 2.58    2.52  3.25    3.15 Fe1-Cys-α-Sγ 2.39    2.38 2.39    2.34  
Fe7-Fe8 2.72    2.62  2.75    2.71 Fe2- Cys-α-Sγ 2.40     2.26 2.36     2.30 
   Fe3- Cys-α-Sγ 2.39     2.21 2.38    2.27  
   Fe4- Cys-α-Sγ 2.44     2.24 2.39     2.18 
   Fe5- Cys-α-Sγ 2.47    2.32 2.40     2.43 
   Fe5- Cys-α-N 3.47    3.35 2.28     2.17 
   Fe6- Cys-α-Sγ 2.33    2.32 2.31     2.27 
   Fe6- Ser-α-Oγ 3.50    2.82 2.18    1.98 
   Fe7- Cys-α-Sγ 2.36     3.34 2.36    2.42  
   Fe8- Cys-α-Sγ 2.32    2.28 2.33     2.21 
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Figure 1-8.  The structure of the A. vinelandii nitrogenase P-cluster in the 
reduced and oxidized state.  The P-cluster is located at the interface of the α- and 
β- subunit and it is coordinated to six cysteine ligands.  The P-cluster undergoes 
conformational changes with a change in its oxidation state.  In the oxidized 
state of the cluster both β-Ser188 and α-Cys 88 interact with the Fe5 and Fe6 
atoms of the P-cluster via their side chains and peptide amide bonds respectively.  
In the reduced form of the cluster, both these Fe atoms move away from the 
corresponding amino acids and is shifted within the bonding distance of the 
central sulfur atom which now has a distorted coordination atmosphere 
surrounded by six Fe atoms. 
 
 

In the oxidized state, two additional protein ligands coordinate the P-

cluster.  For the A. vinelandii structure α-Cys88 coordinates an Fe atom by virtue 

of a backbone amide nitrogen atom (as well as maintaining the original cysteinyl 

ligand coordination), while the Oγ atom of β-Ser188 coordinates the Fe atoms 

which is coordinated by β-Cys153.  In the reduced state, these two non-cysteinyl 

ligands are replaced by interactions with the central S1 sulfur.  Hence, in both 
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the oxidized and reduced states, all Fe atoms in the P-cluster remain four-

coordinate. 

In contrast to the immediate protein domain of the FeMo-cofactor, the 

protein environment of the P-cluster is comprised mainly of hydrophobic 

residues such as α-Tyr64, β-Pro85, α-Tyr91, β-Tyr98, β-Phe99, β-Met154, α-

Pro155, α-Phe186, and β–Phe189 (A. vinelandii MoFe protein).  The location of 

the P-cluster near the N-terminal ends of six helices (α-63 - α-74, α-88 - α-92, α-

155 – α-159, β-71 - β-81, β-93 - β106, and β-153 – β158) may serve to provide 

an electrostatic contribution to cluster stability. 

                                          
The Fe Protein 

 
The Fe protein is the key component of the bacterial nitrogen fixation 

process.  The reduced form of the Fe protein acts as a specific electron donor for 

the MoFe protein.  This electron transfer is coupled to ATP hydrolysis.  In 

addition to its role as the exclusive electron donor in the nitrogen reduction 

process, the Fe protein is also required for MoFe protein maturation and 

synthesis of FeMo-cofactors [23, 24].  The function of the Fe protein in FeMo-

cofactor biosynthesis is independent of its role in nitrogen reduction reaction.  

This has been established via several mutagenesis studies in which variants of 

the Fe protein with altered capacity for nucleotide binding and hydrolysis are 

ineffective in nitrogen catalysis but are able to function in FeMo-cofactor 

biosynthesis [25-29]. 
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Overall Structure 

The protein fold observed for the Fe protein is similar to that observed for 

the nucleotide binding proteins Ras [30, 31], elongation factor Tu, [32, 33] 

Transducin [34],  and RecA [35, 36].  These proteins are representative of a 

general class of proteins utilize nucleotide binding  and hydrolysis to drive 

conformational changes that occur within a macromolecular complex [37, 38].  

Characteristic structural features of these proteins include, in addition to their 

predominantly β structure and conserved nucleotide binding motifs situated at 

topology switch points at the termini of several β-strands of the β–sheet core.  

For the Fe protein these regions serve to link the sites for nucleotide binding 

both to the [4Fe-4S] cluster and to the region responsible for nitrogenase 

complex formation.  The Fe protein is clearly the most interesting member of this 

class due to its dimeric arrangement and its covalent association with the [4Fe-

4S] cluster.   

                            

               
Figure 1-9.  The Azotobacter vinelandii nitrogenase Fe protein.  The 

subunits of the homodimer are colored in green and blue.  The Fe protein 
contains a [4Fe-4S] cluster where the Fe atoms are colored in light salmon and 
sulfur atoms as yellow. 
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The first structure of the nitrogenase Fe protein reported was the Fe 

protein from Azotobacter vinelandii [39].  The Fe protein exists as a dimer of 

identical subunits covalently bridged by a single [4Fe-4S] cluster (Figure 1-9). 

Each subunit is folded into an α/β type domain consisting of an eight stranded β–

sheet flanked by nine α helices.  The twisted β–sheet core of each subunit 

consists of seven parallel β-strands and a short antiparallel strand.  A comparison 

of the available Fe protein structures indicates that the structure of the β–sheet 

core is highly conserved with conformationally variable regions concentrated 

among the flexible loop regions that connect the secondary structure elements.  

In comparing the nucleotide free structures of the Fe proteins from A. vinelandii 

and C. pasteurianum, r.m.s. deviations of ~0.5 Å of corresponding carbon-α 

atoms are observed in the β–sheet core while in the loop regions and carboxy 

termini the r.m.s. values exceed 1.5Å in some positions [40].  This 

conformational variability most likely occurs as a result of deletions of certain 

amino acids and variation in the amino acid sequences in these regions.  

 
The [4Fe-4S] Cluster 

 The Fe protein’s FeS cluster exists as a regular [4Fe-4S] cubane 

coordinated to the dimer through two cysteine residues from each subunit.  The 

symmetric coordination environment involves covalent coordination by Cys97 

and Cys132 from each subunit.  This covalent association of identical subunits is 

rare, although a similar covalent attachment and pseudo-symmetric coordination 

of a [4Fe-4S] cluster has been observed in the structures of carbon monoxide 



 25

dehydrogenases from Carboxydothermus hydrogenoformans and Rhodospirillum 

rubrum [38, 41].  The cluster is located near the surface of the protein and it was 

surmised from this structure that docking of the Fe protein with the MoFe protein 

would occur at the face of the Fe protein in which the cluster is most surface 

exposed.  A docking model which was based primarily on the structures of the 

nitrogenase components but also on the results of covalent cross-linking and 

mutagenesis experiments was rationalized by pairing by the two fold symmetric 

axis of the Fe protein with the pseudo-twofold symmetric axis that relates each 

α- and β– subunit such that two equivalent sites for Fe protein interaction exist 

on the MoFe protein [13, 42, 43].  Docking in this manner minimizes the 

distance between the [4Fe-4S] cluster of the Fe protein and a P cluster, 

consistent with a number of studies that suggested that the P cluster serves as an 

intermediate in electron-transfer from the Fe protein to the FeMo-cofactor 

substrate-reduction site.  Characterization of Fe protein and MoFe protein 

complexes [44, 45] described herein have confirmed this assertion and this 

assertion and have shown that through the reorientation of the Fe protein 

subunits, the structural environment of the Fe protein [4Fe-4S] cluster undergoes 

conformational changes.  The location of the cluster at the dimer interface 

facilitates this conformational flexibility and no doubt contributes to the range of 

midpoint potentials observed in the various nucleotide bound states of the Fe 

protein and during Fe protein-MoFe protein complex formation.  In addition, its 

location results in a greater degree of solvent accessibility than observed in other 

[4Fe-4S] cluster-containing proteins.  Most [4Fe-4S] clusters in proteins are 
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completely buried, but in the Fe protein the cluster is accessible within a surface 

area on the order of ~14 Å2, potentially contributing to its oxygen sensitivity. 

Detailed biochemical and biophysical analysis of the properties of the 

[4Fe-4S] cluster indicate that the binding of nucleotides results in changes in the 

cluster environment and accompanying changes in the midpoint potential of the 

cluster [46-54].  The prevailing view concerning the structural changes that 

dominate the control of midpoint potential of the cluster concerns the proximity 

of hydrogen bonding amide groups to the cluster and cysteine ligand sulfur atoms 

[55-58].  The premise is that the presence of these hydrogen bonding groups 

stabilizes the oxidized state of the cluster resulting in more positive midpoint 

potentials (Figure 1-10).   

  

                     
Figure 1-10.  The coordination environment of the [4Fe-4S] cluster of the A. 
vinelandii nitrogenase Fe protein. The figure represents several amide hydrogen-
bond interactions to the cluster and ligand S atoms indicate by dashed lines.  The 
Fe atoms are shown in light salmon and sulfur atoms in yellow. 
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It is reasonable to think that the binding of nucleotide and the associated 

conformational changes should result in changes in the overall polarity of the 

cluster environment including a reshuffling of the various peptide bond amides 

in the cluster environment, providing for the stabilization of the different 

oxidation levels to varying degrees.  In the most recent structure of the  

nucleotide-free form of the A. vinelandii Fe protein, six potential peptide amide-

to-sulfur interactions were observed, three from each subunit, arising from amino 

acids Ala98, Gly99 and Gly134 [40].  In addition to this, amino acids Ala98, 

Val130 and Phe135 from each subunit are found to be in Van der Waals contact 

with the [4Fe-4S] cluster.   Along these lines, differences are observed in the 

proximity of amide hydrogen-bond donors in the structures of the free Fe protein, 

Fe protein with MgADP, and within the Fe protein-MoFe protein complexes [39, 

40, 44, 45, 59].  In addition, the structural characterization of an Fe protein 

variant with Phe135 substituted by Trp, in which more positive midpoint 

potentials are observed, revealed that the amide groups of the Trp indoles  is 

within hydrogen-bond distance of two cluster S atoms [56]. 

It has been demonstrated through previous biochemical and spectroscopic 

characterization that this cluster can undergo a one-electron redox cycle from the 

[4Fe-4S]2+ to the [4Fe-4S]1+ oxidation level or a two-electron reduction from the 

[4Fe-4S]2+ to the [4Fe-4S]0 oxidation level [60-65].  The bulk of biochemical 

results have been interpreted assuming that each electron-transfer event from the 

Fe protein to the MoFe protein occurs at a ratio of 2MgATP molecules 

hydrolyzed per electron transferred, with a transition from the [4Fe-4S]1+ to the 
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[4Fe-4S]2+ levels.  Recent studies have revealed that the Fe protein can exist 

stably in the [4Fe-4S]0 redox level and can undergo analogous set of nucleotide-

dependent conformational changes.  This all ferrous form of the Fe protein can 

serve as an electron donor for nitrogenase substrate reduction and does so at a 

1:1 ratio of MgATP hydrolyzed per electron transferred.  The recent structural 

characterization of the all ferrous Fe protein indicates that although formal 

covalent coordination of the cluster remains unchanged there are changes in the 

cluster geometry, including longer S-S distances and an overall increase in the 

volume of the [4Fe-4S] cluster in comparison to the previously presented Fe 

protein structures [57].  In addition, substantial differences in the number of 

amide interactions with the cluster and ligand sulfur atoms and an increase in 

overall cluster solvent accessibility were observed, suggesting that a number of 

factors may contribute to stabilization of the various [4Fe-4S] cluster oxidation 

levels and related midpoint potentials. 

 
Nucleotide Binding Sites 

The class of nucleotide binding proteins to which the Fe protein belongs 

all possess characteristic amino acid sequences called Walker motifs [37, 38, 42]. 

In the major class of nucleotide binding G-proteins, the sequence Gly-X-X-X-X-

Gly-Lys/Ser found between residues 9 to 16 of the A. vinelandii Fe protein, 

known as Walker’s motif A, adopts a β–strand-loop-α-helix structure which is a 

characteristic phosphate binding site contacting the α- and β– phosphates of the 

nucleotide.  A second conserved sequence Asp-X-X-Gly also known, as walker’s 
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motif B, is found between residues 125-128 of the A. vinelandii Fe protein.  In 

the G proteins this motif is responsible mainly for the binding of Mg2+ and γ–

phosphate of GTP. 

A comparison of the Ras protein and the Fe protein indicates a close 

structural similarity, with their Walker-motif regions almost superimposable.  

However, unlike Ras, the dimeric structure of the Fe protein perhaps allows for 

cross-subunit interactions that may have some consequences for the coupling of 

electron –transfer and ATP hydrolysis, and on the binding of different 

nucleotides (e.g. MgATP/MgADP) to the Fe protein.  This situation is never 

observed in the monomeric nucleotide-binding proteins such as the Ras protein 

[30, 31].  An important parallel between the nitrogenase and the G protein 

families is that most of the nucleotide–dependent proteins have a basal rate of 

hydrolysis which is greatly accelerated by association with a second protein, e.g., 

GAP (GTPase activating proteins) for Ras, RGS (Regulators of G-protein 

signaling) for G-proteins.  In contrast, the Fe protein alone has no intrinsic 

hydrolysis rate and nucleotide hydrolysis requires both the Fe protein and the 

MoFe protein. 

The structure of the nitrogenase Fe protein in the presence of MgADP has 

been determined and refined to 2.15 Å resolution[59].  The two MgADP 

molecules bound to the Fe protein are located at the dimer interface, oriented 

parallel to the two-fold symmetry axis with the phosphates directed toward the 

[4Fe-4S] cluster.  This binding mode is analogous to the GDP binding mode 

observed for Ras.  The MgADP binding mode differs from the binding mode 
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reported earlier for low occupancy ADP bound to the Fe protein observed in the 

1NIP Fe protein structure.  The nucleotide binding sites on the Fe protein are 

accessed from the face opposite the [4Fe-4S] cluster through a channel that 

terminates in region of significant negative charge.  The majority of the negative 

charges come from the three aspartate residues (Asp39, Asp43 and Asp125) that 

participate in the coordination of the Mg2+ ion, either directly or through bound 

water molecules (Figure 1-11).   

                           

                         
Figure 1-11.  The MgADP environment in the structure of the A. vinelandii 
nitrogenase Fe protein in the presence of bound MgADP.  The H2O molecules 
and Mg2+ are colored in red and dark blue respectively.  The hydrogen bonding 
interactions with the bound nucleotide are mainly observed from the switch II 
region (Asp125), P-loop region (Lys15, Ser16) and Switch I regions (Asp39, 
Lys41, Asp43 and Ser44) of the Fe protein. 
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The extent of the channel is clearly large enough for MgADP molecules to 

access freely the site in the MgADP-bound state of the protein.  Several amino 

acids are involved in the binding of MgADP.  The adenine base is bound to the 

Fe protein through interactions with the side chains of Asn185, Gln218, and 

Gln236.  In addition, the N1 of the adenine ring approaches to within hydrogen-

bond distance from the amide nitrogen and carbonyl oxygen of the peptide bond 

of Asp214.  The ribose moiety is hydrogen–bonded to the protein through the 

side chain oxygen of Glu221.  The phosphate-binding loop region (P-loop) of the 

Fe protein, which is a common amino acid sequence motif Gly-X-X-Gly-X-Gly 

found in other nucleotide binding proteins, is found to contribute to all the direct 

interactions of the protein with the phosphates, through hydrogen-bond 

interactions provided by residues 10 through 17.  Although the P-loop is 

involved in the direct interaction with the phosphates, only small differences in 

the P-loop conformation in comparison to the Fe protein structure obtained in the 

absence of nucleotides have been observed.  Superimposition of the P-loop 

regions of the MgGDP “off” state of Ras and the MgADP-bound Fe protein 

indicates that the position and orientations of MgADP and MgGDP in the two 

structures are strikingly similar, indicating the interactions between the P-loop 

and the bound Mg2+ ion and phosphates of nucleoside diphosphate are similar for 

these two proteins. 

The structure of the MgADP bound state of the Fe protein provides 

insights into how the binding of nucleotides is linked to protein conformational 

changes that modulate the properties of the [4Fe-4S] cluster, and control the 
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association of the Fe protein with the MoFe protein.  On comparing the MgADP 

bound state of the Fe protein with the structure of the Fe protein in absence of 

nucleotide, two notable regions within the Fe protein are observed to be 

conformationally different.  One region, termed switch II by analogy to a 

homologous region found in Ras, links Asp125 which interacts with the Mg2+, to 

the [4Fe-4S] cluster ligand Cys132.  A second region of the Fe protein, termed 

switch I links Asp39, which interacts with the bound Mg2+, with amino acids 59-

69 region at the MoFe protein docking interface.  Switch II provides a 

mechanism for communication between the nucleotide binding site and the [4Fe-

4S] cluster.  A comparison of the nucleotide free Fe protein structure with that of 

the MgADP bound Fe protein indicates that Cys132 ligands of the cluster 

experience a change in conformation upon MgADP binding, while the Cys97 

ligands remain largely unchanged.  Conformational changes are communicated to 

the cluster through a hydrogen bonding interaction of the main chain amide of 

Gly14 to the side chain of Asp129.  Switch I provides a mechanism for 

communication from the nucleotide binding site to the Fe protein surface 

involved in interactions with the MoFe protein.  It appears that the hydrolysis of 

MgATP to MgADP lessens the intensity of association of the Fe protein with the 

MoFe protein following electron transfer, thus allowing the two proteins to 

dissociate.  Switch I provides a mechanism for propagation to the surface of the 

Fe protein of the change from the MgATP bound state to the MgADP-state, to 

control protein-protein interaction. 
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Nitrogenase Complexes 

 
Recently X-ray structures for two different stable nitrogenase Fe protein-

MoFe protein complexes have been solved, providing important insights into 

several aspects of the nitrogenase mechanism (Figure 1-12).  These structures are 

essential to understanding ATP hydrolysis and intercomponent electron transfer, 

since both events occur only within the Fe protein MoFe protein complex.  The 

barrier to obtaining a structure of the complex was of stabilizing the two proteins 

to obtain diffraction quality crystals.  As mentioned earlier, the Fe protein (γ2 

dimer), with two ATP molecules bound, normally binds transiently to one αβ 

dimer of the tetrameric MoFe protein (α2β2).  Thus, a catalytic unit may be 

described as an αβγ2 complex with one ATP molecule bound to each γ subunit.  

During this association, ATP hydrolysis on the Fe protein is activated and is 

coupled to the transfer of a single electron from the 4Fe-4S cluster of the Fe 

protein to the P-cluster of the MoFe protein and ultimately to the FeMo-cofactor, 

where substrates are bound and reduced.  Following ATP hydrolysis and electron 

transfer, the Fe protein dissociates from the MoFe protein in the overall reaction 

slow step. 
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Figure 1-12.  The A. vinelandii nitrogenase Fe protein L127 deletion variant - 
MoFe protein complex.  The nitrogenase complex structure is composed of α2β2- 
heterotetramer of the MoFe protein and two homodimers of the Fe protein.  The 
α- and β- subunits of the MoFe protein are colored in orange and navy blue 
respectively.  The homodimeric subunits of the Fe protein are colored in purple 
and dark green. 
 
 

Given that the Fe protein associates only transiently with the MoFe 

protein, it was essential for studies on the complex (including crystallography) to 

find ways to stabilize the Fe protein-MoFe protein bound state.  To date, this has 

been accomplished by three different methods.  Early on, it was recognized that 

when the Fe protein purified from C. pasteurianum was mixed with the MoFe 

protein purified from A. vinelandii, a stable 2:1 complex was formed [66].  

Repeated attempts at crystallization of this complex have not been successful.  A 

second method for stabilizing a nitrogenase complex employed MgADP and 

AlF4
-.  It had been found earlier with other nucleotide binding proteins that ADP-
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AlF4- binds to the nucleotide binding site, possibly mimicking the ADP + Pi 

transition state.  When added the nitrogenase components, ADP-AlF4
- was found 

to stabilize a nitrogenase Fe protein-MoFe protein complex [67, 68].  The ADP-

AlF4
- stabilized nitrogenase complex with component protein derived from A. 

vinelandii was crystallized and the structure has been determined and refined to 

3 Å resolution [44].  A third successful strategy to stabilize a nitrogenase 

complex involved amino acid deletion of a Leu residue at position 127 in A. 

vinelandii Fe protein [69, 70].  This residue is located in the switch II 

nucleotide-signal-transduction pathway within the Fe protein.  Deleting this 

amino acid results in a protein that mimics the ATP-bound state.  Importantly, 

addition of this amino acid-substituted variant of A. vinelandii Fe protein to the 

A. vinelandii MoFe protein results in a non-dissociating complex.  The structure 

of this complex has been determined and refined to 2.2 Å resolution [45].  This 

last complex has been shown to undergo electron-transfer from the Fe protein to 

the MoFe protein P-cluster, suggesting that electron transfer functions are 

operational.  Additionally, it was possible to obtain this structure with bound 

MgATP, providing insights into the nucleotide binding interactions. 

An analysis of these two complex structures has provided a wealth of 

information relevant to understanding; (1) the nature of the interactions between 

the Fe protein and the MoFe proteins, (2) the conformational changes that occur 

in each protein in the complex, (3) the possible electron-transfer paths between 

the proteins, and (4) the ATP interactions.  The conclusions drawn from these 
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two different complexes are generally consistent, but some important differences 

are observed, which have helped to refine further some of the details.  In 

addition, analysis of the two complex structures reveals many details of 

component protein interactions.  Consistent with earlier studies, there are a 

number of electrostatic interactions between specific amino acid side chains.   

           

         
Figure 1-13.  The complementary electrostatic interactions at the nitrogenase Fe 
protein-MoFe protein docking interface.  The acidic regions are represented in 
red while the predominantly basic regions are colored in blue.  
 
 

Figure 1-13 shows the electrostatic surfaces of the Fe protein and the 

MoFe protein that are involved in association.  There are complementary regions 

of positive and negative charge on the Fe protein and MoFe protein docking 

interface.  The interaction between these two proteins is extensive, covering 

~3500 Å2 in each Fe protein – MoFe protein interface.  In addition to 

electrostatic interactions, hydrophobic interactions are apparent and a number of 

hydrogen bonds are implied. 
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Fe protein Conformational Change 

Two striking features evident upon initial inspection of the Fe protein of the Fe 

protein-MoFe protein MgADP-AlF4
- (Av2MgADP-AlF4

-:Av1) and the Leu127 

deletion variant –MoFe protein (Av2L127 deletion variant : Av1) complex 

structures.  First, structural changes observed in the complex when compared to 

the isolated native proteins are primarily manifested in the Fe protein, with few 

obvious structural changes in the MoFe protein.  Second, overall complex 

structures (Av2MgADP-AlF4
-:Av1 and Av2 Leu127 deletion variant: Av1), are 

very similar, including the larger conformational changes observed of the Fe 

protein in both the complex structures (Figure 1-14).   

 

 
Figure 1-14.  Comparison of nitrogenase Fe protein in two different 
conformational states.  Figure in Panel A. represents the native nitrogenase Fe 
protein and Panel B. the nitrogenase Fe protein within the nitrogenase complex 
structure respectively. 
 
 

The structure of the MoFe protein in the complex structures is remarkably 

similar to that of the free MoFe protein, evidenced by low r.m.s. deviations of 
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corresponding Cα atoms of <0.5 Å (Table 1-3).  The only evident changes occur 

in the position of the side chains involved in specific interactions with Fe protein.  

Most importantly, no obvious structural changes have occurred around the FeMo-

cofactor, while the [8Fe-7S] cluster (P-cluster) resembles what has been 

previously characterized as the POX oxidation state [9].In contrast, the Fe protein 

components of the complexes have undergone major conformational changes, the 

most notable being the rigid-body reorientation of the subunits, leading to a more 

compact and enclosed interface.  Close approach of the subunits results in a 

decrease of the exposed surface area of the Fe protein within the complexes.  The 

pivot points for closure of the dimer interface appears to be near the [4Fe-4S] 

cluster ligands Cys132, resulting in the repositioning of the cluster toward the 

surface that is in contact with the MoFe protein within ~14 Å of the MoFe 

protein P-cluster.  Biochemical studies involving site-directed mutagenesis of 

amino acid residues near the FeS cluster have suggested that the [4Fe-4S] cluster 

domain acts as a hinge involved in repositioning the nucleotide binding regions 

of Fe protein for cooperative MgATP binding [71].  The degree of rigid body 

movement can be indicated by a comparison of the r.m.s. deviations of 

corresponding Cα atoms of the Fe protein dimers of the complex compared to the 

native Fe protein dimer.  This should be a valid comparison since the analogous 

comparison using individual monomers of Fe protein results in similar r.m.s. 

deviations ranging from 1.50-1.54 Å.  This analysis indicates that the Fe protein 

monomers in the MgADP-AlF4
- stabilized complex have the largest rigid body 
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movement towards one another relative to native Fe protein, with an overall 

r.m.s. deviation of corresponding Cα atoms of 4.1 Å. 

The similar comparison of the Av2 L127 deletion variant-Av1 complex 

with and without MgATP also indicates a significant repositioning of Fe protein 

monomers relative to each other compared to the native Fe protein, with overall 

r.m.s. deviations of 3.5 and 3.2 respectively.  This is also illustrated by 

comparing the angles relating the two-fold symmetry axes of the Fe protein 

monomers and superimposing a single monomer of the Fe protein from each 

complex upon native Fe protein monomer.  This indicates that there is an 11.2º 

angle relating the two-fold axis of the native Fe protein to the Fe protein within 

the Av2 L127 deletion variant: Av1 complexes.  As predicted using the 

aforementioned comparison of Fe protein dimers within the complexes, the angle 

relating the two-fold axis of the native Fe protein and Fe protein within 

ADP.AlF4
- stabilized complex is slightly larger, 12.5º (Table 1-3). 
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Table 1-3. Structural features and surface area calculations of the nitrogenase 
complexes and of the free nitrogenase components. 

Superimposition      r.m.s deviation (Å) 

Av2∆Leu127-MgATP:Av1 on Av2MgADP-AlF4
-:Av1 0.36 

Av2∆Leu127:Av1 on Av2MgADP-AlF4
-:Av1  0.40 

Av2∆Leu127-MgATP:Av1 on Av2MgADP-AlF4
-:Av1 0.47 

Av2∆Leu127:Av1 on  Av1 0.28 
Av2∆Leu127-MgATP:Av1 on  Av1  0.34 
Av2MgADP-AlF4

-:Av1 on  Av1 0.41 

Fe protein Monomers        dimers 
Av2∆Leu127:Av1 on Av2∆Leu127:Av1 0.13                   0.39 
Av2∆Leu127-MgATP:Av1 on Av2∆Leu127-MgATP:Av1 0.12                   0.28 
Av2MgADP-AlF4

-:Av1 on Av2MgADP-AlF4
-:Av1 0.01                   0.04 

Av2 on Av2 0.63                      - 
Av2∆Leu127:Av1 on Av2∆Leu127-MgATP:Av1 0.71                    0.90 
Av2-∆Leu127:Av1 on Av2MgADP-AlF4

-:Av1 1.07                    1.83   
Av2∆Leu127-MgATP:Av1 on Av2MgADP-AlF4

-:Av1 0.88                    1.80 
Av2∆Leu127:Av1 on Av2 1.54                    3.53 
Av2∆Leu127-MgATP:Av1 on Av2 1.50                    3.20 
Av2MgADP-AlF4

-:Av1 on Av2 1.58                    4.11 

Buried surface area upon complex formation surface area/Av2        
    -dimer (Å2) 

Av2∆Leu127:Av1 3909 
Av2∆Leu127-MgATP:Av1 3984 
Av2MgADP-AlF4

-:Av1 3855 

Comparison of Fe protein surface area  
Av2 19433 
Av2∆Leu127:Av1  17431 
Av2∆Leu127-MgATP:Av1  17359 
Av2∆Leu127-MgATP:Av1 with MgATP removed 17882 
Av2MgADP-AlF4

-:Av1 16299 
Av2MgADP-AlF4

-:Av1with MgADP-AlF4
- removed 16444 

MgATP X 2 1280 
MgADP-AlF4

- X 2 1424 

Angular relationship of two-fold axes (º)  

Av2∆Leu127:Av1/ Av2∆Leu127-MgATP:Av1 and Av2 11.2 
Av2MgADP-AlF4

-:Av1and Av2 12.5 
Av2∆Leu127:Av1/ Av2∆Leu127-MgATP:Av1 and 
Av2MgADP-AlF4

-:Av1          
4.4 
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Comparison of the ADP.AlF4
- stabilized complex to the Av2 L127 

deletion variant : Av1 complex in this superimposition shows a 4.4º angle 

between two-fold axes, which is larger than would be expected from simply 

comparing relationships of the Fe protein within the complexes with the native 

Fe protein.  This suggests that the rigid body rotation of the Fe protein occurring 

within the complexes does not occur along the same plane. 

 
Component Protein Interactions 

In addition to repositioning the [4Fe-4S] cluster, the closure of the Fe 

protein dimer allows the correct positioning of residues for component-protein 

interaction.  The component-protein interface in the complex is significantly 

more extensive than expected from simple rigid body docking of the individual 

native structures amounts to a ~10% (~3900 Å2) decrease in the exposed surface 

area of the individual components.  The large contact surface at the interface is 

afforded by the conformational changes in the Fe protein compared to the native 

nucleotide free Fe protein; without the changes, most of the hydrogen bonds and 

electrostatic interactions in the interface would not be possible (Figure 1-15).  

The interface between the two components included the long symmetrical helices 

that flank the [4Fe-4S] cluster of the Fe protein and the groove above and to 

either side of the MoFe protein P-cluster. 

The residues of MoFe protein that form bonds with the Fe protein [4Fe-4S] 

cluster and its ligands undoubtedly contribute to changes in the properties of the 

[4Fe-4S] cluster within the complex.  The four glycine residues (96 and 133, 
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from each subunit), which are adjacent to four cysteinyl ligands of the Fe protein 

in the complex (residues 97 and 132 from each subunit) form hydrogen bonds 

with the peptide backbone of the MoFe protein (residues α–Ile159 and β-Ile158). 

This undoubtedly contributes to the correct orientation of the cluster to affect 

electron transfer. 

                 

                  
Figure 1-15. Electrostatic interactions at the docking interface of the nitrogenase 
Av2 L127 deletion variant-Av1 complex.  The helices in purple and green 
represents the amino acids 97-110 from the homodimers of the Fe protein.  Cys 
97 serves as the ligand for the [4Fe-4S] cluster of the Fe protein.  The short 
helices in orange and blue from the α- and β- subunits of the MoFe protein 
represents the amino acids from the region 153-156 which is in immediate 
vicinity to the P-cluster. 
 
 

Two sets of contacts at the interface have been identified that suggest 

potential paths for through-bond electron transfer from the Fe protein [4Fe-4S] 

cluster to the MoFe protein P-cluster.  The peptide bond backbone carbonyls of 

α-Ile123 and α-Val124 and the corresponding pseudo-symmetrical β-Ala123 and 
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β-Val124 form hydrogen bonds to the amide nitrogens of the [4Fe-4S] cluster 

ligands, the two Cys97 residues of the Fe protein.  In addition, the peptide bond 

carbonyls of α-Leu158 and β-Val157 are hydrogen bonded by an intervening 

water to the sulfides of the [4Fe-4S] cluster of the Fe protein.  This path is 

completed by the intervening three peptide bonds to the P-cluster ligands, α-

Cys154 and β-Cys153.  In K. pneumoniae the residue analogous to β-Phe125 (β-

Phe124) was shown to be susceptible to digestion by chymotrypsin [71].  

Substitution of this residue resulted in altered proteins that exhibited kinetic 

properties consistent with its involvement in component protein interaction.  In 

the Av2 L127 deletion variant: Av1 complex β-Phe125 and its pseudo-symmetric 

mate α-Phe125 are in close proximity to the Fe protein Met58 residues and may 

be participating in hydrophobic interactions important for the stability of the 

complex. 

The peptide-bond carbonyl oxygen atoms of adjacent residues α-Ile159 

and β-Ile158 also interact with the Fe protein by hydrogen bonding to the peptide 

bond amide nitrogen atoms of the Gly133 residues and to the backbone carbonyl 

oxygen atoms of the Gly96 residues.  Mutagenesis studies involving Arg140 of 

the Fe protein have been interpreted as indicating that this residue is important 

for component protein interaction during nitrogenase turnover [72].  The 

complex structure reveals that the Arg140 residues of the Fe protein monomers 

interact with the MoFe protein by hydrogen bonding at the peptide backbone 

carbonyls of α-Gly160 and β-Gly159.  In addition, the Fe protein Arg140 side 

chain of one monomer participates in an ionic interaction α-Asp162 and α-Glu164 
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resulting in a significantly different structural conformation for residues 139 

through 143 in the complexes. 

Interestingly, an altered Av1 with Asn substituted for Asp at α162 has 

little effect on catalytic activity.  However, this may indicate that this interaction 

may not be critical for productive complex formation or that Asn may be able to 

substitute productively for Asp in providing a similar interaction.  Substitution of 

the adjacent Asp residue α-Asp161 does result in altered catalytic activity, 

although the side chain is not participating in interaction at the Fe protein-MoFe 

protein interface.  Perhaps substitution at this residue disrupts the interaction at 

α-Asp162.  Since the analogous substitution at the β–subunit (β-Asp160) has 

little effect, this is consistent with the observed asymmetry of interactions at the 

MoFe protein and Fe protein interface in the complexes. 

The Fe protein Arg100 residues in certain photosynthetic nitrogen-fixing 

organisms have been shown to undergo reversible covalent ADP-ribosylation, 

which results in inhibition of nitrogenase activity [73].  Biochemical 

characterizations of altered Fe proteins with amino acid substitutions at Arg100 

are consistent with its involvement in component protein interaction [74, 75].  It 

is clear that Arg100 plays a significant role in the complex structures in 

stabilization at the interface, in both symmetric and asymmetric hydrogen-

bonding and electrostatic interactions with amino-acid side chains of the MoFe 

protein.  Each Arg100 has a unique binding pocket composed of residues from 

both α– and β– subunits of the MoFe protein.  The electrostatic involve the side 

chain of Arg100 of one subunit interacting with the side chains of β-Glu120 and 
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β-Glu156.  The side chain of Arg100 of the other Av1 monomer is involved in a 

similar set of interactions with side chains of α-Glu120 and α-Glu184.  Further, 

these interactions are stabilized by hydrogen-bonding interactions of the Arg100 

side chains to the peptide bond carbonyl of α-Gly157 and β-Glu156, respectively.  

One turn further along the helix are Thr104 (one from each subunit) which also 

participate in hydrogen-bonding interactions with α-Glu120 and β-Glu120. 

 
Nucleotide Binding 

 It is emphasized that in the following discussion five structures of the Fe 

protein are now available for structural comparison : a)native, nucleotide-free Fe 

protein; b) Av2MgADP-AlF4
-:Av1; c) Av2 L127 deletion variant: Av1 d) Av2 

L127 deletion variant: Av1 with MgATP bound; and e) the native Fe protein with 

bound MgADP.   There are a number of differences at the dimer interfaces of the 

different Fe protein molecules, apparently resulting from the repositioning of the 

Fe protein monomers with respect to each other and/or the binding of MgADP, 

MgATP or MgADP-AlF4
- (Table 1-4).   The structures of the native Fe protein 

dimer and monomer serve as the convenient reference points for comparison. The 

[4Fe-4S] cluster represents the site of covalent attachment of the Fe protein 

monomers, thus restricting the type and magnitude of conformational change 

observed.  The loop regions which support the cysteinyl ligands to the [4Fe-4S] 

cluster and its adjacent helix (specifically residues 88 through 118) are sites of 

significant conformational change in the dimer interface.  As mentioned 

previously, the pivot point for near rigid-body reorientation of the Fe protein 
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monomers is apparently near the Cys132 ligands, which are those distal to the Fe 

protein/MoFe protein interface.  Pivoting about these ligands results in a closure 

of the Fe protein dimer interface in regions proximal to these ligands and 

movement apart of these regions that are close to Fe protein/MoFe protein 

interface.  In all the observed complexes discussed here, the loop regions 

containing the Cys97 ligands, located close to the Fe protein /MoFe protein 

interface compensate for the conformational changes of the dimer by movement 

toward the dimer interface.  This is required to accommodate movement of the 

distal regions of the Fe protein closer together while maintaining the distance 

required for coordination of the Cys97.  The repositioning of these loops and 

adjacent regions also results in greater accessibility of the Fe protein [4Fe-4S] 

cluster and is also likely to be important in allowing residues at the docking 

interface to interact productively in the complex with residues of MoFe protein. 

 There are significant differences in the conformation of the loop region 

containing the other pair of cysteinyls (Cys132).  The region corresponds to a 

canonical Walker B nucleotide-binding motif (Asp125-X-X-Gly128) found in a 

number of proteins, including Ras and other members of the G-protein family, 

which harness the energy from nucleotide-binding and hydrolysis to drive 

conformational changes.  Additionally this region maintains a direct linkage of 

the nucleotide-binding site to potential pathways of intermolecular electron 

transfer via the Fe protein [4Fe-4S] cluster.   
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Table 1-4. The interactions between the Fe protein and bound nucleotide, in the 
presence of MgADP in the free state, and in the nitrogenase complexes. Slight 
differences were observed in the Fe protein monomers of the Av2∆Leu127:Av1 
complex. Monomer 1 indicates the Fe protein monomer that interacts with the 
MoFe protein α-subunit and monomer 2 that interacts with the β-subunit. 
Residues are indicated by the single-letter code for amino acids. 
 FeP-ADP        FeP-ADP.ALF4¯     ∆Leu127mon   ∆Leu127mon2
phosphate     
     
O1A Thr17(N, Oγ ) Thr17(N, Oγ ) Thr17(N, Oγ ) Thr17(N, Oγ ) 
O2A  Lys10 ( Nζ )   
O3A Gly14 (N)          Gly14 (N)              
O1B  Lys10 ( Nζ Lys15 (N) Lys15 (N) 
   Ser16 (N) Ser16 (N) 
O2B Ser16 (N, Oγ) Ser16 (N, Oγ) Gly12 (N) Gly12 (N) 
 Lys15 (N) Lys15 (N)   
O3B Lys15 (Nζ) Gly12 (N)   
  Gly14 (N)   
  Lys15 (Nζ)   
O1G   Lys15 (Nζ) Lys15 (Nζ) 
O2G   Lys10 ( Nζ)  
   Lys 41 (Nζ)  
F1  Gly128 (N)   
  Lys15 (Nζ)   
F2  Lys10 (Nζ)   
  Lys41 (Nζ)   
F3  Gly12 (N)   
F4    Lys10 (Nζ)   
  Ser16 (Oγ)   
     
sugar     
O2*    Glu221 (Oε1) 
O3* Glu221 (Oε2) Glu221 (Oε1) Glu221 (Oε1, 

Oε2) 
 

     
base     
N1 Asp214 (N) Asp214 (N)   
N6 Pro212 (O) Pro212 (O) Pro212 (O) Gln236 (Oε1) 
N7 Asn185 (Nδ1) Asn185 (Nδ2) Asn185 (Oδ2)  
     
     
 
 

In the structure of the nitrogenase complex stabilized by MgADP-AlF4
-, 

the peptide carbonyl bond of Gly128 interacts directly with AlF4
- and Asp129 is 
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poised for potential interaction with AlF4
- through a water molecule.  Since this 

region seems to be at or near the point at which the monomers pivot with respect 

to each other, it is likely that these interactions are critical in driving the 

conformational changes that result in the repositioning of Fe protein monomers 

with respect to each other. 

Interestingly, in the Av2 L127 deletion variant :Av1 complex, in which a 

similar repositioning of Fe protein monomer occurs, the aforementioned 

interactions with the terminal phosphate are not possible due to a shortening of 

this loop region.  The inability of the Fe protein in the Av2 L127 deletion 

variant :Av1 to form these interactions with bound nucleotide probably continues 

to the markedly reduced rate of MgATP hydrolysis within the complex [76].  In 

Fe protein in the Av2 L127 deletion variant: Av1 complex the deletion of Leu127 

results in an entirely different conformation of residues 128 and 129 compared to 

that of the complex stabilized by MgADP-AlF4
-.  However, the conformation of 

residues that flank them, (Asp125 and Phe135) and the orientation of the side 

chains of Val130 and Val131 residues, are nearly the same.  Reversal of the 

orientation of Val130 and Val131 residues relative to the native Fe protein 

results in the side chains of the Val130 residues pointing towards the Fe protein 

[4Fe-4S] cluster.  This may contribute to the reduction in the redox potential of 

this center that is observed in the complex [48]. 

 In general, other regions of that are involved with nucleotide binding in 

the complex structures are quite different in the nucleotide-bound structures 

compared to the nucleotide-free state.  This is so even in the case of nucleotide-
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free Av2 L127 deletion variant: Av1 complex, in which the altered Fe protein 

Leu127 has a number of biochemical properties that resembles those of 

nucleotide-bound Fe protein in the absence of nucleotides [69].  Upon addition 

of MgATP to crystals of the Av2 L127 deletion variant:Av1 complex, several 

regions that are interacting directly with MgATP adopt a conformation very 

similar to that observed in the Fe protein bound to MgADP.AlF4
- and complexed 

with the MoFe protein.  The P-loop or Walker A nucleotide-binding motif 

(residues 9 through 16) exists in different conformations in the five protein 

structures.  On comparing the native Fe protein with that of the Fe protein from 

Av2 L127 deletion variant: Av1 complex, it is apparent that the differences 

appear to result from an obligatory conformational change in the P-loop of the 

native Fe protein with that of the Av2 L127 deletion variant:Av1 complex, it is 

apparent that the differences appear to result from an obligatory conformational 

change in the P-loop of the native Fe protein to allow close contact between the 

Fe protein monomers.  Several residues of the P-loop of comparing the Fe 

protein within the Av2L127 deletion variant: Av1 complex are not well ordered, 

suggesting flexibility and the possibility of multiple conformations (Figure 1-16).  

The P-loop regions of the MgATP bound Av2 L127 deletion variant:Av1 

complex and of the Fe protein-MoFe protein complex stabilized with MgADP-

AlF4
-are in nearly the same conformation.  Most significantly, Lys10 interacts 

with the terminal phosphate of MgATP or with the AlF4
- across the subunit 

interface, so that Lys10 of one Fe protein subunit is interacting with the terminal 

phosphate of the other Fe protein subunit. 
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Figure 1-16.  The environment of MgADP•AlF4

- in the structure of the 
nitrogenase Fe protein in the Av2MgADP-AlF4

-:Av1 complex.  The primary 
interactions with the nucleotide and the Mg2+ arise from the P-loop region 
(Lys15, Ser16), switch II region (Asp125) and switch I (Asp39, Lys41, Ser44) 
region respectively. 
 
              

Another region where structural differences are evident is the region 

around residue Asp39 that is proposed to stabilize the attacking nucleophile for 

MgATP hydrolysis and that extends to Val75.  In general, it appears that the 

changes observed in this region of the Av2 L127 deletion variant:Av1 complex 

relative to native Fe protein are linked to the changes observed in residues 88 

through 118 and in the Fe protein-MoFe protein complex stabilized with 

MgADP-AlF4
- because this region is similar in all the complex structures.  

However, there are two areas within this region of the complex structures that 
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differ.  The area of Asp39 through Asp43 in the Av2 L127 deletion variant:Av1 

complex is very different from that observed in the Fe protein-MoFe protein 

complex stabilized by MgADP-AlF4
-.  However, upon MgATP addition these 

residues adopt a conformation resembling that observed in the Fe protein-MoFe 

protein complex stabilized with MgADP-AlF4
-. 

Changes are also observed in the region surrounding Glu154 of the Av2 

L127 deletion variant :Av1 complexes relative to native Fe protein.  These 

changes in Av2L127 deletion variant :Av1, nucleotide free or nucleotide bound, 

approximate to what is observed in the Fe protein-MoFe protein complex 

stabilized with MgADP-AlF4
-.  However, the Asp154 side chain does not form an 

inter-subunit salt bridge with Arg213, as observed for the Fe protein-MoFe 

protein complex stabilized with MgADP.AlF4
-.  This is likely to be a result of the 

differences observed in the degree of rigid body repositioning of the Fe protein 

monomers with respect to one another.  These changes occur to a lesser degree in 

the Fe protein of the Av2 L127 deletion variant :Av1 complexes relative to the 

Fe protein in the Fe protein-MoFe protein complex stabilized with MgADP-AlF4
-.  

These differences are amplified since Asp154 occurs in a region that is distal 

from the Fe protein-MoFe protein interface.  The saltbridge between Asp154 and 

Arg213 in the Fe protein MoFe protein complex stabilized with MgADP-AlF4
- 

was suggested to be involved in stabilizing the interaction between Arg213 and 

the bound adenosine ring.  The observation that this saltbridge is absent in the 

Av2 L127 deletion variant :Av1 complexes as well as the absence of the 



 52

interaction of Arg213 with the adenosine may contribute to its reduced rates of 

MgATP hydrolysis. 

 A closer look at the interactions between the Fe protein and Mg2+ and 

phosphate portions of the bound MgADP reveals likely mechanisms for 

communication of the ATP hydrolytic event to changes in switches I and II.  It 

was proposed earlier that the change of Mg2+ from interaction with the β– and γ– 

phosphates to interaction with the α– and β– phosphates is a driving step for 

nucleotide hydrolysis.  Analysis of the structures of the Fe protein bound with 

MgADP and MgADP.AlF4
-supports the hypothesis that protein interactions with 

the Mg2+ are essential to the transduction of the nucleotide hydrolysis event.  

Changes in the coordination of the Mg2+ ion transduce the different signals to the 

docking surface through direct interactions with residues of switch I.  Similarly, 

the interaction of the phosphates of the MgADP molecules results in a change in 

the conformation of the P-loop, which in turn is communicated to the bridging 

[4Fe-4S] cluster through the adjacent Asp129 side chain through a direct 

hydrogen-bonding interaction to the main chain of the P-loop. 

                     
Implications for ATP Hydrolysis and Electron Transfer 

 
The structure of the nucleotide-free Av2 L127 deletion variant: Av1 

complex shares some features with that of the nitrogenase complex stabilized by 

MgADP-AlF4
-, namely the interactions at the docking surface and the gross 

conformational change observed in the Fe protein.  On the other hand, many of 

the interactions across the Fe protein dimer interface are different, especially 
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those related to nucleotide binding and hydrolysis.  Many of the interactions at 

the dimer interface adopt conformations which allow nucleotide binding in the 

Av2 L127 deletion variant: Av1 complex but do not change the integrity or the 

overall structure of the complex.  This raises the questions:  why is this complex 

stable and how is nucleotide binding/hydrolysis utilized in the native, 

catalytically-active enzyme? 

The hydrolysis of MgATP by the native Fe protein occurs only in the 

presence of the MoFe protein.  The MoFe protein participates in the process of 

nucleotide hydrolysis by stabilizing a transition state that cannot be attained by 

the Fe protein alone.  The Fe protein Leu127 is unable to achieve this state even 

in the presence of the MoFe protein and thus it is locked together with the MoFe 

protein in much the same manner as the nitrogenase complex stabilized by 

MgADP-AlF4
-.  Although the deletion of Leu127 of the Fe protein results in a 

conformational state of the Fe protein that will participate in productive, stable 

complex formation in the absence of any bound nucleotide, it occurs at the 

expense of the ability to bring about the state of the Fe protein that can 

dissociate and participate in another cycle of complex formation and electron 

transfer.  This is reminiscent of the interaction of actin and myosin, in which the 

movement of myosin relative to actin has been suggested to occur by a reversal 

of the nucleoside-triphosphate-induced conformational changes[77].   

Electron transfer has been shown to occur within the Av2 L127 deletion 

variant:Av1 complex, albeit at a markedly reduced rate compared to the native 

enzyme.  This suggests that a pathway exists to electron transfer, but it is unclear 
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whether this pathway is biochemically relevant to the functioning of the native 

enzyme.  The pathway is essentially analogous to the conceived for the Fe 

protein-MoFe protein stabilized by MgADP-AlF4
-.  It is conceivable that even 

very slight changes in the structural conformations of these pathways could 

result in dramatic changes in rates of electron-transfer, for example effecting 

through space-jumps.  Another factor is the driving force generated by 

differences in the environment of the [4Fe-4S] cluster, which can be affected 

dramatically, for example, by the proximity of hydrophobic residues or dipoles 

to the cluster.  Upon complex formation, the redox potential of the [4Fe-4S] 

cluster shifts dramatically, from ~-400mV to ~-600mV [48].  Obviously factors 

such as the decrease in solvent accessibility and the location of the hydrophobic 

residues (Val130) contribute to the increased driving force and reduction, but 

there are many details that are not entirely understood. 

 
Research Directions 

 
Clearly there are still areas remaining in which structure-determination by 

x-ray diffraction methods can advance our understanding of nitrogenase function.  

The substrate-reduction site is well characterized, but rationalizing the details of 

dinitrogen binding and reduction at this site from this structural information is 

not obvious.  The structural characterization of a substrate- or inhibitor bound 

form of the MoFe protein could offer a great deal in terms of our understanding 

of the process of dinitrogen reduction at this site.  Unfortunately, capturing the 

MoFe protein in a substrate- or inhibitor bound form for structure determination 
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is not yet been possible.  This is in part due to the inability to attain the reduced 

states required for the substrate and inhibitor binding.  The ability to reach these 

states requires reduction of the MoFe protein by the Fe protein and this is not 

possible in crystals of the nitrogenase MoFe protein.  Recently, results have been 

presented that indicate that certain MoFe proteins with defined amino acid 

substitutions in the polypeptide environment of the FeMo-cofactor can bind 

substrates and inhibitors under non-turnover conditions.  These site-directed 

variants of the MoFe protein may provide the means to generate a crystal 

structure of an inhibitor or substrate bound form of the MoFe protein, which 

would be of profound importance and interest. 

In the area of understanding the role of MgATP binding and hydrolysis in 

catalysis, the structural characterization of the nucleotide bound forms of the Fe 

proteins and nitrogenase complexes has offered a great many insights.  In this 

process, the conformational changes in the Fe protein brought about by the 

binding of MgATP result in a high affinity of the Fe protein for the MoFe protein, 

promoting nitrogenase complex formation.  It is generally accepted that through 

complex formation, additional conformational changes are imposed upon the Fe 

protein by the MoFe protein, leading to MgATP hydrolysis.  It is likely that the 

complexes represent some intermediate stage of the process and that at least 

some MoFe protein-dependent Fe protein conformational changes are being 

observed.  A more definitive assessment of the conformational changes observed 

in the complexes requires a structural description of the MgATP-bound form of 

the Fe protein.  With this structure in hand, conformational changes brought by 
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the interaction of MgATP can be differentiated from those resulting from 

complex formation.  It has not been possible to capture a MgATP bound state of 

the Fe protein.  This is partly due to the instability of MgATP in aqueous 

solution, in which it is likely to be hydrolyzed during crystallization.  The 

expected structural changes of the Fe protein by MgATP-binding probably 

preclude addition of MgATP to the crystals of the native Fe protein, since such 

changes would be likely to disrupt the crystal lattice.  A resolution may lie in the 

use of nucleotide analogs.  However, the interaction of these analogs with the Fe 

protein has been shown to approximate the conformational changes that result 

from MgATP binding.  Another possibility could be to characterize structurally 

the Leu127 deletion variant of Fe protein, which has been shown to possess 

biochemical and biophysical properties of an Fe protein with MgATP bound but 

in the absence of nucleotides.  The structure of the L127 deletion variant-MoFe 

protein complex will provide the basis for direct comparisons. 
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CHAPTER 2 

 
A CONFORMATIONAL MIMIC OF THE MgATP-BOUND "ON STATE" OF 

THE NITROGENASE IRON PROTEIN 

                                                     
Introduction 

 
The biochemical apparatus that is responsible for the conversion of 

atmospheric nitrogen gas to ammonia is the complex metal-containing enzyme 

nitrogenase. Nitrogenase is a two-component enzyme, and in the most 

extensively studied of the nitrogenase enzyme systems, a MgATP binding iron-

sulfur protein termed the Fe protein serves as the unique electron donor to the 

MoFe protein where nitrogen is bound and reduced [42, 78, 79].  The MoFe 

protein contains two types of complex metal clusters, the P clusters, which serve 

as an intermediate acceptor of electrons from the Fe protein on route to the FeMo 

cofactors, which in turn serve as the sites for substrate binding and reduction.  

The Fe protein is a member of a large class of proteins that couple 

nucleoside triphosphate (either ATP or GTP) binding and hydrolysis to protein 

conformational changes that can be transduced within a macromolecular complex 

[37, 38].  Members of this class are involved in numerous important cellular  

processes, including G proteins in hormone-stimulated metabolic activities [80, 

81], transducin in the light-driven response in vision [34], EF-Tu in protein 

This section has been coauthored by Sanchayita Sen, Robert Igarashi, Archer 
Smith, Michael K. Johnson, Lance C. Seefeldt and John W. Peters (2004) 
Biochemistry, 43(7), 1787-97  
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synthesis [32, 33], RecA in DNA repair [35, 36], and myosin in muscle 

contraction [82-85].  Individual members of the class can be related and 

identified by regions of amino acid sequence conservation in the nucleotide 

binding regions of the proteins.  All of the members possess two sets of 

consensus amino acid sequence motifs termed Walker A and Walker B sequences 

[37, 38, 86] (Table 2-1).  

 
Table 2-1.  The sequence comparison for walker A and walker B motifs of 
nucleotide binding proteins indicated by single letter amino acid code 
Protein       Process Walker A Walker B Nucleotides 

involved 
Fe Protein    electron-transfer & ATP 

hydrolysis 
GKGGIGKS DVLG ATP 

Ras 
protein       

cell differentiation GAGGVGKS DTAG GTP 

EF-Tu          protein synthesis GHVDHGKT DGPG GTP 
Myosin muscle contraction GESGAGKT DISGFE ATP 
Transducin vision GAGESGKS DVGG GTP 
RecA DNA repair GPESSGKT VIVVDSV ATP 
eIF4A protein synthesis AQSGTGKT DEAD ATP 
 

For G protein-coupled receptors, the binding of a hormone at a receptor 

induces a conformational change in the receptor, resulting in an association with 

the heterotrimeric G protein.  The interaction of the G protein with the receptor 

imposes conformational changes in the α-subunit of a heterotrimeric G protein 

(Gα), resulting in nucleotide displacement (MgGTP for MgGDP) and 

dissociation of Gα in the "on state".  The activated Gα can then, for example, act 

as a positive effector for a specific enzyme involved in metabolism.  Modulating 

between the two macromolecular partners as a function of the nucleotide-bound 

(MgGDP or MgGTP) state requires regions for communication between the 
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nucleotide binding site and the sites for protein-protein interaction, and these 

regions have been termed nucleotide-dependent switch regions. The "off state" of 

the G protein is released upon GTP hydrolysis and provides an elegant system of 

desensitization through a slow inherent GTP hydrolysis activity of the G protein 

that can be regulated through the association of other proteins that enhance the 

specific GTPase activity.  

The Fe protein is a special member of this class in both form and function, 

and thus the comparisons of the Fe protein structure and function with other 

members are very interesting [42, 78, 79].  Structurally, the Fe protein, unlike 

the other members of the class, exists as a dimer with subunits covalently linked 

by a single [4Fe-4S] cluster.  In terms of function, the enzyme utilizes MgATP to 

define conformational states that allow the Fe protein to make sequential electron 

transfers to the MoFe protein in a manner that allows electrons to accumulate on 

the MoFe protein as either electrons residing on the metal clusters or in enzyme-

associated substrate reduction intermediates.  During nitrogenase catalysis, each 

Fe protein dimer binds two MgATP molecules and in the reduced state forms a 

complex in which at least one electron can be transferred to the MoFe protein.  

The interaction of the on state of the Fe protein with the MoFe protein results in 

conformational changes imposed on the Fe protein, leading to MgATP hydrolysis 

and the transition to the MgADP-bound state or the off state.  For the Fe protein 

the aforementioned nucleotide-dependent switch regions link the sites for 

nucleotide binding and hydrolysis with the Fe protein's [4Fe-4S] cluster and the 

sites for MoFe protein interaction.  This allows for nucleotide-dependent control 
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of nitrogenase complex formation and the redox properties of the Fe protein's 

[4Fe-4S] cluster. Although the role and absolute requirement for MgATP in 

nitrogenase catalysis are not completely understood, a potential role is implied in 

providing a means to accumulate multiple reducing equivalents on either the 

metal clusters or enzyme-bound reduced intermediates of the substrate on the 

MoFe protein.  

The nitrogenase components have been structurally characterized in their 

native state as well as a number of defined states relevant to the nitrogenase 

catalytic cycle [1, 4, 8, 9, 39, 87-89].  The structures of the Fe protein in its 

native state and MgADP-bound state [39, 59] as well as the nitrogenase Fe 

protein-MoFe protein complex have contributed significantly to our 

understanding of the role of MgATP binding and hydrolysis in nitrogenase 

catalysis.  The structure of the nitrogenase complex stabilized in the presence of 

MgADP and tetrafluoroaluminate [44, 90] revealed that the Fe protein can 

undergo significant conformational changes during complex formation.  Yet to 

be structurally characterized is the MgATP-bound on state of the Fe protein.  The 

structure of this state is critical to dissecting the protein-protein interactions 

within the nitrogenase complex that result in the Fe protein conformational 

changes that trigger MgATP hydrolysis and electron transfer.  

Capturing crystals of proteins in the presence of bound nucleoside 

triphosphates is a difficult task since these compounds are not stable to the 

extent that they can be incubated at ambient temperatures for extended periods 

without being hydrolyzed.  The instability has been overcome in some systems 
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by utilizing the various nonhydrolyzable analogues of GTP or ATP [77, 80, 91].  

A variant of the Azotobacter vinelandii Fe protein has been characterized 

previously in which a single amino acid deletion has been placed in the 

nucleotide-dependent switch region responsible for communication with the sites 

for nucleotide binding and hydrolysis and the [4Fe-4S] cluster [69, 70].  The Fe 

protein with a single deletion of Leu at position 127 has been extensively studied 

and shown to have biochemical and biophysical properties in its nucleotide-free 

form that mimic the native Fe protein in the presence of bound MgATP [69, 70].  

In further support of the concept that the L127 deletion variant is a structural 

mimic of the Fe protein MgATP-bound state, it has been shown that the Fe 

protein variant forms a tight binding complex with the MoFe protein in either the 

presence or absence of bound nucleotides [45, 70].  This complex has been 

structurally characterized and significantly resembles the structure of the 

nitrogenase complex stabilized in the presence of MgADP and 

tetrafluoroaluminate [44, 90].  

                                              
Materials and Methods 

 
Protein Crystallography 

The Leu127 deletion variant of the nitrogenase enzyme was purified from 

A. vinelandii as described previously [69].  The protein was concentrated to 70 

mg/mL prior to crystallization. The conditions for crystallization were initially 

identified through sparse matrix screens [92, 93].  Crystals were grown under 

anaerobic conditions in a Coy anaerobic chamber using the microcapillary batch 
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diffusion method [39] with 24% poly(ethylene glycol), MW = 4000, as the 

precipitating agent in 0.16 M MgCl2, trishydrochloric acid, pH 8.5, 20% glycerol, 

and 1 mM sodium dithionite.  The crystals are brown in color and grow to the 

approximate dimensions of 0.2 × 0.5 × 1 mm in ~2-3 weeks.  

 
Table 2-2. Multiple Wavelength Anomalous Diffraction Data Statistics 
Cell Dimensions   a = 70.7 Å      Space Group      C2221 
                              b = 133.0 Å 
                               c = 61.1 Å 
                                α = β = γ = 90.00 ° 

                                
          Remote   Fe-Edge    
        λ1 = 1.4251 Å λ2 = 1.6934 Å          λ3 = 1.7416 Å   
Resolution (Å)                  50.00 - 2.96 50.00 – 2.96           50.00-3.00  
Completeness (%)                 99.5 (99.9) 98.8 (93.6)           99.3 (97.6)   
Observed reflections             55579  56685            25479   
Unique reflections                 6172  6042            5745   
I/σ                                         8.2 (5.8) 4.0 (3.0)           4.5 (1.8)   
aRmerge                                 0.064 (.109) 0.105 (0.199)           0.107 (0.182)   
  
aRmerge = ΣhklΣi|Ii - <I>/ΣhklΣi|<I>|, where Ii is the intensity for the ith 
measurement of an equivalent reflection with indices h,k,l.  Data statistics for the 
highest resolution shell are indicated in parentheses. 
 
 

Data were collected on beamlines 9-1 and 9-2 of the Stanford Synchrotron 

Radiation Laboratory, and during data collection the crystals were cooled by a 

continuous flow of liquid nitrogen at 93 K.  The data were processed using 

MOSFLM [94] and scaled using the SCALA [95] suite program.  For the 

collection of multiple wavelength anomalous dispersion (MAD) data, absorption 

edge measurements were utilized to identify the energies of f ' and f ''. Data sets 

were collected at the wavelengths corresponding to f ' and f '', and in addition one 
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data set was collected at a wavelength corresponding to an energy remote of the 

edge. Data statistics for the 3.0 Å MAD data are shown in Table 2-2.  

 The structure was determined using a combination of molecular 

replacement (MR) techniques using AMORE [96] and multiple wavelength 

anomalous dispersion methods [97] using the program SOLVE [98] for the 

identification of Fe sites and phase calculation.  Preliminary determination of the 

crystal symmetry and cell parameters indicated the asymmetric unit of the 

crystals would contain a single subunit of the Fe protein dimer (Table 2-2) [99].   

For the molecular replacement, a single subunit of the dimeric Leu127 deletion 

variant of the A. vinelandii Fe protein from the complex structure (PDB 

accession code 1G20) was used as the search model.  The initial solution resulted 

in a correlation coefficient of 0.42 and an R factor of 0.45.  Searches for iron 

sites using the MAD data resulted in the identification of a single iron site with a 

refined occupancy of ~2.0 located very close to the crystallographic 2-fold axis.  

The individual iron sites were tentatively assigned using considerations 

concerning the limited degrees of freedom that define iron-iron distances in iron-

sulfur clusters as previously described [100].  The refinement of MAD phases 

using a phase model having two iron atoms yielded a figure of merit of 0.8.  

Phases from the MAD and MR experiments were combined using ARP/wARP 

[101, 102], and the model was assigned using iterative cycles of model building 

using the program O [103] and refinement using X-PLOR and CNS [104, 105].  

For refinement, 5% of the data were set aside for the calculation of the Rfree, and 

the data were randomized to validate the Rfree by simulated annealing using  
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X-PLOR.  During model building, certain regions of the protein were 

encountered in which the quality of the electron density maps was poor and the 

model could not unambiguously be assigned.  These regions include amino acid 

residues 60-70, 90-98, and 133-143, most of which happen to be adjacent 

residues of Cys97 and Cys132 that serve as [Fe-S] cluster ligands.  The final 

model obeys reasonable stereochemistry as evaluated by PROCHECK. Data 

statistics for the data used in the refinement and the crystallographic refinement 

statistics are shown in Table 2-3 and reflect X-PLOR refinement using data from 

2.5 to 8.0 Å resolution with a 0σ cut. 

 
Table 2-3. Data and Refinement Statistics  

Data Statistics  

Resolution ( Å ) 20.0-2.53 
Completeness (%) 99.4 (99.8) 
Observed reflections 122724 
Unique reflections 10015 
I/σ 15.3 (4.7) 
aRmerge  0.059 (0.135) 
  
Refinement Statistics (8.0-2.5 Å) 
Rcryst   

 
0.216 

Rfree   0.276 
Average B factor (Å2) 46.2 
rms bond (Å) 0.01 
rms angles (°) 2.61 
  

aRmerge = ΣhklΣi|Ii - <I>/ΣhklΣi|<I>|, where Ii is the intensity for the ith measurement of 
an equivalent reflection with indices h, k ,l.  Data statistics for the highest resolution 
shell indicated in parentheses. 
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Preparation of Samples for Spectroscopic Measurements 

All sample manipulations were carried out in a Vacuum Atmospheres 

glovebox under an Ar atmosphere (<5 ppm O2).  Samples of wild-type and the 

L127 deletion variant of A. vinelandii Fe protein were purified in 50 mM Tris-

HCl buffer, pH 8.0, with 1 mM sodium dithionite and 20% (v/v) glycerol.  

Glycerol and dithionite were removed by gel filtration using a Sephadex G-25 

column, and samples were concentrated by Centricon or Amicon ultrafiltration. 

ATP-bound wild-type samples were prepared by addition of a 4-fold excess of 

MgATP (Sigma) using a stock solution prepared in the same buffer. Samples 

were oxidized by addition of aliquots of a concentrated stock solution of thionin 

until a persistent color change was observed.  

 
Spectroscopic Measurements 

UV-visible absorption spectra were recorded under anaerobic conditions 

in screw-top 1 mm cuvettes using a Shimadzu UV-3101PC spectrophotometer.  

Resonance Raman spectra were recorded using an Instruments SA Raman or 

U1000 spectrometer fitted with a cooled RCA 31034 photomultiplier tube with a 

90  scattering geometry. Spectra were recorded digitally using photon counting 

electronics, and improvements in signal-to-noise ratios were achieved by signal-

averaging multiple scans.  Band positions were calibrated using the excitation 

frequency and are accurate to ±1 cm-1.  Lines from a Coherent Sabre 10-W argon 

ion laser and plasma lines were removed using a Pellin Broca Prism 

premonochromator.  Using a custom-designed sample cell [106], samples under 
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an Ar atmosphere were placed on the end of a coldfinger of an Air Products 

Displex Model CSA-202E closed cycle refrigerator and cooled to 17 K. X-band 

(~9.5 GHz) EPR spectra were recorded on a Bruker ESP-300E EPR spectrometer 

equipped with an ER-4116 dual-mode cavity and an Oxford Instrument ESR-9 

flow cryostat.  Resonances were quantified under nonsaturating conditions using 

a 1 mM CuEDTA standard.  

                                            
Results and Discussion 

 
Overall Structure 

The L127 deletion variant of the A. vinelandii Fe protein provides the 

means to gain insights into the conformation of the MgATP-bound on state in the 

absence of bound nucleotides.  The structure of the Fe protein Leu127 deletion 

variant has been determined and refined to 2.5 Å resolution [107], providing 

structural representation  approximating the MgATP-bound on state of the 

nitrogenase Fe protein, and provides the basis for the characterization of the 

initial interactions of the Fe protein with the MoFe protein that result in 

macromolecular complex formation, MgATP hydrolysis, and intermolecular 

electron transfer.  The overall structure of the Fe protein variant reveals a 

strikingly different protein conformation than observed previously for either the 

native state [39, 40], the MgADP-bound state [59], or the Fe protein 

conformation observed within the nitrogenase complex structures [44, 45, 90] 

(Figure 2-1).    
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Figure 2-1.  Comparison of the structure of the L127 deletion variant with 
previously characterized states of the Fe protein.  The figure represents overall 
structural conformations of (A, B) the Fe protein L127 deletion variant with (C, 
D) the native nitrogenase Fe protein in the absence of bound nucleotides and (E) 
a wall-eyed stereo figure of the superimposition of the structure of the free L127 
deletion variant on the L127 deletion variant from the nitrogenase complex. 
Views B and D represent a 90° rotation of the views shown in (A) and (C). The 
[4Fe-4S] clusters are represented in rust (Fe) and yellow (S) spheres. 
 
 

The most significant structural differences that separate the Fe protein 

variant and the aforementioned structures of the Fe protein are largely 

manifested in a rigid-body reorientation of the Fe protein subunits with respect 

to one another.  In contrast to the Fe protein within the nitrogenase complexes, it 
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was observed that the Fe protein subunits could undergo a small-scale rigid-body 

reorientation with respect to one another consisting of approximately 5° for each 

monomer relative to the Fe protein in its native state.  This conformational 

change resulted in a translation of the Fe protein's [4Fe-4S] cluster toward the Fe 

protein-MoFe protein docking interface.  In the current study, each of the Fe 

protein subunits is reoriented by a rigid-body rotation with respect to one another 

on the order of 30° relative to the previously characterized Fe protein structures 

[39, 40, 44, 45].  Interestingly, a conformational change on this order has been 

recently observed in the myosin V motor, which is also a member of the large 

class of signal transduction proteins.  The two heads of the myosin V motor 

move progressively along an actin filament in a hand over manner, advancing the 

center of mass by 37 nm for each adenosine triphosphate hydrolyzed [108, 109]. 

The structures of the individual Fe protein subunits themselves are largely 

conserved, no doubt a result of the strong interactions provided by the subunits' 

β-sheet cores.  The most pronounced differences occur within the switch II 

regions near the sites of the deletion mutations and terminate in the covalent 

attachment provided by the cluster.  Presumably the interaction of MgATP with 

the native Fe protein can result in a similar set of conformational changes 

through the direct interaction of the Fe protein's phosphate binding loop, "P 

loop", with the aspartate 129 residues of switch II.  
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Model for Nitrogenase Component Initial Interactions 

The structure provides a basis for understanding the conformation of the 

Fe protein that interacts productively with the MoFe protein to form a 

macromolecular complex in which electron transfer and MgATP hydrolysis occur.  

The Fe protein conformation observed in the L127 deletion variant provides for 

distinct docking interactions from that observed in the Fe protein-MoFe protein 

complex structures.  The resulting conformation can be easily docked as a rigid 

body with the MoFe protein with both structural and chemical complementary 

interactions.  A docking model can be proposed through the rigid-body docking 

of the structure on the basis of the pairing of the Fe protein 2-fold axis of 

symmetry with the pseudo-2-fold symmetric axis of an β dimer of the MoFe 

protein heterotetramer as observed in the nitrogenase complex structures (Figure 

2-2).  The resulting docking model presented here indicates that the nitrogenase 

docking interactions initially occur by the embrace of loop regions of the Fe 

protein with the pair of α-helices (present in both the α- and β-subunits) that 

make up a ridge on the surface of the docking interface of the MoFe protein.  

The chemical aspect of this docking interaction can be explained on the basis of 

a large number of potential electrostatic, polar, and hydrophobic interactions that 

can be realized when the proteins are allowed to dock in the manner described 

above.  As summarized in Table 2-4, these interactions are quite different from 

the interactions observed in the nitrogenase complex structures.   
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Figure 2-2.  Proposed model for initial docking of the L127 deletion variant with 
the MoFe protein. The docking model is based on structural and chemical 
complementarities observed at the Fe protein and MoFe protein docking interface. 
(A) Wall-eyed stereoview of the Fe protein L127 deletion variant poised for 
initial interaction with an β dimer half of the MoFe protein. (B) A single Fe 
protein dimer is poised for docking with an β dimer half of the MoFe protein as 
in (A) rotated 90°. (C) Docking and protein-protein interactions observed in the 
stable nitrogenase complex formed between the Fe protein L127 deletion variant 
and the MoFe protein. (D) Cutaway view of the specific Fe protein and MoFe 
protein regions proposed to interact during initial docking. The structural fit 
within the docking region of the -helical region of the MoFe protein docking 
interface and the loop regions of the Fe protein are represented in the same color 
scheme as in panels A-C. 
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Table 2-4.  Fe Protein - MoFe protein interactions observed in the nitrogenase 
complexes and implied through the analysis of the docking model for initial 
interaction of the Fe protein L127 deletion variant and the MoFe protein. All 
amino acids are indicated by single letter code. Some interactions are supplied by 
the side chain moieties and some by main chain groups.   
Fe protein L127∆ 

- MoFe protein 
complex 

Fe protein L127∆ 
(ATP) - MoFe 

protein complex

Fe protein 
(ADP.ALF4

-) - 
MoFe protein 

Free Fe protein 
L127∆- MoFe  
protein docking 

A62-Kα121   E68-αK129 
C97-Vα124 C97-Vα124 C97-Vα124 I103-αF125 
R100-Eα120 R100-Eα120 R100-Eα120 E141-αR187 
R100-Gα157 R100-Gα157 R100-Gα157 Q145-αR203 
T104-Eα120 T104-Eα120 R100-Eα184 K170-αD162 
R140-Gα160  G133-Iα159 K170-αD161 
E141-Kα168   A172-Lα158 

   A172-Iα159 
    

C97-Vβ124 C97-Vβ124 C97-Vβ124 E68-βK132 
R100-Eβ120 R100-Eβ120 R100-Eβ156 I103-βF125 
T104-Eβ120 T104-Eβ120 T104-Eβ120 E141-βH185 
R100-Eβ156 R100-Eβ156 G133-Iβ158 Q145-βR206 
G133-Iβ158 E111-Kβ303 K170-Nβ168 K170-βD160 
R140-Gβ159   A172-Iβ158 

 
 

An example of the potential interactions that can be rationalized through 

analysis of the docking model includes the interaction of glutamate residues 

within the switch I region of the Fe protein (glutamate 68) directly with a pair of 

pseudo-symmetrically related lysine residues on the α- and β-subunits of the 

MoFe protein (α-Lys129 and β-Lys132).  These interactions could presumably 

provide the sites that communicate the trigger signal complex formation to the 

sites for MgATP hydrolysis. Interestingly, mutagenesis studies involving the 

substitution of a set of nearby surface-exposed Phe residues ( -Phe125 and β-

Phe125) by alanine result in a MoFe protein that is unable to promote Fe protein 

MgATP hydrolysis or participate in nitrogenase complex formation [110].  
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Implied by the comparison of the structure of the free Fe protein L127 deletion 

variant presented here and the Fe protein structure observed in the complex is 

that the rather dramatic structural differences observed result from 

conformational changes imposed on the Fe protein by the MoFe protein 

interactions that occur during macromolecular complex formation.  It was 

observed in the nitrogenase complex structures that although conformational 

changes are clearly evident within the Fe protein, MoFe protein conformational 

differences are restricted to the reorientation of amino acid side chains that are 

involved with specific protein-protein interactions.  

The current study does not preclude the potential for a MoFe protein 

conformational change occurring during catalysis.  However, the conformational 

changes implied could provide a mechanism for the MoFe protein as a rigid body, 

providing the interactions critical for intermolecular electron transfer and 

MgATP hydrolysis.  The conformational differences suggest that electron 

transfer could be facilitated by the repositioning of the Fe protein's [4Fe-4S] 

cluster, providing for a closer proximity to the MoFe protein's P cluster.  In 

addition, as suggested from the nitrogenase complex structures, the reorientation 

of the Fe protein's subunits with respect to one another provides the potential for 

cross-subunit interactions that could participate in the stabilization of 

intermediates of MgATP hydrolysis, thereby accelerating the hydrolysis event.  

In sum, this line of thinking provides the basis for MoFe protein catalyzed 

coordination of electron transfer and MgATP hydrolysis events and the 

subsequent transition of the Fe protein to the oxidized MgADP-bound off state. 
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Structure and Environment of the [Fe-S] Cluster 
 

The dramatic conformational differences have significant implications for 

conformational changes in the environment of the Fe protein's Fe-S cluster 

during catalysis and provide the basis for an elegant mechanism of modulating 

the biophysical properties of the cluster.  The Fe-S cluster of the Fe protein L127 

deletion variant is a great deal more solvent exposed than in the previous 

structurally characterized states of the Fe protein [39, 40, 44, 45].  Since we 

believe the conformational state to strongly resemble that of the native MgATP-

bound state of the Fe protein, the large degree of cluster solvent accessibility 

observed here explains in part the increased sensitivity to metal chelation 

observed for the native Fe protein in the presence of MgATP [111]. Although 

conformational changes in the environment of the Fe protein's [4Fe-4S] cluster 

were anticipated, changes in the structure of the cluster itself were unexpected. 

Even at a very early stage of the structure determination it was clearly evident 

that the Fe-S cluster was structurally distinct from the regular [4Fe-4S] cubane 

observed in all previous structures of the Fe protein (Figure 2-3A).  The [4Fe-4S] 

cluster is clearly divided or split into two [2Fe-2S] rhombs (Figure 2-3B-D).  

Although the cluster region in the structure of the L127 deletion variant is 

significantly disordered, the best fit for the coordination environment indicates 

that each [2Fe-2S] fragment is coordinated by two Cys ligands and non-protein 

ligands that include an Fe bridging water molecule and a glycerol molecule that 

is coordinated in a bidentate-bridging fashion to the Fe atoms of each [2Fe-2S] 

fragment.  The Cys coordination is arranged with each [2Fe-2S] rhomb 
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coordinated by Cys residues from each subunit such that the independent [2Fe-

2S] clusters covalently link the subunits of the Fe protein dimer. 

 

 
Figure 2-3.  The [Fe-S] cluster in the native Fe protein and in the L127 deletion 
variant.  (A) Close-up of the environment of the [4Fe-4S] cluster of the native 
nitrogenase Fe protein in the analogous orientation as view in Figure 1C. (B) 
Wall-eyed stereoview of 2Fo - Fc electron density maps of the [FeS] cluster 
environment of the Fe protein L127 deletion variant observed in the structure. 
Nonprotein ligands which could exist as hydroxo or aquo, and as it has been 
modeled in (B), glycerol molecules are shown. (C, D) Close-up of the structural 
environment of the [FeS] clusters of the Fe protein L127 deletion variant. The 
orientations (C and D) shown are analogous to the views of the Fe protein variant 
shown in Figure 1A,B. (E) Model for the redox-dependent structural changes 
observed in the Fe protein L127 deletion variant and the native Fe protein with 
bound MgATP. Non-protein ligands modeled glycerol and water molecules in 
(B) are indicated by X. 
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The rationale for including glycerol as a cluster ligand was initially 

provided by resonance Raman studies, which indicate that the cluster 

transformation is specifically induced by glycerol; see below.  In addition, the 

resonance Raman studies presented below indicate that the observed disorder is 

likely a result of the cluster existing in a mixture of the two [2Fe-2S] and [4Fe-

4S] forms within the crystal. 

 
Spectroscopic Characterization of the Fe-S Cluster in the L127 Deletion Variant 

and ATP-Bound Wild-Type Fe Protein  

The unexpected crystallographic results for the structure of the Fe-S 

cluster in the L127 deletion variant prompted detailed spectroscopic 

characterization to assess if the crystallographically defined cluster 

transformation occurs in solution and to evaluate the factors responsible for 

effecting any cluster transformations observed in solution.  In the absence of 

glycerol, UV-visible absorption, EPR, and resonance Raman studies of the L127 

deletion variant provided no clear indication of the novel type of cluster 

transformation observed by crystallography in either the dithionite-reduced or 

thionin-oxidized redox states.  EPR studies of dithionite-reduced samples 

revealed a near-axial S = 1/2 resonance, g = 2.03, 1.92, 1.87, accounting for 0.6 

spin/dimeric Fe protein and a weak feature at g ~ 5, indicative of a minor S = 3/2 

component.  In accord with previous results [50, 69], these EPR properties are 

consistent with a mixed-spin [4Fe-4S]+ cluster in the ATP-bound form of the Fe 

protein.  Oxidation with a minimal excess of thionin after removal of excess 
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dithionite resulted in loss of the EPR signals and conversion of the featureless, 

monotonically increasing UV-visible absorption into a spectrum with a well-

defined shoulder at ~400 nm. Both changes are consistent with oxidation to a S = 

0 [4Fe-4S]2+ cluster. 

Resonance Raman, which provides a more discriminating method for 

distinguishing between clusters with S = 0 ground states, revealed the presence 

of both [4Fe-4S]2+ and [2Fe-2S]2+ clusters in thionin-oxidized samples of the 

L127 deletion variant (Figure 2-4a).  Similar spectra have been observed and 

analyzed in detail for thionin-oxidized wild-type Fe protein in the presence of 

MgATP (see below and ref 112). Moreover, as for the oxidized ATP-bound Fe 

protein, the spectrum of the [2Fe-2S]2+ center in isolation was obtained by 

treating the sample with a metal ion chelator such as EDTA (Figure 2-4b).  The 

ability to selectively remove two Fe atoms from oxidized ATP-bound Fe protein 

by the addition of metal chelators to form a semistable derivative with one [2Fe-

2S]2+ cluster bound per dimer is well documented [111].  Hence the oxidized 

L127 deletion variant is shown to mimic oxidized ATP-bound wild-type Fe 

protein, in terms of the mechanism of oxidative cluster degradation via a 

semistable [2Fe-2S]2+ intermediate.  Subtraction of the contribution from the 

[2Fe-2S]2+ cluster, after normalization of the intensities of the isolated [2Fe-

2S]2+ cluster bands at 290 cm-1, results in a resonance Raman spectrum 

characteristic of a [4Fe-4S]2+ cluster (Figure 2-4c) that is attributed to the ATP-

bound form of the oxidized Fe protein with the [4Fe-4S]2+ intact. Since the 

intensities of the resonance Raman spectra of [2Fe-2S]2+ centers are typically 5-
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10 times greater than those of [4Fe-4S]2+ centers with 457.9 nm excitation [112-

114], the [2Fe-2S]2+ cluster-containing form is likely to be a minor component 

and hence not readily evident in the UV-visible absorption spectrum.  While it is 

not possible to rule out the possibility that the minor [2Fe-2S]2+ cluster-

containing component is related to the novel [2Fe-2S] fragments observed by 

crystallography, the spectroscopic studies clearly indicate that the form with an 

intact [4Fe-4S]2+ cluster is the dominant component in the Fe protein L127 

deletion variant oxidized in the absence of glycerol. Very different spectroscopic 

results in the oxidized state were observed for samples of the Fe protein L127 

deletion variant that were oxidized in the presence of 20-30% (v/v) glycerol, 

conditions similar to those used for crystallization. Samples oxidized in the 

presence of glycerol remained EPR silent.  However, the resonance Raman of 

thionin-oxidized samples in the presence of 30% (v/v) glycerol is completely 

different, with a broad intense band at 347 cm-1 and weak bands at 387 and 430 

cm-1 (Figure 2-4d).   

A similar spectrum was observed with 20% (v/v) glycerol, except for the 

presence of a shoulder at 337 cm-1 and weak bands at 252 and ~280 cm-1, 

indicating the presence of some [4Fe-4S]2+ clusters.  The absorption spectrum is 

also somewhat different, with the broad shoulder red shifted to ~420 nm, in 

samples treated with 20% (v/v) glycerol (Figure 2-5).  The glycerol-induced 

change in the absorption spectrum is more clearly evident in the oxidized minus 

reduced difference spectrum shown in the inset to Figure 2-5. 
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Figure 2-4. Resonance Raman spectra of thionin-oxidized samples of the L127 deletion 
variant of A. vinelandii Fe protein. (a) Oxidized after removal of glycerol. (b) Sample (a) 
treated with 5-fold stoichiometric excess of EDTA. (c) Difference spectrum, (a) minus 
(b). (d) Oxidized in the presence of 30% (v/v) glycerol. Samples were all ~3 mM in Fe 
protein and were oxidized anaerobically after removal of dithionite, using a 2-fold 
stoichiometric excess of thionin. Spectra were recorded at 17 K, using 457.9-nm 
excitation, by photon counting for 1 second every 1 cm-1. Each spectrum is the sum of 
90-100 scans. Bands originating from lattice modes of ice, glycerol and oxidized thionin 
have been subtracted. 
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Figure 2-5. Absorption spectra of thionin-oxidized and dithionite-reduced 
samples of the L127 deletion variant of A. vinelandii Fe protein in the presence 
of 20%(v/v) glycerol. The as prepared reduced sample after anaerobic removal of 
dithionite (solid line) was oxidized with excess thionin (dashed line) and re-
reduced with excess dithionite (broken line). The inset shows thionin-oxidized 
minus the as prepared reduced difference spectra in the absence (broken line) and 
presence (solid line) of 20% glycerol. Bands originating from excess thionin are 
indicated by an asterisk.  
 
 

In contrast, the reduced state is not significantly perturbed by the presence 

of glycerol. Addition of 20% (v/v) glycerol does not perturb the reduced 

absorption spectrum, and the EPR spectrum is essentially unchanged except that 

quantitative studies indicate a small change in the spin state mixture in favor of 

the S = 1/2 component, which increases from 0.6 to 0.8 spin/dimeric Fe protein.  

Of particular importance is the observation that the redox-induced change is 
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reversible, as evidenced by near quantitative recovery of the reduced absorption 

and EPR properties following an oxidation/reduction cycle (Figure 2-5). 

The dramatic changes in the resonance Raman properties of the oxidized 

L127 deletion variant in the presence of glycerol prompted parallel studies of the 

ATP-bound form of the wild-type Fe protein (Figure 2-6).  In the absence of 

glycerol, the spectra of the thionin-oxidized wild-type Fe protein in the absence 

and presence of MgATP (spectra a and b of Figure 2-6, respectively) are in 

excellent agreement with previously published results [113].  ATP binding 

results in some degradation of the [4Fe-4S]2+ cluster to the semistable [2Fe-2S]2+ 

cluster-containing form as evidenced by the appearance of the 290 cm-1 band.  

The resonance Raman spectrum of the [4Fe-4S]2+ center that is present in the  

vast majority of the ATP-bound sample (Figure 2-6c) was therefore obtained by 

subtraction of the [2Fe-2S]2+ component using the spectrum obtained after 

addition of EDTA (spectrum not shown but very similar to that in Figure 2-4b).  

Comparison of spectra a and c shown in Figure 2-6 indicates that ATP binding 

occurs without any major structural perturbation of the [4Fe-4S]2+ in the 

oxidized Fe protein.  However, as for the L127 deletion variant, major changes 

were apparent in samples treated with 30% (v/v) glycerol (Figure 2-6d).  The 

conversion is not as extensive as in the L127 deletion variant, as evidenced by 

significant contributions from bands at 252, 280, and 337 cm-1 from the cuboidal 

[4Fe-4S]2+ cluster.  Nevertheless, subtraction of the spectrum corresponding to 

the [4Fe-4S]2+ center in the oxidized ATP-bound sample (Figure 2-6c) results in 

a spectrum with bands at 350, 388, and 430 cm-1 (Figure 2-6e) that is very 
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similar to that observed for the oxidized L127 deletion variant in the presence of 

30% (v/v) glycerol (Figure 2-4d).  Hence the novel cluster transformation that is 

induced by glycerol in the oxidized L127 deletion variant is also observed in 

oxidized wild-type samples in the presence of ATP. 

The spectroscopic evidence for medium-dependent variability in the 

structure and properties of the Fe protein Fe-S center only in oxidized forms of 

the ATP-bound wild type and L127 deletion variant indicates that the 

crystallographic data correspond to an oxidized form of the L127 deletion variant. 

Moreover, taken together, the spectroscopic and crystallographic results indicate 

that cleavage of the [4Fe-4S]2+ cluster into two [2Fe-2S] fragments is 

specifically induced by glycerol and that this cluster transformation is reversed 

on reduction back to the [4Fe-4S]+ redox state.  Since the semistable [2Fe-2S]2+ 

cluster species is not observed in any of the samples oxidized in the presence of 

glycerol, our current working hypothesis is that the novel split form of the [4Fe-

4S]2+ cluster corresponds to a glycerol-stabilized intermediate in the oxidative 

degradation pathway that precedes the semi-stable [2Fe-2S]2+ intermediate. 
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Figure 2-6.  Resonance Raman spectra of thionin-oxidized samples of wild-type 
A. vinelandii Fe protein. (a) Oxidized after removal of glycerol. (b) Sample (a) 
treated with a 4-fold stoichiometric excess of MgATP. (c) Difference spectrum, 
(b) minus contribution from [2Fe-2S]2+-containing wild-type Fe protein 
(analogous to spectrum shown in Figure 4(b)). (d) Sample (a) treated with 30% 
(v/v) glycerol and a 4-fold stoichiometric excess of MgATP. (e) Difference 
spectrum, (d) minus (c). Samples were all ~3 mM in Fe protein and were 
oxidized anaerobically after removal of dithionite, using a 2-fold stoichiometric 
excess of thionin. Spectra were recorded at 17 K, using 457.9-nm excitation, by 
photon counting for 1 second every 1 cm-1. Each spectrum is the sum of 90-100 
scans. Bands originating from lattice modes of ice, glycerol and oxidized thionin 
have been subtracted. 
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The resonance Raman characteristics of the novel split form of the [4Fe-

4S]2+ cluster are unique in our experience, which makes it difficult to reach a 

definitive conclusion concerning the redox state of the [2Fe-2S] fragments.  We 

have considered three possibilities: a diferric pair, a valence-localized mixed-

valence pair, and a valence-delocalized mixed-valence pair. While the extensive 

absorption and resonance Raman data for the first two possibilities in simple 

[2Fe-2S]2+,+ ferredoxins bear little resemblance to that reported here for the 

novel split form of the [4Fe-4S]2+ cluster [114-116], it must be borne in mind 

that none of these ferredoxins have a single cysteine ligating both Fe atoms.  In 

contrast, although the absorption and resonance Raman data for valence-

delocalized S = 9/2 [2Fe-2S]+ clusters are restricted to the C56S and C60S 

variants of Clostridium pasteurianum 2Fe ferredoxin [117], the spectra do show 

some similarity to those of the [2Fe-2S] fragments in the Fe protein.  These 

valence-delocalized [2Fe-2S]+ clusters exhibit absorption spectra with shoulders 

at 420 and 470 nm and a weaker lower energy band at 670 nm and resonance 

Raman spectra that are dominated by the symmetric breathing mode of the 

Fe2(µ2-S)2 unit at 368 cm-1 and a weaker asymmetric stretching mode of the 

Fe2(µ2-S)2 unit at 385 cm-1. Hence we tentatively conclude that the two 

fragments are cleaved without oxidation or disruption of the valence 

delocalization within each [2Fe-2S]+ unit and that the lack of an EPR signal is a 

consequence of antiferromagnetic coupling between the two S = 9/2 [2Fe-2S]+ 

units which are separated by approximately 5 Å. Mössbauer experiments are 

planned to test this hypothesis.  
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Conclusions 

 
The results described herein contribute significantly to our understanding 

of the role of the nucleoside triphosphate-dependent signal transduction 

mechanism in nitrogenase catalysis.  The spectroscopic studies presented, as well 

as complementary docking interactions that can be rationalized, provide 

overwhelming support for the proposal that the L127 deletion variant of the Fe 

protein provides a faithful biochemical and structural mimic of the native 

MgATP-bound state of the Fe protein [45, 69, 70].  In terms of nitrogenase 

catalysis, the structure provides the first basis for rationalization of the initial 

docking interactions contributing to understanding not only the protein 

conformational changes that occur upon nucleotide binding but also those 

conformational changes imposed onto the Fe protein by the MoFe protein during 

complex formation.   These conformational changes specifically result in 

electron transfer and MgATP hydrolysis in the nitrogenase complex.  

The glycerol-induced cleavage of the [4Fe-4S]2+ cluster to yield two [2Fe-

2S] fragments appears to be a direct consequence of increased solvent exposure 

in the ATP-bound conformation of the Fe protein.  However, the spectroscopic 

evidence for regular cuboidal [4Fe-4S]2+ centers as the dominant form of the 

cluster in the ATP-bound conformations of both the wild-type and variant 

oxidized Fe proteins in the absence of glycerol argues strongly against any 

physiological relevance for this cluster transformation.  Rather it appears to 

correspond to a trapped intermediate that precedes the formation of the 
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semistable [2Fe-2S]2+ intermediate in the biphasic oxidative decomposition of 

the [4Fe-4S]2+ cluster [111].  Nevertheless, this type of cluster transformation 

has not been observed previously in a biological system and is likely to be 

relevant to understanding the mechanism of oxidative cluster degradation of 

[4Fe-4S]2+ clusters in the radical-SAM family of Fe-S enzymes and to the 

mechanism of biosynthesis of [4Fe-4S]2+ clusters.  The [4Fe-4S]2+,+ clusters that 

mediate reductive cleavage of S-adenosyl-L-methionine to yield 5'-

deoxyadenosyl radicals are known to undergo oxidative degradation via a [2Fe-

2S]2+ cluster with resonance Raman properties almost identical to those of the 

semistable [2Fe-2S]2+ intermediate observed during oxidative degradation of the 

Fe protein in the ATP-bound conformation [118-120]. Reductive coupling of 

adjacent [2Fe-2S] clusters has been invoked to explain the biosynthesis of [4Fe-

4S] clusters on apo Fe-S proteins and on proteins such as IscU, IscA, and NifU 

that function as scaffolds for Fe-S cluster biosynthesis [121-123].  The current 

study provides the first structurally characterized example of this coupling 

mechanism occurring in a biological system.  
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CHAPTER 3 

       
STRUCTURAL ANALYSIS OF THE MgATP BOUND FORM OF THE 

L127 DELETION VARIANT 

 
                                                     Introduction 

           
The analysis of the structure of the nitrogenase Fe protein L127 

deletion variant has already contributed to our understanding of the manner in 

which MgATP can act to induce conformational changes.  As described in the 

previous section, there is considerable evidence indicating that the L127 

deletion variant of the Fe protein is a direct structural and biochemical mimic 

of the MgATP bound “on state” [124].  The structure of the Fe protein L127 

deletion variant provides a powerful basis for rationalizing the coupling of 

MgATP binding in the Fe protein to defining the protein conformational state 

that docks productively with the MoFe protein to affect MgATP hydrolysis 

and electron transfer to substrate.  By analyzing the MgATP interactions in 

the L127 deletion variant we will be able to provide an explanation about 

how the binding of MgATP in the native Fe protein induces a similar level of 

conformational change which leads to the formation of the nitrogenase 

complex structure.   Towards these ends, we collected data on the crystals of 

L127 deletion variant soaked in 20mM ATP and 50mM MgCl2 and analyzed 

the structure of the MgATP bound state of L127∆ Fe protein. It is likely that 

during MgATP binding, the interactions with the base and ribose moieties 
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will be analogous to those observed in the MgADP bound state and in 

nucleotide binding interactions observed in the complexes.  This assumption 

is supported by the observation that the base and ribose interactions in the 

MgADP bound state of the Fe protein and the nucleotide interactions in the 

nitrogenase complexes are, to the greatest extent, conserved.  Therefore, we 

have been focusing our efforts on understanding how the interaction of the 

magnesium ion and the phosphates in each MgATP binding site induce the 

conformational changes that define the MgATP bound state.  In addition, 

since the structures of the Fe protein in the native state, the MgADP bound 

state, and within the stabilized complexes are known [39, 40, 44, 45, 59], we 

have made an attempt to rationalize how events such as MgATP binding and 

MgATP hydrolysis can lead to the transitions between these states.  The 

modeling studies thus give us a head start in understanding these potential 

interactions and were conducted in parallel with the derivation of the 

structure of L127 deletion variant in the presence of bound MgATP.  

                                              
Materials and Methods 

 
X-ray Data Collection 

The crystals of the L127 deletion variant were soaked in 20mM ATP and 

50mM MgCl2 for ~8hrs and data was collected in Stanford Synchrotron radiation 

lab beamline 9-1.  The data statistics are presented in Table 3-1.  The data were 

processed using MOSFLM [94]  and scaled using the SCALA [95] suite program.  

Since the data were isomorphous with the previous data collected for the Fe 
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protein L127 deletion variant, we have been able to examine the MgATP soaked 

crystals using difference Fourier analysis. 

                              
                   Table 3-1. Data from soaking of  
                    L127 deletion variant crystals with  
                    20mM MgCl2 and 20mM ATP 

Data  and Refinement Statistics 
Space Group                    C2221            
Cell Dimensions              a = 70.91 
                                       b = 133.3 
                                       c = 61.5 
                                       α = 90º 
                                       β = 90º 
                                       γ = 90º 
 
Resolution (Å)                 40.0 –1.89 Å 
Completeness (%)            87.4 
Observed Reflections       50581 
Unique Reflections           16202 
I/σ                                    6.0 
Rmerge                                             0.079 
 
Refinement statistics (8.0-2.5 Å) 
Rcryst                                         0.241 
Rfree                                           0.280 
Average B factor for protein 
Main chain (Å2)                            47.4 
Average B factor for ATP             44 
r.m.s. bond (Å)                             0.01 
r.m.s. angles (deg)                        2.52 

                             aRmerge = ΣhklΣi|Ii - <I>/ΣhklΣi|<I>|, where  
                                Ii is the intensity for the ith measurement of  
                                an equivalent reflection with indices h, k ,l.   
 
 
Computational Determination of Docking Models 

The initial complex structure formed between the L127∆ Fe protein and 

the MoFe protein was determined using the program ZDOCK commercially 

available from Accelrys [125-129].  In this method the L127 deletion variant has 

been considered as the ligand and the MoFe protein as the receptor.  The 

program uses a pair-wise shape complementarity to perform protein-protein 
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docking interactions between two unbound protein structures.  The receptor 

molecule is kept static at a particular orientation while the ligand molecule is 

rotated and translated by this program to predict the different ways in which the 

two protein molecules can interact with each other leading to the formation of a 

complex structure.  The FFT docking algorithm [130] is utilized to perform an 

exhaustive search on the rotational and translational degrees of freedom of the 

ligand with respect to the receptor.  The program ranks the top 2000 orientations 

of the ligand molecule based on its similarity to near native complexes.  These 

predictions can be subjected to further filtering using specific information 

available from other sources (e.g. experimental evidence), about side chain 

amino acid interactions in the docking interface. Filtering out the residues absent 

in the binding interface resulted in four best scored orientations for the L127 

deletion variant that can be docked on the MoFe protein.  

 
Results and Discussion 

 
Analysis of the Nucleotide Binding Region 

The structure of the MgATP bound state of the Fe protein L127 deletion 

variant has been determined at 2.5 Å resolution.  Since the crystallographic data 

collected for the MgATP bound state of the L127∆ Fe protein were isomorphous 

with the previously collected data for the nucleotide free form of L127 deletion 

variant, we have been able to examine the data using difference Fourier analysis. 

The (2Fo-Fc) electron density maps reveal the presence of MgATP at within the 

nucleotide binding site at full occupancy (Figure 3-1).  Initial analysis of the 
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nucleotide interactions in the MgATP bound L127 deletion variant reveals a 

similar binding mode for the nucleotide when compared to the MgADP bound 

state or the Fe proteins from the complex structures [44, 45, 59].  As usual the 

binding of nucleotide in the L127 deletion variant occur from the face opposite 

the [4Fe-4S] cluster [59].   

 

 
Figure3-1: Electron density maps (2Fo-Fc) contoured at 1σ showing the presence 
of Mg2+ and ATP in L127 deletion variant. 
 
 

The adenine base is stabilized via hydrogen bonding interactions with the 

side chains of Gln218, Tyr240, Gln236 and Asn185.  In addition to this, the 

carbonyl oxygen of Pro212 stabilizes the amino group of adenine ring (Figure 3-

2).  The ribose oxygen is hydrogen bonded to the carboxylate side chain of 

Glu221.  All these interactions are in line with the previous analyses conducted 

with different nucleotide bound states of the Fe protein.  There is a small 
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interesting difference which needs to be mentioned in this context.  The oxygen 

atom that forms a part of the ribose ring is engaged in stabilizing interaction with 

a water molecule in all the nucleotide bound structures of the Fe protein (Figure 

3-2).  Interestingly in the Fe protein from the complex structure, the side chain of 

Arg187 interacts with the oxygen atom of the ribose ring via this water molecule.  

This interaction is absent in the MgADP bound state as well as in our present 

structure of L127∆ Fe protein bound to MgATP.  In all the states, Arg187 side 

chain is engaged in a saltbridge interaction with the carboxylate side chain of 

Glu154.  In the structure of the MgATP bound state of L127 deletion variant, the 

Glu154 side chain is positioned in a manner such that it can form ion-pairing 

interactions with the Arg187 guanido group as well as the Lys10 side chain 

amino group (Figure 3-2).  Lys10 forms a part of the P-loop region of the Fe 

protein that binds the phosphates of the incoming nucleotides.  The residues 

Lys10 and Glu154 are >7.5 Å apart in both the MgADP bound state as well as in 

the Fe protein from the complex structures and thus does not form any ion-

pairing interactions.  Instead Glu154 in complex structure is engaged in inter-

subunit saltbridge interaction with Arg213 which is known to form a stacking 

interaction with the adenine of the bound nucleotide.   

The above observations lead us to the conclusion that Glu154 play a 

crucial role in communicating between the P-loop region and nucleoside binding 

region in various conformational states of the Fe protein. The binding of a 

triphosphate moiety in the P-loop region of the free L127 deletion variant is 

communicated to the Arg187 residue via Glu154 and Lys10.  In the complex 
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structure, the Lys10 residue is engaged in stabilizing the γ-phosphate of ATP as 

a result there is no saltbridge interactions between Lys10 and Glu154.  Therefore 

Glu154 acts as a signaling molecule in the nitrogenase catalytic pathway 

communicating the changes in the P-loop region to the ribose binding site of the 

nucleotide.  In summary, dissecting these interactions from one conformational 

state to another provides a clear indication that these subtle differences in the 

hydrogen bonding pattern observed among the different nucleotide bound states 

allows the Fe protein to identify the type of nucleotide bound and its 

corresponding conformational state.   

          

           
Figure 3-2: The nucleotide binding region in L127 deletion variant bound to 
MgATP 
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The phosphate groups of ATP are stabilized via peptide amide interaction 

from the P-loop region.  This P-loop region, also known the Walker A motif is 

characteristic phosphate binding region which is present in the major class of 

nucleotide bonding G-proteins [32, 37, 80, 81].  Although the initial interactions 

between the phosphates and the P-loop region remains almost same, certain 

differences observed in the phosphate binding mode in L127deletion variant 

compared to its previously characterized states can be crucial for the protein to 

recognize the type of substrate bound.   

One such difference arises from the Gly12 peptide amide interactions.  In 

the MgADP bound and as well as in the Fe protein from the complex structures 

the β–phosphate oxygen is stabilized via hydrogen bonding interactions with the 

backbone peptide amide nitrogen of Gly12.  Instead in the MgATP bound form 

of the L127 deletion variant the γ–phosphate of ATP is engaged in hydrogen 

bonding interactions with Gly12 peptide amide and β–phosphate is stabilized 

backbone amide interactions from Gly14 and Lys15.  Previous structural studies 

have shown that the P-loop region maintains a close contact with the switch II 

region of the Fe protein through hydrogen bonding interactions [44] and Asp129 

of the switch II region forms hydrogen bonds with the backbone amide nitrogen 

of Gly11.  Hence a change in the conformation of the P-loop region to 

accommodate the γ–phosphate of ATP can be relayed to the switch II region via 

Gly11 residue.  Therefore, we can visualize that the differences arising in the 

peptide backbone conformation of the P-loop region due to the binding of ATP 
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and subsequent displacement of ADP is communicated to the switch II region 

and ultimately to the [4Fe-4S] of the Fe protein. 

 
Analyzing the Mg2+ Coordination Environment 

The coordination environment of the Mg2+ is known to play a key role in 

defining the different conformational states of the Fe protein[59, 131].  In the 

MgADP bound state, the Mg2+ is in an octahedral coordination environment 

forming stabilizing interactions with the β-phosphate of ADP, side chain of 

Ser16 and four water molecules (Figure 3-3).   

                          

                           
Figure 3-3. The Mg2+ coordination environment in the MgADP bound state of the 
native Fe protein. 
 
 

In the MgATP bound state of the L127 deletion variant the coordination 

environment of the Mg2+ has partially changed and now it is engaged in 
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interactions with both the β- and γ- phosphates of ATP, side chain of Ser16 and 

three other water molecules (Figure 3-4).   

 

                    
Figure 3-4.  The Mg2+ coordination atmosphere in MgATP bound state of L127 
deletion variant. 
 
                           

                    
Figure 3-5.  The hexa-coordinated Mg2+ in the nitrogenase complex structure 
stabilized by MgADP-AlF4

-. 
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The γ-phosphate of ATP as well as the side chain of serine 16 forms axial 

ligands with the Mg2+ ion.  The remaining three water molecules and the β-

phosphate of ATP serve as the equatorial ligands for the hexa-coordinated Mg2+ 

ion.  The Asp43 side chain interacts with Mg2+ via two of the water molecules 

and the remaining water molecule acts as a link between the side chain of 

Asp125 and the Mg2+ ion. 

Comparing the coordination environment of the Mg2+ ion from the 

available crystal structures of the Fe protein in three different states ( i.e. the 

MgADP bound form, the Fe protein from the ADP-ALF4
- complex structure 

(Figure 3-5) and the ATP bound for of the L127 deletion variant which is a close 

mimic of the MgATP bound form of the native Fe protein) reveals a plausible 

mechanistic pathway by which the nucleotide hydrolysis event can  be 

communicated to the docking interface of the Fe protein-MoFe protein complex.  

Previous mutational experiments have shown that Asp129 residue from the 

switch II region facilitates the nucleotide attack on the γ-phosphate of ATP via a 

water molecule [26].  As mentioned earlier, the γ-phosphate of ATP serves as an 

axial ligand for the hexa-coordinated Mg2+ ion.  Therefore hydrolysis of ATP 

leads to the substitution of the γ-phosphate by a water molecule as the axial 

ligand for the Mg2+ ion.  The side chain of the Asp39 amino acid now interacts 

with the axially coordinated water molecule in the MgADP bound state.  The 

position of the Asp39 residue in the MgATP bound state of the free L127 

deletion variant as well as the Fe protein from the complex structure does not 

allow any interaction with the γ-phosphate of ATP which is quite reasonable 



 97

owing to the repulsive force generated by the negatively charged carboxylate 

side chain as well as the negative charge on the γ-phosphate of ATP.  This 

observation brings us to the conclusion that Asp39 on its interaction with the 

water molecule coordinated to the Mg2+ ion communicates the ATP hydrolysis 

event to the docking surface of the Fe protein causing it to dissociate from the 

MoFe protein. 

 
Comparing the Structure of L127 Deletion Variant with the Previously 

Characterized States of Native Fe Protein 

 The most intriguing question that lies in this context is how does the 

deletion of a single amino acid result in such a huge conformational change?  

Superimposition of the monomer of MgATP bound form of L127 deletion variant 

on a single subunit Fe protein bound to MgADP, we can identify six regions that 

have undergone significant conformational changes (Table 3-2).  These regions 

are Asp39-Lys41, Ala61-Asp69, Pro91-Gly101, Glu116-Asp118, Asp129-Ala144 

and Lys170-Ser176 (Figure 3-6).   

The residues Asp39-Lys41 which are engaged in direct interactions with 

the nucleotide, and residues 61-69 form a part of the switch I region.  The 

residues 57-64 have a well defined helical conformation in both the MgADP 

bound state as well as in the Fe protein from the complex structures.  In the L127 

deletion variant, the amino acids in this region have a high degree of structural 

disorder and therefore are incapable of forming an ordered helix structure.  This 

region is also known to participate in docking interactions with the MoFe protein 



 98

[132].  The structural disorder in the switch I region of the variant brings 

conformational flexibility to this region.  Thus the enhanced flexibility of the 

switch I region of the free L127 deletion variant is advantageous for the docking 

interactions between the Fe protein and the MoFe protein. 

 
Table 3-2. The Cα deviations after superimposition of MgATP bound L127 
deletion variant monomer on native Fe protein bound to MgADP  
                                          R.M.S.D. (Å)                                          R.M.S.D. (Å) 

ASP  A39 --- ASP  A39      1.6034 ASP A118 --- ASP A118     1.4984 
PRO  A40 --- PRO  A40      1.6676 GLY A128 --- GLY A128   3.0406 
LYS  A41 --- LYS  A41      2.3195 ASP A129 --- ASP  A129    3.0204 
ALA  A61 --- ALA  A61     1.0544 VAL A130 --- VAL A130   4.2436 
ALA  A62 --- ALA  A62     1.4609 VAL A131 --- VAL A131   4.0452 
GLU  A63 --- GLU  A63     1.6260 CYS A132 --- CYS  A132   2.9003 
ALA  A64 --- ALA  A64     1.3953 GLY A133 --- GLY A133   3.8172 
GLY  A65 --- GLY  A65     1.7312 GLY A134 --- GLY A134   1.8138 
THR  A66 --- THR  A66     1.4146 PHE A135 --- PHE A135    1.4039 
VAL  A67 --- VAL  A67     4.8285 ALA A136 --- ALA A136   2.3382 
GLU  A68 --- GLU  A68     1.5261 MET A137 --- MET A137   2.2543 
ASP  A69 --- ASP  A69      1.7434 PRO A138 --- PRO A138    1.9123 
PRO  A91 --- PRO  A91      2.4184 ILE A139 --- ILE A139       2.6115 
GLU  A92 --- GLU  A92     3.5031 ARG A140 --- ARG A140   4.2795 
PRO  A93 --- PRO  A93      8.1890 GLU A141 --- GLU A141   4.2195 
GLY  A94 --- GLY  A94     8.2920 ASN A142 --- ASN A142    4.4983 
VAL  A95 --- VAL  A95     3.5770 LYS A143 --- LYS A143    1.3441 
GLY  A96 --- GLY  A96     2.5939 ALA A144 --- ALA A144   0.9585 
CYS  A97 --- CYS  A97      2.4995 LYS A170 --- LYS A170    1.1849 
ALA  A98 --- ALA  A98     2.4244 TYR A171 --- TYR A171    2.3105 
GLY  A99 --- GLY  A99     1.0882 ALA A172 --- ALA A172   6.9744 
ARG A100 --- ARG A100   1.4958 ASN A173 --- ASN A173    4.2266 
GLY A101 --- GLY A101   0.9850 SER A174 --- SER A174     2.7024 
GLU A116 --- GLU A116   2.1853 GLY A175 --- GLY A175   1.0962 
ASP A117 --- ASP A117     4.3133 SER A176 --- SER A176     1.2134 

 
 

Previous studies has shown that structural changes in the residues from 

the switch I region (51-75) is coupled to the structural changes observed in the 
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region comprising of the amino acids (88-118) [44].  The region (88-118) is 

particularly important because it contains the Cys97 ligand for the [4Fe-4S] 

cluster.  The amino acid residues in the eighties region form a strand which is 

followed by a loop region consisting of residues 91-101.  Although the electron 

map for the nineties region of the L127 deletion variant is really noisy but we 

can still make out the obvious differences in the peptide backbone conformation 

of this region when compared to the previously characterized states of the Fe 

protein  

 

 
Figure 3-6: Superimposed monomers of the L127 deletion variant on top of the 
Fe protein monomer from the MgADP bound state. The Cα chain is colored grey 
for L127 deletion variant and MgADP bound Fe protein is colored blue in the 
figure. Three different orientations of the superimposed Fe protein monomers are 
represented here. The amino acid residues with high r.m.s. deviations are color 
coded as yellow (39-41), orange (61-69), purple (91-101), maroon (116-118), 
green (129-144), and red (170-176) respectively.  
 
 

.In the L127 deletion variant two short tight turns are formed via intra-

chain hydrogen bonding interactions between Gly90, Glu92 and Pro91, Gly94 

respectively.  Shortening of the loop at the beginning of the nineties region has 

not been observed in the previously characterized states of the Fe protein.  Hence 
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the movement of the peptide backbone in the nineties region of the L127 deletion 

variant now allows the Glu92 side chain to interact with Thr56 residue from 

switch I region.  In all the previously characterized states of the Fe protein the 

distance between Glu92 and Thr56 residue is >10 Å.  Therefore, the movement 

of the backbone peptide chain has resulted in a large reorganization of the 

residues 91 to 99.  Hence, the Cys97 residue which serves as a ligand for the 

[4Fe-4S] cluster shifts from its previously occupied position observed in the 

MgADP bound state of the native Fe protein (Figure 3-6). 

The next region which undergoes significant conformational changes is in 

the switch II region where the single amino acid deletion has taken place.  The 

r.m.s. deviation values for the Cα atoms of the region 128-144 is quite high.  The 

Asp129 residue from the switch II region is engaged in hydrogen bonding 

interaction with Gly11 peptide amide from the P-loop region in all the 

structurally characterized states of the Fe protein.  In addition to this, in the 

MgADP bound state the peptide amide of Gly128 in the switch II region forms 

hydrogen bonds with carbonyl oxygen of Gly9 from the P-loop region.  Now 

deletion of residue Leu127 from the switch II region has resulted in an obvious 

shift of the backbone peptide chain in the upward direction from its original 

position in the wild type Fe protein.  Hence the carbonyl oxygen of Gly 128 is 

now located in the position previously occupied by its amide nitrogen.  The 

movement of peptide backbone in the switch II region now allows the side chain 

of Asp125 residue to form hydrogen bonding interactions with Thr19 residue 

from the P-loop region.   
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Remembering that the cluster ligand Cys132 being a part of the switch II 

region, deletion of an amino acid four residues apart from the will definitely 

have an impact on its positioning.  Indeed Cys132 has moved ~9 Å away from 

the other [4Fe-4S] cluster ligand Cys97.  In the previously characterized states of 

the Fe protein, the distance between the Cys ligands from the same subunit is ~6 

Å.  Therefore movement of the Cys132 residue from the other ligand by 9 Å has 

a dramatic impact on the [4Fe-4S] cluster causing it to split into two [2Fe-2S] 

rhombs in the L127 deletion variant. 

Taking together the significant structural changes observed in the nineties 

region along with those occurring in the switch II region we can conclude that 

movement of both these regions in the upward direction resulted in a much open 

conformation of the L127 deletion variant which is followed by a rigid body 

reorientation of the subunits pushing them farther apart.  (The major 

conformational change arising from the rigid body reorientation of the subunits 

in the structure of the L127 deletion variant has been further analyzed in the 

following section of this chapter). 

The conformational change that has taken place in the region comprising 

of residues 128-144 has lead us to another interesting observation.  The side 

chain of Arg140 is located in hydrogen bonding distance from Tyr171 residues in 

the native Fe protein bound to MgADP.  In the complex structure, the Arg140 

residue is engaged in intercomponent docking interactions [45, 72] and therefore 

it is not available for interaction with Tyr171 residue.  The Arg140 residue in 

L127∆ Fe protein is >13Å away from Tyr171 and therefore is incapable of 
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forming any hydrogen bonding interaction.  If we review the secondary structure 

content in the 160’s and 170’s region from all the available Fe protein structures, 

we find a major structural difference in the beginning of the 170’s region.  The 

amino acids in the regions 155-174 adopt a helical conformation in the Fe 

protein from the complex structure which is followed by a short loop of 4 amino 

acids and a β-strand comprising of eight residues (R178-N185).  In the MgADP 

bound state of the native Fe protein, the helical conformation ends at K170 and 

the β-strand starts at R178 similar to that observed in the Fe protein from the 

complex structures. In the L127 deletion variant, both in the nucleotide bound 

and unbound states, the amino acids in the 170-180  region assumes a loop 

configuration which is presumed to be really critical for initial docking 

interactions [124, 133].  It has been mentioned earlier from our proposed docking 

model that the initial docking interactions occur by the embrace of loop regions 

of the Fe protein with the pair of helices (present in both the α- and β- subunits) 

on the docking surface of the MoFe protein [124].  Therefore, transition of the 

170 region from helix to a loop configuration in the free L127 deletion variant 

facilitates the initial docking interaction between the Fe protein and MoFe 

protein. 
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Conclusions from the Structure of the L127 Deletion Variant 
and its MgATP Bound Form 

 
Insights into the Reorientation of the Subunits in L127 deletion Variant 

 

 
Figure 3-7.  The color coded switch I, switch II and P loop region from three 
different conformational states - A) MgADP bound state of the native Fe protein, 
B) MgADP-AlF4

- bound Fe protein from the complex structure and C) MgATP 
bound state of free L127 deletion variant. 
 
 

Deletion of a single amino acid from the switch II region has a significant 

impact on the Fe protein subunits with respect to each other leading to a 

strikingly different structural feature for the L127 deletion variant compared to 

its previously characterized states.  The P-loop region (GXXXXGKST) which is 

responsible for binding the phosphates of ATP/ADP undergoes significant 
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conformational change during the nucleotide binding event [59].  The side chain 

of Lys15 amine group forms hydrogen bond with the carbonyl oxygen of Gly9 

resulting in a compact loop region to accommodate the phosphate moieties from 

the bound nucleotide.  As mentioned earlier, the P-loop region is located near the 

switch II region and hydrogen bonding interactions between amide nitrogen and 

carbonyls serve as a mode of communication between the nucleotide binding 

events with the properties of the [4Fe-4S] cluster.  However, deletion of single 

residue from the switch II region (Asp125-Cys132) has shortened the β–strand 

comprised of residues (124-129).  Due to the deletion in the switch II region the 

Asp129 side chain is in close proximity to Gly9 carbonyl oxygen atom forming 

hydrogen bonding interactions (Figure 3-7C).  The distance between Asp129 

residue and Gly9 from the P-loop region is >4.5 Å in all the other states of the Fe 

protein, thus rendering it impossible to form any hydrogen bonding interactions.  

Therefore we can envision that shortening of the switch II region and its 

subsequent movement towards the P-loop region causes the Fe protein subunits 

to reorient with respect to each other in such a manner that the Cys132 residue 

from the switch II region can still serve as a ligand to the [Fe-S] cluster. 

Previous experimental studies have pointed towards similar properties for 

the [4Fe-4S] cluster in the L127 deletion variant when compared to the MgATP 

bound state of the native Fe protein [69, 70].  In our attempt to rationalize 

whether binding of MgATP to the native Fe protein induces a similar level of 

overall conformational change observed in the L127 deletion variant, we have 

superimposed the structure of the native Fe protein on the latter structure and 
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modeled the ATP in the nucleotide binding region of the native protein.  In the 

nucleotide free form of the native Fe protein, the Lys15 side chain is engaged in 

saltbridge interactions with the Asp125 residue from the switch II region [29, 39].  

This saltbridge is broken when MgATP is bound to the native Fe protein and 

Lys15 is now engaged in hydrogen bonding interactions with the oxygen atoms 

from the γ–phosphate of ATP.  The Mg2+ ion, which binds to the α– and β– 

phosphate of ATP also interacts with Asp125 via water molecule.  Therefore we 

can conclude that binding of MgATP to the P loop region of the native Fe protein 

causes a movement of the switch II region closer to the P loop region.   

 

 
Figure 3-8.  The switch regions and the P loop region from the superimposed 
structure of the native Fe protein on the L127 deletion variant.  In this 
hypothetical structure the ATP has been modeled into the nucleotide binding 
region. 
 
 

Earlier studies have shown that Asp129 residue from the second subunit 

catalyzes the hydrolysis of ATP in the nitrogenase complex structure [26].  
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Therefore in order to prevent premature hydrolysis of the free form of ATP 

bound native Fe protein, the Asp129 residue from the same subunit should be 

positioned in such a manner that it is unable to initiate a nucleophilic attack on 

the γ–phosphate of ATP.  Superimposition of the native Fe protein on the L127 

deletion variant shows a close proximity between Lys10 and Asp129 residue 

(Figure 3-8).  Hence it is reasonable to think that a possible saltbridge interaction 

between Lys10 and Asp129 residue will prevent the latter from initiating ATP 

hydrolysis in the free form of the Fe protein.  If this happens, then Cys132 

residue which is also located in the switch II region will also shift from its 

previous position and in that case the subunits have to reorient themselves in a 

definite fashion in order to ensure that the sulfhydryl group of Cys132 is still in 

bonding distance with the Fe atoms of the [4Fe-4S] cluster.   

Thus the reorientation of the subunits with respect to each other can 

impose a conformational strain on the cubane structure of the [4Fe-4S] cluster 

causing it to split into two symmetric rhombs as observed in the crystal structure 

of the L127 deletion variant.  Indeed the Resonance Raman spectra does reveal 

the presence of [2Fe-2S] clusters in the oxidized state of both the L127 deletion 

variant and the MgATP bound form of the native Fe protein [113, 124].   The 

presence of the [2Fe-2S] rhombs in the oxidized state of the MgATP bond form 

has been verified by chelation experiments using α,α'-dipyridyl where the cluster 

chelation revealed a biphasic chelation behavior leaving a intermediate Fe 

protein containing a [2Fe-2S] cluster [111].  The characteristic visible spectrum 

(with εmax at 325, 416 and 460 nm of 16.1, 11.3 and 9.0 mM-1 cm-1 ) for this 



 107

intermediate was similar to the [2Fe-2S] containing ferredoxins [134].  The 

above observation unambiguously support the formation of [2Fe-2S] clusters in 

the oxidized state of the native Fe protein bound to MgATP. 

Biosynthesis of the [4Fe-4S] cluster occur via reductive coupling of two 

adjacent [2Fe-2S] clusters.  The nifU and IscU genes from A. vinelandii has been 

known to act as scaffolds for Fe-S cluster biosynthesis where sequential 

assembly of the [2Fe-2S] and [4Fe-4S] takes place [121-123].  Therefore 

oxidation of the cluster can favor the formation of the individual [2Fe-2S] 

rhombs owing to the fact that magnetic coupling is weaker than covalent bonding 

which increases the probability of cluster splitting between the magnetically 

coupled subclusters.   

The cleavage of the [4Fe-4S] cluster into two [2Fe-2S] rhombs can be 

explained on the basis of the electronic structure and symmetry of the [4Fe-4S] 

cluster in the different oxidation states.  In the reduced state, the [4Fe-4S] cluster 

has C3 symmetry where three sites are similar, which implies a [3Fe-4S] splitting 

of the [4Fe-4S] cluster as observed in the aconitase enzyme [135, 136].  In the 

oxidized state the symmetry of the [4Fe-4S]2+ cluster changes to C2 which 

indicates the splitting of the cubane into two equivalent rhombs. 

In terms of their electronic structure, the primary difference between the 

[4Fe-4S]1+ and the [2Fe-2S]1+ state arise from the nature of their bridging ligand 

( µ3 to µ2) and the oxidation state of the metal centers [137].  In the reduced 

state, the contraction along the Fe-S bonds brings the Fe centers of the [2Fe-2S] 

rhombs closer to each other.  The Fe-Fe distance becomes <2.4Å in the reduced 
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state, whereas in the oxidized state the distance is ~2.7Å.  This results in a direct 

exchange arising from the parallel spin orientation of the d electrons in the metal 

centers which ultimately leads to a ferromagnetic coupling in each of the [2Fe-2S] 

rhombs.  These two ferromagnetically coupled rhombs have a spin orientation 

opposite to each other which allows them to be antiferromagnetically coupled to 

form the [4Fe-4S]1+ cubane.  In the oxidized state of the cluster there is an 

expansion along the Fe-S bond.  Thus the significant conformational strain 

arising from the reorientation of the Fe protein subunits with respect to each 

other facilitates the cluster splitting between the magnetically coupled 

subclusters since magnetic coupling is weaker than covalent bonding.  As a 

result of the splitting and expansion along the Fe-S bonds, the metal centers in 

each of the individual rhombs are no more close to each other and the metal 

centers are now stabilized by a super exchange mechanism leading to an 

antiferromagnetic coupling in each [2Fe-2S] rhombs.  Thus the cleavage of the 

[4Fe-4S] leads to the formation of trigonal Fe atoms which is stabilized through 

additional coordination from water molecules and even more with glycerol 

coordination which has been found to stabilize the [2Fe-2S] rhomb in the L127 

deletion variant. 

In summary, the crystal structure of the L127 deletion variant and its 

MgATP bound form helps us to address the questions arising from the nucleotide 

signal transduction pathway of the nitrogenase Fe protein in terms of how 

binding of MgATP can induce a conformational change which makes the Fe 

protein more compatible to form the macromolecular complex structure which 
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leads to electron transfer and ATP hydrolysis.  In this study, we have used the 

structure of the L127 deletion variant as a model system to explain the nucleotide 

dependent conformational changes occurring in the MgATP bound state of the 

native Fe protein.  In the structure of the L127 deletion variant, the primary 

driving force for its strikingly different conformation arise from the switch II 

region where the amino acid deletion take place.  Earlier experimental studies on 

the spectroscopic properties of the [4Fe-4S] cluster has revealed the L127 

deletion variant to be a close mimic of the MgATP bound native Fe protein [69, 

70].  We have proposed a structural model for the MgATP bound form of the 

native Fe protein based on the crystal structure of the L127 deletion variant.  

This structural model shows that binding of ATP is likely to exert a force on the 

switch II region which has a direct link to the [4Fe-4S] cluster.  Thus a structural 

rearrangement in the switch II region should result in reorientation of the 

subunits giving rise to a conformational state very similar to that of L127 

deletion variant. 

     
Using Computational Approach to Dock L127 deletion variant on MoFe Protein 

 
The initial interactions between the Fe protein and MoFe protein play a 

central role in the formation of the stable nitrogenase complex structure. Pre-

steady state kinetic studies on nitrogenase enzyme have shown an initial increase 

in absorbance at 430 nm because of the instantaneous formation of the 

nitrogenase complex in the presence of the reduced nitrogenase proteins along 

with MgATP.  Following the increase in absorbance there is a substantial 
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decrease of the same owing to the dissociation of the component proteins 

following MgATP hydrolysis [138].  Since the entire process takes place within 

50ms it is almost impossible to capture the initial mode of docking interactions 

between the nitrogenase component proteins that drives to complex formation.  

 Comparing the structures of the bound and unbound form of the L127 

deletion variant reveals a striking difference in protein conformation.  In an 

attempt to rationalize how MgATP bound form of native Fe protein initiates the 

complex formation with the MoFe protein, in the previous chapter we have 

proposed a docking model based on the structure of the L127 deletion variant 

which is a faithful mimic of the MgATP bound state of the native Fe protein.  

This docking model was proposed based on the pairing of the Fe protein two fold 

axis of symmetry with the pseudo-two fold axis of an αβ dimer of the MoFe 

protein as observed in the nitrogenase complex structures [124].  The proposed 

docking model showed both structural and chemical complementary interactions.  

In a further attempt to validate our proposed docking model, we took advantage 

of the available protein-protein docking program ZDOCK [125, 126, 128, 129], 

commercially available from Accelrys.  The program uses a Fast Fourier 

Transform (FFT) algorithm [130, 139] and performs protein-protein docking 

interactions between two independently crystallized protein structures.  The two 

input pdbfiles required for running ZDOCK are termed as receptor and ligand 

pdbfiles respectively.  For our calculations, the L127 deletion variant has been 

considered as the ligand pdbfile.  The initial calculations for docking interactions 

between the L127 deletion variant and MoFe protein came up with 2000 possible 



 111

orientations of the L127 deletion variant which can dock on the MoFe protein to 

form the initial docking complex.  Filtering out the residues that are absent on 

the docking interface lead us to four best scored orientation for the L127 deletion 

variant that can bind to the MoFe protein (Figure 3-9).   

 

 
Figure 3-9: The docking solutions provided by the program ZDOCK from 
Accelrys for L127 deletion variant and MoFe protein. In all the figures the MoFe 
protein is color coded as dark blue while the colors of the L127 deletion variant 
are changed in each of the docking complexes to show the different possible 
modes of docking interactions between the two proteins 
 
 

The computationally predicted docking complex structures show close 

similarity to our proposed docking model.  All the four complexes predicted by 

ZDOCK indicate that certain amino acid residues from L127 deletion variant and 

MoFe protein approach close enough to form initial docking interactions.  

Careful analysis of the amino acids present in the docking interface reveal that 

initial complex formation is driven by complementary polar and electrostatics 

interactions [45].  Figure 3-10 shows that residues with similar chemical 

properties come together to form acidic, basic or hydrophobic patches on the 

surface of the L127 deletion variant and MoFe protein.  Consequently these 

charged patches attract their oppositely charged counter parts from the other 
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protein.  For example, Glu110, Glu111 and Glu112 in the L127∆ Fe protein form 

an acidic patch which can potentially interact with α-R187 and β-H185 from the 

MoFe protein.  In a similar fashion, the Asp and Glu residues from the switch I 

region of the L127 deletion variant (i.e. Asp63, Glu68, Glu71 and Glu73) form a 

negatively charge surface region which upon docking can interact with the 

basic/polar amino acid side chains (e.g. α-Lys23, α-Lys51, α-Lys129, β-Lys132, 

β-Gln128, β-Gln129) from the α- and β- subunits of the MoFe protein.  The 

surface charged amino acid residues Arg140 and Lys143 are known to play 

crucial role in initial complex formation.  Previous mutagenesis studies 

conducted on Arg140 and Lys143 has shown significant loss in nitrogenase 

activity due to the uncoupling of MgATP hydrolysis from intermolecular 

electron transfer reaction [72].  Although the [4Fe-4S] cluster is located in a 

highly hydrophobic environment, but surrounding this region we find a huge 

presence of  positively charged amino acids (Arg100, Arg140, Lys143, Lys166, 

Lys170) (Figure 3-10).  In the contrary, the P-cluster from the MoFe protein 

which is again located in a predominantly hydrophobic environment (α-Phe125, 

α-Phe186, β-Phe125, β-Phe189, β-Met154, β-Phe103) has a series of negatively 

charged amino acid residues present surrounding the hydrophobic region.  These 

negatively charged residues on the docking interface are mainly contributed by 

the Asp residues from the 160’s region from both the α- and β- subunits of the 

MoFe protein.  Since electron transfer takes place between the [4Fe-4S] cluster 

of the Fe protein and the P-cluster of the MoFe protein, correct alignment of 
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these two metal centers are essential for intercomponent electron transfer to take 

place.      

             

           
Figure 3-10: Docking surface of the Fe protein (3-10A) and MoFe protein (3-10B) 
colored according to the presence of acidic, basic and hydrophobic residues. The 
acidic amino acids are color coded as red while the basic and hydrophobic amino 
acids are colored blue and green respectively. 
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Table 3-3. Intercomponent interactions observed in the docking complexes 
obtained from the computational program ZDOCK  

Complex A Complex B Complex C Complex D
E68 – αN130  E68 – αN130  

   D69 – αK23 
I103 – αF125  I103 – αF125  

   D117 – αR203 
R140 – αE120 R140 – αD162   

 E141 – αK121   
   K143 – αD161 
  Q145 – αD162  
  Y171 – αK129  

N173 – αD128 N173 – αD128   
N173 – αE120 N173 – αE120   

 N173 – αD162   
   S174 – αK129 

S176  - αD162    
    

R100 – βD160    
F108 – βF125   F108 – βF125 

  E141 – βK303  
  Q145 – βR206  

K170 – βD161 K170 – βD160 K170 – βD160 K170 – βD160 
Y171 – βH185  Y171 – βR206 Y171 – βN163 
N173 – βE156   N173 – βH185 

 S174 – βH185 S174 – βH185  
R178 – βE202 R178 – βN163   

  K251 – βD214  
I255 – βF183    

N257 – βN163    
D262 – βK232    

 E263 -  βK171  E263 – βK171 
 E263 – βN168   
    

 
 

Our proposed docking model as well as the previously characterized 

nitrogenase complex structures has shown potential interactions between these 

oppositely charged regions of the component protein, pointing towards the 

necessity for aligning the metal centers in proper orientation to facilitate the 

electron transfer process [72].  Interestingly, the docking complexes obtained 

from the protein-protein docking program ZDOCK also show similar type of 
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interactions between the above mentioned regions (Table 3-3).  Therefore, we 

can conclude that biological activities of the nitrogenase enzyme depend on 

specific recognition of its component proteins.  

In the L127 deletion variant, most of the residues that are known to 

participate in the initial docking interactions fall in the flexible loop regions.  

This observation does support our previous hypothesis where it has been 

proposed that initial docking interactions occur by embracing the loop regions of 

the L127 deletion variant.  Interestingly, these loop regions were found to 

undergo significant conformational changes when superimposed on the MgADP 

bound state of the native Fe protein.  Therefore, we can conclude that 

conformational differences observed in the L127 deletion variant facilitate the 

initial docking interactions with the MoFe protein. 

                         
Summary and Conclusions from the Docking Model 

 
The close resemblance observed between the ZDOCK calculated docking 

complexes and our proposed docking model together with the analogous 

interactions observed in the component protein docking interface confirms the 

reliability of our proposed docking model.  Although the computer based 

algorithm ZDOCK help us to address the general validity of the docking model 

there are some questions that remain regarding the initial mode of interactions 

between the component proteins which trigger conformational change in the Fe 

protein for the electron transfer and ATP hydrolysis event to occur during the 

nitrogen catalytic cycle.  Our proposed docking model was based on alignment of 



 116

the two fold symmetric axis of the Fe protein homodimer with the pseudo-

twofold symmetric axis of the heterodimer of the MoFe protein.  Hence this type 

of alignment leads toward chemically complementary interactions between amino 

acid side chains in the docking interface that are pseudo-symmetrically arranged.  

However, the docking interactions observed in the ZDOCK generated docking 

complexes slightly favor the interactions with the β– subunit of the MoFe protein 

over it’s α– subunit interactions (Table 3-3).  This result is consistent with the 

previously characterized cross-linked complex structure where the cross-linking 

reaction specifically occurs between Glu112 of the Fe protein and β–Lys400 of 

the MoFe protein.  Thus the preferential binding to the β–subunit is opposed to 

the concept of pseudo-symmetric interactions between the component proteins 

observed in the complex structures.   

Although the pathway of inter-conversion of the MgATP bound state of 

the reduced Fe protein to its complex bound form remains unknown, we can 

definitely envision the requirement for the pseudo-symmetric alignment of the 

component proteins for the electron transfer to take place.  Therefore based on 

the information available so far we can reconstruct a possible scenario in which 

the initial docking and complex formation takes place.  The Fe protein acquires a 

certain degree of conformational variability on binding to MgATP. This 

nucleotide bound state is now capable of binding the MoFe protein.  The docking 

complex results indicate preferential interactions with the β–subunit of the MoFe 

protein which must be followed by a series of small conformational changes 

imposed on the Fe protein that will lead to the pseudo-symmetric alignment of 
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the component proteins and their corresponding metal clusters in order the 

electron transfer event to take place.   
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CHAPTER 4 

 
PROBING THE DIFFERENT CONFORMATIONAL STATES OF Fe PROTEIN 

USING LIMITED PROTEOLYSIS 

                                                     
Introduction 

           
The limited proteolysis method using sequence specific proteases has been 

rendered as an indispensable tool to probe the different conformational and 

dynamic states of a wide range of proteins.  For proteins with unknown 

structures, limited proteolysis gives us a preliminary idea about its tertiary 

structure [140]. The proteases catalyze the hydrolysis of the peptide amide bonds 

in the protein substrates.  Flexible regions (e.g. exposed surface loops or domain 

linking segments) of the protein serve as the primary target site for limited 

proteolysis mechanisms.  For proteins with known crystal structures segmental 

mobility can be monitored by the crystallographically determined temperature 

factors (B-factor) and the initial proteolytic cleavage sites show a strong 

correlation with larger crystallographic B-factors [141, 142]. 

In this study, we have conducted time resolved limited proteolysis 

experiments followed by mass spectrometry based analysis to probe the 

conformational stability of each of the different nucleotide bound and unbound 

states of the native and L127 deletion variant.  The overall structure of the L127 

deletion variant reveals a strikingly different protein conformation than observed 

in the previously characterized structures of the native Fe protein bound to 
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MgADP or the Fe protein in the nitrogenase complex structures [124].  These 

structures provide the basis for developing hypothesis for the conformational 

changes that the Fe protein undergoes during catalysis.  The previous biophysical 

and biochemical studies conducted on the properties of the [4Fe-4S] cluster of 

the L127 deletion variant has provided us with compelling evidence that this 

deletion variant is a close mimic of the MgATP bound “On State” of the native 

Fe protein [69, 70].  One important question as we proceed with our studies is 

the true relationship between the structure of the L127 deletion variant and the 

MgATP bound state of the native Fe protein.  Toward this end, we are using 

limited proteolysis methods as an invaluable technique to evaluate the 

relationship between the Fe protein L127 deletion variant and native Fe protein 

bound to MgATP to complement our structural information. 

 
Materials and Methods 

 
Flexibility Analysis using FIRST 

The program FIRST (Floppy Inclusion Rigid Substructure Topography) 

developed by Michael F. Thorpe utilizes a molecular framework approach to 

distinguish between the flexible and rigid regions of the protein [143, 144].  This 

program is based on a three-dimensional pebble algorithm which allows us the 

rigid clusters and stressed regions in the protein structure to be identified.  The 

results obtained from FIRST analysis provide us with a quantitative estimation of 

the flexibility differences among the overconstrained, underconstrained and 

isostatic regions [143].  In this context, a new concept of flexibility index (fi) is 
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introduced which determines the degree of flexibility of individual bonds in the 

network. 

 
Limited Proteolysis by Trypsin 

Time resolved proteolysis experiments were performed on the following 

samples of the Fe protein 1) native Fe protein, 2) MgADP bound form of native 

Fe protein, 3) MgATP bound form of native Fe protein and 4) Fe protein L127 

deletion variant.  A trypsin/protein ratio of 1:2500 was used in order to ensure a 

slow rate of proteolysis.  Trypsin digested samples were collected for the 

following time points: 5', 10', 20', 60' and 4 hours and was compared with the 

protease free protein which served as the 0' time point.  The volume of the total 

reaction mixture was 300µL and for each time point 40µL of the reaction mixture 

was aliquoted into a separate vial followed by addition of 1mM trypsin inhibitor 

(Phenyl Methyl Sulfonyl Chloride) to stop the reaction.  The results of the 

proteolysis experiment were monitored by SDS-PAGE (performed on 12% 

acrylamide gel) and peptide mass mapping was conducted using MALDI TOF-

MS (Matrix Assisted Laser Desorption Ionization Time-of-flight Mass 

Spectrometry) and ESI-TOF (Electrospray Ionization Time-of-flight) 

                                             
Results and Discussion 

 
Flexibility Analysis of the Different Fe protein Conformational States 

Proteolysis occurs by a induced fit mechanism where the protein substrate 

adapts a complementary structure for the active site of protease to undergo 
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peptide amide hydrolysis [145].  Therefore flexibility of the protein substrate is 

the key rate determinant for the proteolysis.  Native globular proteins in solution 

are a dynamic entity where the side chains and polypeptide backbone undergo 

continuous fluctuation around an average native state [141].  Protein regions that 

are flexible in solution have a higher temperature factor (B-factor) in the crystal 

structures [146-148]. In our attempt to measure the flexibility for each of the 

available structural states of the Fe protein, we have used a molecular framework 

approach known as FIRST ( Floppy Inclusion Rigid Substructure Topography) 

which is a computer based algorithm  that quantitatively determines the 

mechanical stability of the protein structures[143, 144].  In this approach, each 

of the protein structures are divided into substructures of flexible and rigid 

clusters.  The rigid clusters in the FIRST analysis represent a collection of atoms 

connected by non-rotatable bonds forming a rigid protein core.  The rigid cluster 

section can be further subdivided into isostatic and overconstrained regions.  A 

rigid cluster with a minimum number of bond constraints is termed as isostatic 

region[143].  Conversely, rigid clusters with redundant bond constraints are 

known as overconstrained or network induced stressed regions.  The program 

FIRST introduces the concept of flexibility index which provides a quantitative 

measure of the flexibility/rigidity in protein structures[143].  Figure 4-1 

represents a visual description of the flexibility index/analysis for the different 

conformational states of the Fe protein.  The dark blue regions account for 

maximum rigidity, while red represents the most flexible regions in the protein 

structure.  The FIRST analysis predicts maximum flexibility for the structure of 
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the L127 deletion variant when compared to the MgADP bound state of the 

native Fe protein.   

 

          
Figure 4-1.Structure of the A)MgADP bound state of the native Fe protein and B) 
L127 deletion variant colored according to their flexibility index.  The scale runs 
from red (flexible) through grey (isostatic) to dark blue (rigid). 
 
 
Table 4-1. Parameters obtained through FIRST analysis 
 Native Fe Protein Bound 

to MgADP 
L127 Deletion Variant 

Number of non-covalent 
interactions 

725 617 

Hydrogen Bonds 386 279 
Salt bridges 72 42 
Hydrophobic tethers 267 296 
Independent degrees of 
freedom 

959 1014 

Floppy Modes 953 1008 
Hinge Joints 2549 3432 
 
 

Detailed analysis of the data obtained from FIRST indicates lesser number 

of noncovalent interactions present in the L127 deletion variant when compared 

to the MgADP bound state of the native Fe protein (Table 4-1).  Although the 
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primary architecture for each of the Fe protein subunits remain essentially the 

same with eight stranded β-sheet surrounded by nine α-helices[39], there is a 

clear difference in the secondary content among the different conformational 

states of the Fe protein.  In the structure of the L127 deletion variant, ~50% of 

the amino acid sequence is in loop conformation.  Most of these loops are formed 

at the expense of highly ordered helical conformation observed in the MgADP 

bound state of the Fe protein (Table 4-2). 

 
Table 4-2. The percentage secondary structure content present in following Fe 
protein conformational states. 
 Native Fe Protein Bound 

to MgADP 
L127 Deletion 
Variant 

α-Helix 40% 33% 
β-Strand 16% 17% 
Coil 44% 50% 
 
 

A clear rise in the number of floppy modes and hinge joints in the L127 

deletion variant conformational state supports an overall degree of intrinsic 

flexibility over the MgADP bound state of the native Fe protein.  The L127 

deletion variant, which is known to be a faithful mimic of the MgATP bound 

state of the native Fe protein undergoes a huge conformational change on 

complex formation with the MoFe protein [45, 124].  Previous structural studies 

of the free L127 deletion variant has shown that each of the Fe protein subunits 

undergo rigid body reorientation in the order of ninety degrees with respect to 

each other.  Hence these observations point towards the high degree of 

conformational flexibility required for the L127 deletion variant in order to form 

complex with the MoFe protein to undergo a conformational change.  Thus, the 
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FIRST results correctly predict the strikingly different conformational flexibility 

for the L127 deletion variant compared to the MgADP bound state of the native 

Fe protein.  The biophysical and biochemical properties of the [4Fe-4S] cluster 

of L127 deletion variant show a close resemblance with the MgATP bound state 

of the native Fe protein [69, 70, 124].  Therefore, we should expect a similar 

level of conformational flexibility for the MgATP bound state of the native Fe 

protein.   

 
Time Resolved Limited Proteolysis Experiments to Probe different Fe protein 

Conformational States 

It has been clear from previous experimental studies that limited 

proteolysis method relies on the availability of surface exposed loops and sites of 

high segmental mobility [140, 141, 149, 150].  The different conformational 

states of the Fe protein comes with a variation in the proportion of surface 

exposed residues and their intrinsic flexibility which is likely to govern the 

susceptibility for each of these states towards proteolytic digestion.   

Analyzing the amino acid sequence of the Fe protein from Azotobacter 

vinelandii revealed the presence of thirty Arg and Lys residues (Figure 4-2).  

Thus the abundance of Arg and Lys residues in the amino acid sequence makes 

this protein a good candidate to be proteolytically cleaved by trypsin.  In order to 

ensure a slow rate of proteolysis along with accumulation of intermediates of 

partially cleaved proteins over time, an enzyme protein ratio of 1:2500 was used 

for all our experiments.  The time resolved proteolytic experiments were 
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conducted on the following samples: 1) native Fe protein 2) MgADP bound state 

of native Fe protein 3) MgATP bound state of native Fe protein 4) L127 deletion 

variant. 

                

             
Figure 4-2. The trypsin cleavage sites found in the amino acid sequence of A. 
vinelandii nitrogenase Fe protein.  The peptide characterization software 
PeptideCutter available from Expasy server [151] is used used to identify the 
trypsin cleavage sites.  The protein sequence is marked with an “|” above an 
amino acid when there is a cleavage site between this amino acid and its 
neighboring amino acid in the C-terminal direction.   
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The proteolytic reactions conducted at definite time intervals (0', 5', 10', 

20', 60' and 4 hours) for all the samples were monitored using SDS-PAGE, a 

simple technique used in all laboratories.  Figure 4-3 shows the patterns of 

proteolysis for all the samples obtained at definite time intervals.  Each of these 

conformational states of the Fe protein (both native and L127 deletion variant) 

shows a distinct peptide fragmentation pattern.  It should be noted that the 

molecular weight of both the native as well as the L127 deletion variant is 

~32kDa.  Prolonged incubation (4hours) of the Fe protein samples with trypsin 

results in a gradual disappearance of the intact Fe protein band from the gel 

(Figure 4-3).  The tryptic digestion pattern obtained for each of the samples are 

different owing to the conformational and dynamic variability arising from the 

different substrate bound and unbound forms of the Fe protein.   In addition to 

the conformational flexibility, the extent of surface exposure for the Lys and Arg 

residues is a key determinant for the tryptic digestion.  The web-interactive tool 

GETAREA [152] was used to calculate the percentage of surface exposure for 

the Lys and Arg residues from all the available structural states of the Fe protein 

(Table 4-3).  The knowledge of the amino acid surface exposure in combination 

with the peptide fragmentation pattern obtained from the SDS-PAGE and mass 

spectrometry have been used to rationalize the accessibility of specific target 

sites of the different states of native Fe protein and its variant.  From the peptide 

fragmentation pattern observed in protein gel it is evident that the L127 deletion 

variant has the greatest susceptibility towards proteolytic digestion.   
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Figure 4-3.  Time resolved limited proteolysis for different Fe protein 
conformational states monitored using SDS-PAGE.  All the experiments were 
carried out for six time points (0', 5' 10', 20', 60' and 4hrs).  Panel A shows the 
peptide fragmentation pattern for all the time points for the wild type nucleotide 
free and its MgADP bound state respectively. Panel B represents the limited 
proteolysis event for the MgATP bound form of the native Fe protein and Panel 
C displays the same for the Fe protein L127 deletion variant. 
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Table 4-3- Percentage surface exposure of the Lys and Arg residues from the 
three available structural states of the Fe protein 

 
 

The mass spectrometry data provide us information about the nicked 

peptides formed during trypsin digestion.  Analyzing the positions of the nicked 

peptide it is clear that certain regions of the protein are more susceptible towards 

proteolysis.   

 Native Fe Protein Native Fe protein 
Bound to MgADP 

L127∆ Fe protein 

Arg3 25.4 28.2 30.4 
Lys10 23.1 6.4 27.5 
Lys15 2.9 5.9 9.2 
Lys31 36.4 30.3 32.1 
Lys32 20.0 30.8 62.4 
Lys41 18.4 16.5 87.6 
Arg46 31.1 15.9 45.0 
Lys52 38.6 43.9 91.0 
Lys77 16.9 51.4 70.1 
Lys84 7.9 24.7 49.4 

Arg100 83.0 53.9 63.5 
Arg140 44.3 54.8 46.7 
Lys143 33.2 22.6 5 
Lys166 44.4 32.7 48.8 
Lys170 25.5 50.5 91.6 
Arg178 45.0 21.8 55.6 
Arg187 13.4 30.9 47.1 
Arg191 35.8 44.5 65.2 
Lys202 21.9 47.9 41 
Arg213 53.6 55.9 73.9 
Arg219 63.0 51.1 40.2 
Arg223 28.8 12.7 45.1 
Arg224 22.3 6.9 44.5 
Lys233 36.5 95.3 99.1 
Lys235 35.3 89.5 96.8 
Arg241 27.9 24.6 20.1 
Arg245 31.8 70.2 58.2 
Lys246 43 51.8 53.5 
Lys251 60.9 98.2 92.5 
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Figure 4-4.  The primary target sites for trypsin digestion in the available 
structural states of the Fe protein. The figure represents A) native B) MgADP 
bound state and C) the L127 deletion variant.  The colors orange and green 
represent the N-terminal (1-32) and C-terminal (223-251) trypsin cleavage sites 
respectively.  The purple region in the B) MgADP bound state highlights the 
188-202 amino acid residues and dark brown loop in the C) L127 deletion variant 
represents the amino acid residues from the region (171-178) respectively. 
 
 

Figure 4-4 displays the primary target sites of proteolytic cleavage for all 

the available crystal structures of the Fe protein.  The amino acid residues Lys32 

and Lys41 in the L127 deletion variant have a 62% and 88% surface exposure 

respectively.  Therefore these residues are highly available for trypsin attack.  

Thus the nicked N-terminal end of the protein will result in a peptide fragment of 

molecular weight ~28 kDa.  Indeed we find the presence of two peptide bands 

around 28 kDa at all the time points for L127 deletion variant (Figure 4-3C).   
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Figure 4-5. Primary amino acid sequence of the Fe protein followed by the 
secondary structure characterization from the available structural states of the Fe 
protein colored according to their flexibility index determined by FIRST analysis.  
The scale runs from red (flexible) through grey (isostatic) to dark blue (rigid).  
The initial sites for trypsin attack obtained from mass spectrometry analysis upon 
5min incubation with trypsin for each of the available structural states of the Fe 
protein are indicated by an arrow at the C-terminal amino acid of a Lys or Arg 
residue.  The secondary structure composition is represented for the nucleotide 
free and MgADP bound form of the native Fe protein and for Fe protein L127 
deletion variant. 
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This observation is in line with the FIRST results which indicates higher 

degree of flexibility for the N-terminal region of the L127 deletion variant in 

comparison to the native or MgADP bound form of the Fe protein ( Figure 4-5) 

Previous structural studies have indicated a surface loop conformation for the 

amino acid residues falling in the region 170-180 of the L127 deletion variant 

[124] (Figure 4-4C).  The high degree of surface exposure for this loop region 

enables Lys170 and Arg178 to act as primary target sites for trypsin digestion.  

The mass spectrometry analysis does indicate the appearance of the peptide 

fragment (171-178) right from the beginning of proteolytic digestion (Figure 4-6).  

Again this observation is supported by FIRST analysis which predicts a high 

degree of conformational flexibility for this region of the L127 deletion variant 

(Figure 4-5).  The C-terminal end of this protein has a greater susceptibility 

towards proteolysis as revealed from the extent of exposure for the Lys and Arg 

residues as evident from Table 4-3 and the conformational flexibility predicted 

by FIRST (Figure 4-4).  The residues Lys233, Lys235 and Lys251 in the L127 

deletion variant have >90% surface exposure which makes them a good 

candidate towards trypsin digestion. 

Hence we can conclude that trypsin digestion primarily occurs at both the 

N- and C-terminal ends of the L127 deletion variant together with the exposed 

loop region containing Lys170 and Arg178 residues. 

In contrast to the L127 deletion variant, the primary proteolysis cleavage 

in the MgADP bound and the nucleotide free form of the native Fe protein starts 

at their C-terminal ends respectively (Figure 4-6).   
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Figure 4-6. The initial peptide fragments generated after 5 minute interval.  
Panel A, B, C, and D. represent the peptide fragments for wild type Fe protein 
bound to MgATP, L127 deletion variant, wild type Fe protein bound to MgADP 
and nucleotide free form of the wild type Fe protein respectively. 
 
 

This observation is in line with the calculated percentage surface exposure 

for N-terminal Lys and Arg residues in these two structural states of the Fe 

protein (Table 4-3).  The extent of surface exposure for the N-terminal Lys and 

Arg residues are significantly low compared to the L127 deletion variant.  The 

primary target site for the proteolytic cleavage is located on the C-terminal end 
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of both the nucleotide free and the MgADP bound state of the Fe protein.  The C-

terminal residues Lys233 and Lys235 are good candidates towards trypsin 

digestion.  The proteolytic cleavage at the C-terminal end around Lys233/235 

will give rise to a peptide fragment of ~29 kDa (Figure 4-3).  The appearance of 

a peptide band at ~29 kDa right below the intact protein in the gel together with 

the mass spectrometry evidence of initial trypsin digestion at or near residues 

233 and 234 supports the idea of initial trypsin attack at the C-terminal ends of 

the nucleotide free and even in the MgADP bound state of the Fe protein. 

Although the FIRST analysis indicates similar level of conformational 

flexibility for the N-terminal ends of both the nucleotide free and MgADP bound 

form of native Fe protein, the mass spectrometry results reveal a higher degree of 

susceptibility towards proteolytic cleavage for the N-terminal end of the MgADP 

bound state compared to the nucleotide free state of the native Fe protein.  

During the 20' time interval the MgADP bound state of the Fe protein undergoes 

proteolytic cleavage at both the N- and C- terminal ends.  In the native 

nucleotide free Fe protein, the N-terminal peptide fragment appears only upon 

prolonged incubation (4 hours) of the protein with trypsin.  The different salt-

bridge interactions observed for the N-terminal Arg and Lys residues in the 

native nucleotide free Fe protein, may act as a barrier towards the availability of 

these Lys and Arg residues towards trypsin digestion. 

Hence the time resolved proteolysis experiments performed on the 

nucleotide free and MgADP bound form of native Fe protein and on L127 

deletion variant are in excellent agreement with the results obtained from FIRST 
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analysis.  Both the computational and the experimental approach strongly 

suggest that L127 deletion variant has maximum susceptibility towards 

proteolytic digestion over all the available structural states of the Fe protein. 

The peptide fragmentation pattern of the MgATP bound state of the native 

Fe protein show certain similarities with the pattern observed for the L127 

deletion variant.  Prolonged incubation of both these proteins with trypsin result 

in a significantly lower content of intact protein when compared to the MgADP 

bound state and the nucleotide free form of native Fe protein.  Based on the 

observations made from the protein gel we can conclude that both the MgATP 

bound state of the native Fe protein and the L127 deletion variant have a greater 

susceptibility towards proteolysis compared to the other structural states of the 

Fe protein. 

Analysis of the mass spectrometry data for the MgATP bound state of 

the native Fe protein reveals a similar set of primary target sites as observed for 

the L127 deletion variant (Figure 4-6).  The peptide fragmentation pattern 

observed from the mass spectrometry data shows the presence of peptide 

fragments at both the N- and C- terminal ends as well as in the region of amino 

acid 170 in the MgATP bound state of the Fe protein.  A similar mode of 

proteolytic cleavage has been observed for the L127 deletion variant.  The 

similarity of the proteolysis pattern for the MgATP bound state of the native Fe 

protein along with the increased susceptibility towards proteolysis compared to 

the other states of the Fe protein indicate the existence of a structural state 

similar to L127 deletion variant.  



 135

Summary and Conclusions 

          
The proteolysis experiments performed on the Fe protein samples clearly 

demonstrate distinct conformational flexibilities for different structural states of 

the Fe protein and its deletion variant.  The difference in the profile of digestion 

from one substrate bound state to another and in the mutant protein arise from 

the various degree of conformational flexibility in their corresponding structural 

states.  The limited proteolysis event primarily occurs at the flexible regions of 

the protein structure.  The flexibility analyses performed by the program FIRST 

indicate a high degree of conformational flexibility for the L127 deletion variant 

over all the other available structural states of the Fe protein.  A higher 

proportion of loop structures present in the L127 deletion variant is responsible 

for its strikingly different conformational flexibility.  The conformational 

flexibility is also reflected in the peptide fragmentation pattern of the L127 

deletion variant.  The peptide fragmentation pattern observed in the SDS-PAGE 

suggests greater susceptibility towards proteolytic digestion for the MgATP 

bound state compared to the nucleotide free or the MgADP bound state of the Fe 

protein.  The primary proteolytic cleavage sites observed in the L127 deletion 

variant resembles those present in the MgATP bound form of the native Fe 

protein.  Hence a similar mode of proteolytic cleavage and higher susceptibility 

towards limited proteolysis indicate the MgATP bound state of the native Fe 

protein can adopt a conformation very close to the structurally characterized 

state of the L127 deletion variant.  This study demonstrates that time resolved 
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limited proteolysis can be used as a reliable tool to probe the conformational and 

dynamic states for the various substrate bound forms of the Fe protein and its 

variant.  The similarity in the peptide fragmentation pattern between the L127 

deletion variant and the native Fe protein bound to MgATP complement the 

results obtained from the previous biophysical and biochemical experiments 

performed on the [Fe-S] cluster of both the proteins. 
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CHAPTER 5 
 
 

THE THERMAL ADAPTATION OF THE NITROGENASE FE PROTEIN 

FROM THERMOPHILIC Methanobacter thermoautotrophicus 

 
Introduction 

 
Prokaryotes are the most abundant organisms on earth because of their 

adaptability to different habitats.  Several of these microorganisms can thrive in 

environments that are totally hostile to eukaryotes such as high temperature, 

nonphysiological pH, high salt concentration and lack of oxygen. These 

organisms are known as extremophiles and the enzymes they produce have 

unique properties that allow these organisms to thrive in these extreme habitats.  

Among all these microorganisms the thermophilic extremophiles have attracted 

the most attention.  The enzymes produced by these thermophiles are 

intrinsically stable at high temperature, offering major biotechnological 

advantages over their homologous mesophilic counterparts[153].  The reason 

why these thermophilic proteins have found their way into several commercial 

applications (e.g. detergent manufacturing, food processing, PCR) can be 

attributed to their inherent resistance to chemical and thermal denaturation and 

their ability to function at higher temperature[154].  The ability of enzymes from 

thermophilic and hyperthermophilic microorganisms to operate optimally at 

elevated temperatures is a burgeoning area of research activity because of the 

growing number of protein structures as well as the increasing number of 
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available genomic sequences.  Systematic structural comparisons based on the 

amino acid sequence and three-dimensional protein structures indicates that 

greater hydrophobicity, deletion and/or shortening of loops, enhanced secondary 

structure content, and increases in the number of proline residues, aromatic 

interactions, polar surface area, and ion-pairing interactions are some of the key 

factors that are known to contribute to the stability of these proteins at higher 

temperatures[155-159]. 

Nitrogenase is a two-component enzyme responsible for the conversion of 

atmospheric nitrogen to ammonia.  The enzyme is made up of two separable 

components termed the Fe protein and MoFe protein to reflect the metal-content 

of their inorganic prosthetic groups.  During catalysis the Fe protein and the 

MoFe protein associate and dissociate in a manner in which electrons are 

transferred sequentially from the Fe protein to the MoFe protein[42],[79],[43].  

Each intermolecular electron transfer event requires the hydrolysis of two 

molecules of MgATP and multiple cycles of protein association and dissociation, 

electron transfer and MgATP hydrolysis are required for the substrate reduction 

by the MoFe protein[160],[42] (Figure 5-1).  The requirement for ATP binding 

and hydrolysis during nitrogenase catalysis is not fully understood but is thought 

to be in part to support the unidirectional transfer of electrons to substrate.   
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Figure 5-1.  A structural representation outlining the major events that occur 
during a nitrogen catalytic cycle. The nitrogenase component proteins interact to 
affect the MgATP dependent electron transfer from the Fe protein to the MoFe 
protein.  The structures represented in the figure include the MgADP bound “Off 
State” of the Fe protein which on MgATP binding and reduction undergoes a 
conformational change rendering it capable of forming a complex with MoFe 
protein in which intermolecular electron transfer can occur.  The structural 
representation of the L127∆ Fe protein has been presumed to be a close mimic of 
the MgATP bound “On State” of the Fe protein.  The complex structure 
represented in the figure is formed between two components of Fe protein and 
one component of MoFe protein. Following the electron transfer and MgATP 
hydrolysis the Fe protein bound to MgADP dissociated from the MoFe protein 
and is available for another round of nucleotide binding and reduction.  The 
overall stoichiometry of the molecular nitrogen reduction requires multiple 
rounds of component protein association and dissociation for the complete 
reduction of the substrate dinitrogen to ammonia. 
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The Fe protein is a member of a large class of proteins which couple the 

binding and hydrolysis of nucleoside triphosphates to protein conformational 

changes which often occur or are transduced within a macromolecular 

complex[37].  Common biochemical mechanisms are found to be involved in 

such key eukaryotic cellular processes as muscle contraction[82-85] vision[34] 

and cell differentiation[35, 36]. 

There are a number of aspects of nitrogenase structure/function 

relationships that are interesting areas of fundamental research.  Nitrogenase can 

be considered an ideal model system for the study of the complex metal cluster 

mediated catalysis, electron transfer, complex metal cluster assembly, protein-

protein interactions and nucleotide-dependent signal transduction.  The 

nitrogenase enzyme has been highly conserved throughout evolution, which 

indicates the possibility of lateral gene transfer among prokaryotic lineages[161].  

Research on the genetic diversity of the nitrogenase enzyme has been largely 

based on the phylogenetic analysis of the nifH structural gene which is known to 

be the most conserved protein available to date[161].  Interestingly, searches of 

the available microbial genomes indicate that methanogens are the only members 

of Archaea capable of diazotrophic growth[162].  In addition, of the 

methanogens the only thermophile that has been identified as having a full 

complement of nitrogenase structural genes is the M. thermoautotrophicus strain 

∆H (Mt) having an optimal growth temperature of 65°C [163]. 

Recently we have become keenly interested in using the nitrogenase Fe 

protein as a model for thermal adaptation.  In contrast to examples of enzymes 
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that have been analyzed in the context of thermal adaptation, the activity of Fe 

protein involves nucleotide interactions, large scale conformational changes and 

protein-protein interactions.  These are all properties that presumably have to be 

tuned at the level of amino acid sequence for the apparatus to operate optimally 

at higher temperatures.   The nitrogenase components from the aerobic 

mesophilic microorganism A. vinelandii (Av) have been determined by X-ray 

diffraction methods [1, 9, 39, 57, 59, 88, 89].  The structures of various Fe 

protein – MoFe protein stabilized complexes and nucleotide bound Fe protein 

conformations have contributed significantly to understanding the role of 

nucleotide binding and hydrolysis in nitrogenase catalysis [44, 45, 59, 90, 124].  

We have been able to utilize the existing structures of the nitrogenase 

components from Av to generate reliable homology models of the Fe protein and 

the MoFe protein from Mt strain ∆H throughout the cycle of nitrogenase 

dependent conformational changes that occur during catalysis.  The analysis of 

these homology models provides us crucial information about the thermal 

adaptability of the nitrogenase apparatus in the thermophilic methanogenic 

microorganism Mt. 

 
Materials and Methods 

 
Primary Sequence Alignment 

Multiple sequence alignment for amino acids as well as nucleotides can be used 

as a convenient tool to characterize protein families and identify their shared regions 

of homology.  This method helps us to determine a consensus sequence of several 
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aligned sequences and therefore allows us to predict the secondary and tertiary 

structures of new sequences.  Multiple sequence alignment for the nitrogenase Fe 

protein and MoFe protein from mesophilic and thermophilic organisms was carried 

out using the web interactive tool CLUSTALW [164].  CLUSTALW uses a fast 

approximate alignment method to align all pairs of sequence and a similarity score 

(percent identity) is calculated for every pair of sequences aligned.  These scores are 

used in turn to calculate a phylogenetic tree which describes the relationship among 

the sequences aligned.  Hence, multiple sequence alignments provide us the basic 

information about the sequence conserved regions.  The sequences are aligned across 

their entire length and the conserved regions are marked by consensus symbols where 

“*” represents identical residues where as “:” and “.” stand for conserved and 

semiconserved substitutions respectively. The ProtParam tool developed by the expasy 

server (http://us.expasy.org/tools/protparam.html) [165] was used to calculate the 

percentage amino acid composition. 

 
Homology Modeling  

The method of homology modeling involves the prediction of the structure 

of an unknown protein using a known three dimensional structure of a 

homologous protein as a template.  The high degree of amino acid sequence 

identity and similarity between the mesophilic and thermophilic nitrogenases has 

been exploited to generate reliable homology models.  The CPH homology 

modeling server (http://www.cbs.dtu.dk/services/CPHmodels/) was used to 

construct the homology models [166] for the Fe protein and MoFe protein 
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components from Mt.  The sequence for the desired protein is submitted in a 

FASTA format to the server, which then iteratively searches a large sequence 

database until a proper template with known three-dimensional structure is 

identified. The query and the template sequences are subsequently aligned and an 

alignment score is calculated for each amino acid pair.  This step is followed by 

the generation of the homology model by coordinate reconstruction method.  The 

Av Fe protein from the MgADP-AlF4
- stabilized complex structure (1M34) and 

the L127 deletion variant (1RW4) were used as templates to build the Mt2 

homology models.  Subsequently these homology models were superimposed on 

various conformational states (1FP6, 1RW4, 1G20) of the Av2 to recreate those 

states for the Mt2 Fe protein.  In a similar fashion the homology modeling 

program used the MoFe protein from the ADP-AlF4
- stabilized complex structure 

(1M34) to generate the homology models for the α- and β- subunits of the MoFe 

protein from Mt.  For analysis all solvent molecules were removed from the 

structures and homology models. 

 
Calculating the Electrostatic Potential for the Protein Molecule  

The Poisson-Boltzmann equation routine in the DELPHI package 

developed by Honig and coworkers [167] in the DS Modeling version 1.1 

software (from Accelrys) was used to calculate the electrostatic energy of 

stabilization of the protein molecule.  The protein was centered on a 65x65x65 

cubic grid.  The standard values for solvent dielectric constant as 80 and protein 

dielectric constant as 2 were used to perform the electrostatic potential map 
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calculations.  Prior to the calculation of the electrostatic potential, partial atomic 

charges and van der Waals radii were assigned to the protein using CHARMM 

parameter sets.  The experiments were run at 298K and the ionic strength was set 

at its physiological value of 0.145M. 

 
Secondary Structure Content 

The web interactive 3D-PSSM server [143, 168, 169] was used to 

determine the secondary structural composition (the helices, β-strands and loop 

regions).  The sequence for the protein of interest is submitted to the server 

which is then processed in several stages.  First, the query sequence is subjected 

to an extensive scanning against an updated sequence database using PSI-Blast to 

identify the sequence homologs and create a sequence profile for the protein.  

The program PSI-Pred is then used by the 3D-PSSM server to predict the type 

and amount of secondary structural elements (α-helices, β-strands and coils) 

present in the protein.  The measure of confidence in predicting the secondary 

structure content is given as a function of a color coded E-value where red 

displays 95% level of confidence and blue stands for 50% confidence in 

prediction. 

 
Structural Rigidity Analysis 

The program FIRST (Floppy Inclusion Rigid Substructure Topography) 

developed by Michael F. Thorpe at Arizona State University utilizes a novel 

distant constrained approach to distinguish between the flexible and rigid regions 

of the protein structure [144].  FIRST applies a three-dimensional pebble game 
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algorithm to identify the rigid clusters and stressed regions in the protein 

structure [170]. This 3D-pebble game algorithm is constructed on the basis of 

Laman’s theorem [143] which deals with the generic rigidity of a two 

dimensional bar joint network. A concept of continuous flexibility index is 

introduced in the FIRST calculations to determine the degree of flexibility of 

individual bonds in the network.  The flexibility index (fi) gives a quantitative 

estimation of the flexibility differences among the overconstrained, 

underconstrained and isostatic regions [171]. The overconstrained and the 

isostatic regions account for the rigid regions where as the underconstrained 

regions with greater number of degrees of freedom account for the flexible 

regions of the protein structures. 

 
Results and Discussion 

 
Amino Acid Sequence Comparisons 

Primary sequence alignment of the Mt and Av Fe proteins (abbreviated in 

subsequent discussion Av2 and Mt2) reveals a high degree of sequence identity 

(60%) and overall similarity (>75%) (Figure 5-2).  The regions of most 

concentrated amino acid sequence identity include the nucleotide switch regions 

and the regions immediately adjacent to the Cys ligands of the [4Fe-4S] cluster. 

A similar level of sequence identity and similarity are present in analogous 

comparisons of the Mt sequence with the deduced amino acid sequences of the 

well characterized Fe proteins from Klebsiella pneumoniae and Clostridium 

pasteurianum.  The high degree of conservation at the level of amino acid 
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sequence supports the utility of the nitrogenase Fe protein as a model system for 

analyzing thermal adaptation.  With differences at the amino acid sequence 

limited and well defined, the analysis can then focus on discrete differences that 

can be identified in amino acid sequences and structures and evaluated in the 

context of thermal adaptation.  Interestingly, the Mt Fe protein is extended at the 

N-terminus and truncated at the C-terminus relative to Av2.  The C-terminal 

truncation is common to the Fe protein from C. pasteurianum and the functional 

importance of this region has been explored through mutagenesis studies.   

 

 
Figure 5-2. Primary sequence alignment of the nitrogenase Fe protein from Av2, 
and Mt2 using the program CLUSTALW. The conserved regions are marked by 
consensus symbols where “*” represents identical residues where as “:” and “.” 
stands for conserved and conservative substitutions respectively.  The amino 
acids are color coded in red, blue, magenta and green respectively.  The color red 
in the figure represents the hydrophobic amino acids (Ala, Val, Phe, Pro, Met, Ile, 
Leu and Trp).  The acidic amino acids (Asp and Glu) are colored in blue and the 
color magenta represents the basic amino acids (Arg and Lys) in the figure.  The 
color green stands for the entire group of polar amino acids ( Ser, Thr, Asn, Gln, 
His, Cys, Tyr) and  Gly in the above presentation.         
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A hybrid AvCp Fe protein consisting of the Av2 substituted with the 

shorter C-terminus of C. pasteurianum was able to support diazotrophic growth 

of a mutant strain and retains approximately 50% of the in-vitro nitrogenase 

activity [153].  The extended N-terminus of Mt2 is interesting since the lengths 

of the N-termini of Fe proteins from the most well characterized Fe proteins 

from Av, C. pasteurianum, and K. pneumoniae are similar.  From this study, the 

potential functional relevance of the extended N-terminus cannot be addressed 

and is difficult to rationalize in the context of thermal adaptation since 

unanchored extensions or loop regions within a protein would be a detriment to 

thermal stability [153].  

 
Homology Modeling  

The goal of the study is to directly compare the structures of Av2 in 

defined structural states with homology models of the thermophilic Fe protein 

generated from threading the amino acid sequence of the Mt Fe protein onto the 

previously elucidated structures of Av2.  The primary sequence similarity has 

been exploited to generate reliable homology models of the Fe protein and MoFe 

protein from Mt using the existing structures of the nitrogenase components as 

templates.  Homology models were generated for multiple structurally defined 

states of the individual nitrogenase components (the Fe protein and MoFe protein) 

and the nitrogenase complex and hypothetical docking models.  The reliability of 

the homology models have been addressed by examining the interactions of the 

protein core and subunit interfaces.  The details of these interactions in the 
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context of thermal adaptation are discussed in detail below, however, the greater 

extent of interactions observed in all of the structures modeled in this study 

indicate the validity of the models. 

 
Amino acid composition 

Despite the high level of sequence conservation of Av2 and Mt2, there are 

noticeable differences in the relative amino acid composition of each protein that, 

for the most part, follow established trends for thermally adapted proteins.  A 

comparison of relative percentages of each amino acid from Av2 and Mt2 

compared to the previously reported standard percentages of amino acid residues 

from a representative group of proteins from mesophiles and hyperthermophiles 

is shown in Figure 5-3.   

The current analysis not only allows the analysis of variations in amino 

acid composition that can be attributed to thermal adaptation but also variations 

in amino acid composition that are specific to the nitrogenase Fe protein.  For 

example, there are clearly a larger percentage of the amino acids Cys, Gly, and 

Met in the nitrogenase Fe protein relative to the comparison group.  The larger 

percentage of Cys residues present is a likely result of the specific functional 

role of Cys as a ligand to the [4Fe-4S] cluster.  There is a general trend for fewer 

Cys, Asn, and Gln in thermophiles and this has been attributed to these residues 

having a greater propensity for oxidative damage at high temperatures [153].  

This trend is not observed for the Mt2 when compared to Av2.  A possible 

explanation for this, however, is that Mt is a strict anaerobe thereby existing in 
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an environment which lacks selective pressure for the reduction of the presence 

of these side chains. This may be coupled to the observation that the Fe protein 

has a relatively lower percentage of the structurally similar Ser when compared 

to other proteins.   

 

 
Figure5-3. Plot depicting the percentage amino acid composition of the Fe 
protein from Av2 and Mt2 and compared to the previously reported standard 
percentages of amino acid residues from a representative group of proteins from 
mesophiles and hyperthermophiles.  Data for mesophiles and hyperthermophiles 
was taken from previous work[153].  The Fe proteins from Av2 and Mt2 are 
color coded in light brown and magenta respectively.  The colors sky blue and 
green are representatives for the standard amino acid percentages from the 
mesophilic and thermophilic protein families      
 
 

The higher Gly content observed for both Av2 and Mt2 relative to other 

proteins is functionally relevant since the nitrogenase Fe protein binds 

nucleotides and undergoes conformational changes both of which are processes 

that are known to be facilitated by the presence of Gly rich regions of the protein 
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and/or individual Gly residues.  The larger Gly content in Mt2 relative to Av2 

and in thermophiles relative to mesophiles in general has been previously 

attributed to its contribution in the formation of stable C-terminal α-helical caps 

as well as allowing the existence of tighter/shorter loop regions between 

secondary structure elements.   

         

             
Figure 5-4. Pie diagrams representing the proportions of charged, hydrophobic, 
polar and apolar residues in the Fe protein from Mt2 and Av2. The figures in 
panel A represents the overall percentages of the charged, hydrophobic, polar 
and apolar residues of the Fe protein from Mt2 and Av2. The pie diagrams in 
panel B. represents the relative percentages of the charged, hydrophobic, polar 
and apolar residues in the interior of the Fe protein from Mt2 and Av2. The red 
color in the pie diagram represents all the charged residues ( Asp, Glu, Lys, Arg, 
His).  The colors grey and light blue are representatives for the hydrophobic 
amino acids (Ala, Leu, Ile, Val, Pro, Phe, Tyr, Trp, Met) and the polar amino 
acids (Asn, Gln, Ser, Thr and Cys) respectively.  The remaining white portion in 
the pie diagram represents the percentage of Gly residue. 
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Similarly, a slightly greater proportion of Pro which is observed in 

comparing Mt2 and Av2 supports stabilization of tighter/shorter loop regions in 

thermophilic and hyperthermophilic proteins and decreasing the overall entropy 

of unfolding and increasing structural rigidity.   

Overall there are not significant differences in the proportion of charged 

and hydrophobic amino acid residues in Mt2 relative to Av2 (Figure 5-4A).  A  

higher proportion of charged and hydrophobic amino acid residues are often 

observed for thermophilic and hyperthermophilc proteins supporting a higher 

level of specific ion-pairing interactions and hydrophobic interactions leading to 

enhanced thermal stability.  That lack of markedly different propositions of 

charged and hydrophobic amino acid side chains as observed for 

hyperthermophilic proteins may in part be that Mt is a moderate thermophile.  

However, slight differences in the number of charged and hydrophobic amino 

acids follow the trends for mesophilic and thermophilic proteins and some of 

these differences are a result of charged and hydrophobic residues in Mt2 

substituting for Ala in Av2 evidenced by the lower overall Ala content observed 

for Mt2 relative to Av2 (Figure 5-3).  Greater Arg content (Figure 5-3) is often 

observed in proteins from thermophiles and has been previously attributed to the 

reduced chemical reactivity of the side chain guanido moiety relative to Lys due  

to its resonance stabilization along with its greater surface area for ion-pairing 

interactions [172, 173].  Although the overall percentage of hydrophobic amino 

acid residues is virtually the same in Mt2 versus Av2 there are differences in the 

makeup of the hydrophobic amino acids present that can be attributed to thermal 
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adaptation.  For example, there is a lower Leu content in comparing Mt2 to Av2 

but a higher proposition of Met and Phe (Figure 5-3).  Analysis of the amino acid 

content indicates that the overall content of hydrophobic residues within the 

interior of the protein is actually lower in Mt2 than Av2 (Figure 5-4B) 

reaffirming that thermal adaptability is manifested more in changes in the nature 

of hydrophobic interactions (i.e. substitution of more bulky hydrophobic side 

chains) and the number of specific interactions and not in the presence of 

additional hydrophobic side chains.  In this context, these differences would 

support enhanced thermal stability since bulkier hydrophobic amino acid side 

chains can support stronger hydrophobic interactions in the protein interior.  

 
Surface Charge Composition and Electrostatic Potential 

One of the features of thermally adapted proteins that can be clearly 

discerned in the analysis of structural models is the proportion of surface charge 

or electrostatic potential.  A greater proportion of surface charge is commonly 

observed in proteins derived from thermophiles and hyperthermophiles and this 

can been attributed to both the enhancement of stability by ion-pairing 

interactions that occur at the surface but also conceptually the increased need for 

surface charge to achieve a given level of solvation/hydration at higher 

temperatures. The high degree of disorder of the water molecules at elevated 

temperatures results in a decrease in the solvation of the surface charged residues. 

Hence the charged residues in the thermophilic proteins are able to retain their  
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inter-residue ion-pairing and salt-bridge interactions [153, 156, 174].  Figure 5-5 

shows the relative distribution of surface charge for Mt2 and Av2 in two 

different conformations, the MgADP bound or “off state” in the mechanistic 

scheme (Figure 5-1) and the structural conformation observed for the L127∆ 

variant of the Fe protein which has been hypothesized to represent a mimic of the 

MgATP or “on state”.  In comparing Mt2 with Av2 there is a difference in the 

amount of charge on the surface that is in-line with the trends observed 

previously for thermal adaptation.   A higher proportion of charged chains are 

observed at the surface in both conformations of Mt2 relative to Av2 which 

occurs at the expense of surface exposed polar and hydrophobic side chains 

(Figure 5-5).  This difference is also evident in calculation of electrostatic 

potentials for the proteins such that higher electrostatic potentials are observed 

for the Mt2 conformations relative to the corresponding Av2 conformations.  

Interestingly, a significantly higher proportion of surface exposed Gly residues is 

observed in the MgADP bound state reaffirming the importance of Gly in 

allowing the occurrence of shorter surface loops.  

A very interesting result of the current analysis is derived from the 

comparison of surface charge and electrostatic potential between the two Fe 

protein conformations independent of source (Mt versus Av).  In comparing the 

two conformations (MgADP bound and L127 deletion variant), there is a larger 

amount of exposed surface area in the L127 deletion variant (23,374 Å2) versus 

the MgADP bound state (21,561 Å2).  Although there is an increase in exposed 
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surface, the electrostatic potential for the L127 deletion state is lower than that 

of the MgADP bound state regardless of source (Figure 5-5).   

                 

                             
Figure 5-5.  Structural representation of the Fe protein in two different states 
colored on the basis of their electrostatic potential along with a pie diagram 
representation of the relative percentages of the charged, hydrophobic, polar and 
apolar amino acids on the surface of the Fe protein in both the states.  The 
electrostatic potential values for each of these states are expressed in kcal/mol.  
Panel A. and panel C represents the homology model and pie charts created for 
the Fe protein from Mt2 in the MgADP bound state and the L127∆ Fe protein 
state which is presumed to be a close mimic of MgATP bound state.  The figures 
in panel B and D are representing the MgADP bound state and the L127∆ Fe 
protein state from Av2 along with their surface amino acid composition depicted 
in the pie diagrams.  The color code for the charged, hydrophobic, polar and 
apolar amino acids in the pie diagrams are identical to Figure 5-4. 



 155

The conformational difference and increase in exposed surface area in 

comparing the L127 deletion variant with the MgADP bound state is manifested 

mainly in a rigid body reorientation of the two Fe protein subunits resulting in a 

much less extensive subunit interface. The lower electrostatic potential and 

surface charge in the L127 deletion variant conformation is a result of exposure 

of a significant number of uncharged amino acid side chains that are located at 

the subunit interface.  In the context of function, if the L127 deletion state 

represents a true and faithful mimic of the MgATP bound state, we should expect 

that structure to be less stable in solution than the MgADP bound state.  In the 

context of function, the lower stability in solution of the L127 deletion variant 

and the MgATP bound state of the Fe protein may be an important driving force 

for complex formation. 

 
Secondary Structure Composition 

In thermally adapted proteins, an overall greater proportion of amino acids 

involved in well-defined secondary structure is often observed.  This is manifested 

in the thermally adapted proteins not only by the lack of extensive solvent exposed 

loop regions as mentioned previously, but also a greater extent of secondary 

structure.  Increase in the helical content along with shortening of loop regions 

results in a decrease in conformational entropy [175].  Ribbons diagrams of Mt2 

and Av2 with secondary structure elements individually color coded are indicated 

in Figure 5-6.   
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Figure 5-6. The three dimensional structure of the Fe protein is represented as a 
ribbon diagram with its color coded secondary structural elements ( α-helices, β-
sheets and coils ).  The pie diagram represents the percentage secondary structure 
composition of the Fe protein.  The color code for the corresponding secondary 
structural elements are as follows: the α-helices and β-strands are orange and 
green respectively and the coil portions of the ribbon diagram are depicted in 
blue.  The figure in panel A displays the homology model created for the Mt2 Fe 
protein using the Av2 Fe protein as the template.  The pie diagram is 
representative of its percentage secondary structure composition.  Similarly 
panel B represents the ribbon diagram of the Fe protein from Av2 along with the 
pie chart showing the percentage composition of secondary structural elements in 
the aforementioned structure.   
 
             

A detailed analysis of the secondary structure content indicates a 

substantially greater in proportion of amino acids participating in α-helices and  β-

sheets in Mt2 relative to Av2 (Figure 5-6) consistent with observed trends for the 

comparison of proteins derived from thermophiles or hyperthermophiles versus 

proteins derived from mesophiles. Since models of Mt2 are generated by homology 

modeling, the increase in secondary structure observed in Mt2 not only is 

consistent with thermal adaptation but also directly supports the robustness of the 

homology modeling approach used in this study. 
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Table 5-1. Percentages of individual amino acids present within the indicated 
secondary structure elements 
                     α-Helices (%)                β-Sheet (%)                   Coil (%) 

 
 

The data in Table 5-1 indicate the distribution of all 20 amino acids in the 

helices, sheets and coiled conformation of the overall protein structure from all 

three organisms.  Tight packing of the hydrophobic core has a direct correlation 

with the increase in structural rigidity and stability of proteins [176, 177].  The 

amino acid Arg is known to be a helix favoring residue because of its ability to 

participate in multiple noncovalent interactions and the data in Table 5-1 

indicates the presence of a significantly larger proportion of Arg residues in the 

helices of Mt2.  Overall a larger number of helix stabilizing interactions by 

 Av Mt Av Mt Av Mt 

V 38 33 27 25 35 42 
M 57 62 14 13 29 25 
L 62 77 14 15 24 8 
I 52 43 29 38 19 19 
F 14 42 43 33 43 25 
N 42 56 8 11 50 33 
Q 43 56 14 0 43 44 
D 32 13 5 7 63 80 
E 56 60 7 12 37 28 
H 0 0 50 50 50 50 
K 35 37 12 10 53 53 
R 46 62 15 16 38 23 
G 14 13 14 13 72 74 
A 57 59 7 12 36 29 
S 20 33 0 0 80 67 
T 33 46 0 8 67 46 
Y 50 62 37 25 13 13 
W 0 0 0 0 0 0 
C 0 25 71 37 29 38 
P 13 20 0 0 87 80
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negatively charged and positively charged residues located at or near their N-

terminal and C-terminal ends respectively, are observed in Mt2 versus Av2.  In 

addition, the frequency of occurrence of Val and Ile residues in α-helices in Mt2 

is lesser than Av2 and this has also been noted in comparisons of proteins from 

thermophiles and mesophiles.  These residues (Val and Ile) as well as Thr are 

considered to be helix destabilizing residues because they are bifurcated at the β 

carbon resulting in a lower level of conformational freedom in comparison to 

most other amino acid residues [178]. 

In addition, it was shown that Val and Ile showed the highest calculated 

conformational entropy loss when transfer from a flexible tripeptide to an α-

helix[179].  Although Thr is also bifurcated at the β carbon, the proportion present 

in α-helices in Mt2 is greater than that found in Av2 which is a likely result of the 

ability of Thr to form stable hydrogen bonding interactions.  

 
Determining the Flexibility of the Protein structures 

The conformational entropy of the protein molecule increases with 

elevated temperatures and this can be attributed to the high degree of disorder 

observed in the protein-solvent interactions.  Therefore, increase in 

conformational entropy may cause deleterious effects on the structure/function 

aspects of the protein molecule by altering its active configuration and leading to 

its denaturation at elevated temperatures.  Hence, in order to maintain the 

structural integrity, the thermophilic protein needs to adopt certain strategies that 

will act as a control mechanism to lower the conformational entropy and prevent 
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it from getting denatured at higher temperatures [143, 144].  Increased rigidity of 

the thermophilic proteins can be considered as the first step toward the reduction 

of the conformational disorder of the protein molecule.  This can be achieved by 

stronger interactions within the protein interior. 

There are several different factors such as the bonding and nonbonding 

forces that contribute towards the rigidity of the protein structures.  Recently, 

there are some computer based algorithms available which can predict the 

mechanical stability of a protein molecule.  The FIRST (Floppy Inclusion and 

Rigid Substructure Topography) software developed by Thorpe and coworkers 

allows the analysis of what is termed the intrinsic flexibility of the protein 

structures [143].  The approach utilized by the FIRST software divides the 

protein into substructures of flexible regions (also known as underconstrained 

regions) and rigid clusters.  The rigid clusters are formed from a collection of 

atoms connected by non-rotatable bonds varying in size from hundreds and 

thousands of atoms forming a rigid protein core down to a single atom. There are 

two types of rigid clusters. A rigid cluster is termed isostatic when it contains a 

minimum number of bond constraints.  Conversely, a network induced stress 

region is introduced, when the rigid cluster contains redundant bond constraints.  

The underconstrained regions typically constitute the flexible links in between 

the rigid clusters.  Therefore an overconstrained region is more stable than an 

isostatic region which in turn has greater stability than an underconstrained 

region.  At this point a flexibility index [144] is introduced to measure the 

continuum between rigidity and flexibility in the protein structures.  The 
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flexibility index gives a quantitative measure of the rigidity of the protein 

structure [180].  A visual description of the flexibility index/analysis for the Mt2 

and Av2 is shown in Figure 5-7.  The dark blue regions account for maximum 

rigidity while red accounts for the most flexible regions in the protein structures.  

Using the FIRST analysis Mt2 has a distinctly rigid structure in comparison to 

Av2 in either the MgADP bound state or in the conformation observed for the 

Av2 variant L127∆.  There was a dramatic change in flexibility when the Fe 

protein from both Mt2 and Av2 were engaged in complex formation with the 

MoFe protein in the nitrogenase complex structure.  The enhanced rigidity of the 

Fe protein from the complex structure is in line with the previously observed 

rigid nature of the Ras protein upon Ras-Raf complex formation [181]. In Table 

5-2, the forces that contribute to increased structural rigidity are broken down 

individually.   

Hydrophobic tethers represent the hydrophobic interactions between 

significantly hydrophobic groups in the protein molecules (e.g. the carbon or 

sulfur atoms which form a part of  a bulky side chain were considered to 

participate in hydrophobic interactions) [143].  The number of hydrophobic 

tethers is definitely a key factor in the thermal stability and structural rigidity of 

the Fe protein.   
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Figure5-7. Structure of the Fe protein from Mt2 and Av2 are colored according to 
their flexibility index.  The scale runs from red (flexible) through grey (isostatic) 
to dark blue (rigid).  Two different conformational states (MgADP bound state and 
the L127 deletion variant) are shown for both Mt2 and Av2.  Both the 
conformational states for the Mt2 Fe protein is generated through homology 
modeling using the existing structures of Av2 as templates. 
 
 
                Table 5-2. Parameters obtained through the FIRST analysis 
 
 

 

 

 

 

 

 Mt2 Av2 

Number of noncovalent 
bonds 

1313 725 

Hydrogen bonds 388 458 

Hydrophobic tethers  925 267 

Independent degrees of 
freedom 

523 959 

Floppy modes 517 953 

Hinge joints 787 2549 
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Among the other prominent features observed in the flexibility analysis of 

the comparison of Mt2 versus Av2, it has a lesser number of floppy modes (i.e. 

internal independent degrees of freedom) as well as smaller number of bonds with 

free rotation (also known as hinge joints) (Table 5-2).  The number of floppy 

modes, together with the number of hinge joints, is a good measure for the 

intrinsic flexibility of the protein [110]. Therefore the enhanced rigidity observed 

in the Mt2 by FIRST analysis is an outcome of the fine tuning of its microscopic 

properties occurring at the level of overall amino acid sequence composition, the 

occurrence of amino acid side chain character on the surface and the interior of the 

protein, as well as its secondary structure content. 

 
Protein-Protein Interactions 

Figure 5-8 shows a comparison of the docking models and half complex 

structures for Av proteins and the homology models of the Mt nitrogenase 

proteins.  As in the case of the Mt2 homology modeling, the degree of sequence 

identity (37% α-subunit and 32% β-subunit) and similarity (58% α-subunit and 

60% β-subunit) of the nitrogenase MoFe protein subunits from Av (Av1) and Mt 

(Mt1) allows for the generation of reliable models.  The Mt1 – Mt2 docking and 

the stabilized complex structural models generated by homology modeling 

support structurally and chemically complementary interactions analogous to 

those observed for the nitrogenase structurally characterized nitrogenase 

components from Av.  The docking model from Av has been used to rationalize 

the interactions that occur during nitrogenase Fe protein/MoFe protein initial 
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docking and complex formation (Table 5-3).  The interactions that can be 

rationalized in the homology models are found to be chemically reasonable and 

support the reliability of our approach.  

Detailed analyses of the nitrogenase protein-protein interactions in the Mt 

nitrogenase indicate a subset of interactions are conserved. In addition there are 

clearly some differences when compared to the nitrogenase protein-protein 

interactions that are either observed in the complex structures or rationalized in 

the docking model of nitrogenase from Av (Table 5-3) Since MgATP hydrolysis 

and intermolecular electron transfer occur only within the nitrogenase complex, 

presumably a subset of protein-protein interactions must be directly associated 

with triggering these processes.  These results are invaluable in the context of 

our efforts to identify the specific interactions involved in the triggering process 

since those interactions that are conserved in nitrogenases from multiple sources 

are likely invariable and integral to the triggering mechanism.  For example, the 

analogous interactions between the Arg 100 and 99 side chains from Av2 and 

Mt2 dimers respectively with a pair of Glu residues on the α and β subunits Av1 

and Mt1 or the interactions of Ile 103 and 107 hydrophobic groups with the side 

chains of a pseudosymmetrically related set of Phe residues on Av1 and Mt1 

(Table 5-3).   The role of the Fe protein Arg residues and the MoFe protein Phe 

residues mentioned above has been confirmed by site-directed amino acid 

substitution studies of the Av components[75, 132].  The amino acids 58, 62 and 

68 from the Fe protein which are shown to be involved in intercomponent 

interactions (Table 5-3) fall in the switch I region of the Fe protein.  The switch I 
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region in the Fe protein communicates between the nucleotide binding site and 

the docking interface and previous mutagenesis studies has suggested that 

residues 59 to 67 is critical for protein-protein docking interactions [133].  

Furthermore, site-directed mutagenesis experiments carried out on amino acid 

residue Lys 170 gave rise to a inactive Fe protein [133]. 

 
Table 5-3.  Interactions in the docking model and in the nitrogenase complex 
structure.  The residues in green represent analogous interactions occurring in Mt 
and Av. 

Mt -Docking Av-Docking Mt-Complex Av-Complex 
E71-Rα99 E68-Kα129 M63-Fα91 M58-Vα124 
I107-Fα91 I103-Fα125  A62-Kα121 
K174-Dα128 K170-Dα162 C101-Vα90 C97-Vα124 
K174-Dα127 K170-Dα161 R104-Eα86 R100-Eα120 
R144-Lα124   R100-Gα157 
Q178-Eα130   T104-Eα120 
K121-Eα1  R144-Dα127 R140-Gα160 
R115-Dα95   E141-Kα168 
R115-Dα88  Q178-Dα128  
R104-Dα127  Q178-Rα134  
 E141-Rα187   
 Q145-Rα203 M63-Fβ69 M58-Vβ124 
 A172-Lα158 C101-Vβ68 C97-Vβ124 
 A172-Iα159 R104-Eβ64 R100-Eβ120 
E71-Rβ72 E68-Kβ132  T104-Eβ120 
I107-Fβ69 I103-Fβ125  R100-Eβ156 
K174-Dβ105 K170-Dβ160  G133-Iβ158 
R144-Iβ101  R144-Dβ104 R140-Gβ159 
R144-Eβ100  Q178-Dβ105  
Q178-Sβ131  Q178-Rβ111  
R115-Dβ77    
R104-Dβ104    
K121-Eβ346    
 E141-Hβ185   
 Q145-Rβ206   
 A172-Lβ158   
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A slightly larger number of interactions is observed for the Mt docking 

model and complex as compared to Av2 supporting a stronger interactions 

between nitrogenase Mt1 and Mt2 which would presumably be required for 

effective complex formation at higher temperature (Figure 5-8 and Table 5-3).  

Careful analysis of the nature of these protein-protein interactions reveals that 

there are a greater number of salt-bridge or ion-pairing interactions between Mt1 

and Mt2 in comparison to Av1 and Av2.  There is theoretical as well as 

experimental evidence about the correlation between the number of salt bridges 

and thermal stability of protein structure [153, 182, 183], but this study reveals 

that a greater extent of ion-pairing interactions also supports the adaptability of 

functional dynamic protein-protein interactions to higher temperatures.   
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Figure 5-8.  Docking model and the electrostatic docking surface of the Fe 
protein L127 deletion variant.  The figures in each panel show the proposed 
model for initial docking of the L127∆ Fe protein deletion variant and the MoFe 
protein followed by the docking and protein-protein interactions observed in the 
stable nitrogenase complex structure and the docking surface of the Fe protein 
L127 deletion variant colored according to its electrostatic potential. The 
negatively charged residues on the docking surface are colored red and the 
positively charged residues are depicted in blue.  Panel A and B represents the 
corresponding states of the nitrogenase components from Mt2 and Av2 
respectively.  The structures of the different conformational states of the Fe 
protein from Mt2 are generated by homology modeling using the corresponding 
structures from Av2 as the template.  In the docking model, a single Fe protein 
L127 deletion variant dimer (maroon and sky blue in Mt2, green and dark purple 
in Av2) is poised for docking with an αβ dimer half of the MoFe protein (orange 
and green in Mt2, navy blue and orange in Av2).  The nitrogenase complex 
structures from both Mt2 and Av2 follow similar color scheme.     
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Conclusions 

 
The high level of sequence conservation between the Av and Mt Fe 

protein makes this a very desirable model system to analyze the discrete changes 

that contribute to thermal adaptation.  The function of the Fe protein in 

nitrogenase catalysis involves large scale conformational change and protein-

protein interactions and there is little information available for the thermal 

adaptation of proteins for which function is dependent on these processes.   

As indicated in numerous previous works involving protein thermal 

adaptation,  overall amino acid content, surface charge, secondary structure 

content differ in proteins adapted for differing temperatures.  Although several 

factors have been shown to contribute to thermal adaptation, not all factors 

contribute to thermal adaptation in a given system.  The Mt2 possesses shorter 

loop regions and lower random coil content than the Av2 as has been noted in the 

characterization of numerous thermal adapted proteins.  However, comparison of 

different conformational states of the Fe protein suggests that some factors 

normally associated with thermal adaptation, such as lower Gly content, are not 

compatible with a functional protein that requires large scale conformational 

change.   

There is a significant difference in the relative distribution of surface 

charge residues in the Mt2 from Av2.  The abundance of surface charged 

residues results in higher electrostatic potential which enhances the stability of 

the protein at higher temperatures.   



 168

The FIRST analysis on the different conformations of the Fe protein from 

both Mt and Av provide us with compelling evidence on the enhanced rigidity of 

Mt2 in all conformations in comparison to Av2.   

Detailed analyses of the nitrogenase protein-protein interactions in the Mt 

indicate a subset of conserved interactions in addition to some clear differences.  

Careful analysis of the nature of the interactions reveals that there are a greater 

number of ion-pairing interactions between Mt1 and Mt2 in comparison to Av1 

and Av2.  Hence the greater number of ion-pairing interactions observed in the 

complex as well as in the docking model for Mt support dynamic protein-protein 

interactions at higher temperatures. 
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CHAPTER 6 

                                          
CONCLUDING REMARKS 

          
Structural characterization of the L127 deletion variant provides a 

powerful basis for the rationalization of the MgATP dependent conformational 

changes taking place in the nitrogenase Fe protein.  Although the overall fold for 

each of the Fe protein subunits remain essentially the same, the unique structural 

feature of this variant arise from the rigid body reorientation of the subunits in 

the order of ninety degrees with respect to each other.  The reorientation of the 

subunits leads to a much open conformational state for the L127 deletion variant 

compared to the previously characterized structural states of the Fe protein.  The 

results from the FIRST analysis also reveal the high degree of conformational 

flexibility of the L127 deletion variant over other characterized states which 

again confirm its ability to successfully interact with the MoFe protein to form 

the nitrogenase complex structure.  Indeed our proposed docking model which is 

based on the pairing of the symmetric two-fold axis of the Fe protein with the 

pseudo-symmetric two-fold axis of the MoFe protein αβ dimer clearly indicates 

both structural and chemical complementary interactions between these two 

component proteins.  One of the interesting features observed in the structure of 

the L127 deletion variant is the novel splitting of the [4Fe-4S] cluster into two 

[2Fe-2S] rhombs.  The splitting of the [4Fe-4S] cluster has also been observed in 

the oxidized state of the MgATP bound form of the native Fe protein under 

similar experimental conditions.  Furthermore, it has been demonstrated by time 
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resolved limited proteolysis experiments both the L127 deletion variant and the 

native Fe protein bound to MgATP have greater susceptibility towards 

proteolytic digestion compared to the other characterized states of the Fe protein.  

The mass spectrometry analysis of the proteolysis samples revealed the presence 

of a similar set of primary target sites in the L127 deletion variant and the 

MgATP bound state of the native Fe protein.  Therefore these studies reaffirm 

our hypothesis that binding of MgATP to the native Fe protein can result in a 

conformation very similar to the observed crystal structure of the L127 deletion 

variant. 

The enzyme nitrogenase is an ideal system to probe the electron transfer 

reactions, nucleotide dependent conformational changes and protein-protein 

interactions.  The presence of the nitrogenase enzyme in the thermophile 

Methanobacter thermoautotrophicus has created a significant interest in the 

scientific research community which is mainly due to its highly conserved nature 

throughout evolution.  The Fe protein from M. thermoautotrophicus strain ∆H 

was found to share ~60% sequence identity with its mesophilic counterpart 

available from A. vinelandii.  The thermal adaptation of the nitrogenase was 

primarily investigated by generating reliable homology models of the 

thermophilic enzymes.  These homology models revealed that in spite of having 

high sequence identity, the distribution of the amino acid residues on the surface 

of the protein as well as its secondary structure content is quite different 

compared to its mesophilic homolog.  In addition, the FIRST results indicate a 

high degree of structural rigidity for the thermophilic Fe protein in comparison 
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to its mesophilic counterpart.  Therefore the enhanced stability observed for the 

nitrogenase enzyme from the thermophile is an outcome of a fine tuning of its 

microscopic properties in the level of surface amino acid composition, 

electrostatic potential, secondary structure content and as well as the saltbridge, 

hydrogen bonding and hydrophobic interactions which play a key role to ensure 

structural integrity of the protein side by side facilitating protein-protein 

interactions.  Therefore all these properties allow the nitrogen fixing apparatus to 

function optimally at elevated temperatures. 
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MoFe molybdenum iron  

FeMo-cofactor iron molybdenum cofactor 

EXAFS Extended X-ray Absorption Fine Structure     
                                         Spectroscopy 

Kp Klebsiella pneumoniae 

Av Azotobacter vinelandii 

GTP Guanosine-5'-triphosphate 

ATP Adenosine-5'-triphosphate 

ADP Adenosine-5'-diphosphate 

GAP GTPase Activating Proteins 

RGS Regulators of G Protein Signaling 

GDP Guanosine-5'-diphosphate 

Av1 MoFe protein from Azotobacter vinelandii 

Av2 Fe protein from Azotobacter vinelandii 

DNA Deoxyribonucleic Acid 

MAD Multiple Wavelength Anomalous Dispersion 

MR Molecular Replacement 

SAM S-Adenosyl Methionine 

FFT Fast Fourier Transform 

FIRST Floppy Inclusion Rigid Substructure Topography 

SDS-PAGE Sodium Dodecyl Sulfate-Polyacrylamide Gel     
                                         Electrophoresis 

MALDITOF-MS Matrix Assisted Laser Desorption Ionization Time-of-    
                                         flight – Mass Spectrometry 
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ESI-TOF Electrospray Ionization Time-of-flight 

PCR Polymerase Chain Reaction 

Mt Methanobacter thermoautotrophicus strain ∆H 

CHARMM Chemistry at Harvard Molecular Mechanics 

3D-PSSM Three dimensional – Position Specific Scoring Matrix 

Mt2 Fe Protein from Methanobacter thermoautotrophicus                   
                                         strain ∆H 

Mt1 MoFe protein from Methanobacter     
                                         thermoautotrophicus strain ∆H 




