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C h a p t e r        V I I 

Reversible Protonated Resting State of the Nitrogenase Active Site 

 

Reproduced with permission from Journal of the American Chemical Society. Copyright 2017 
American Chemical Society. 

 

 

VII.A. Abstract 

Protonated states of the nitrogenase active site are mechanistically significant since 

substrate reduction is invariably accompanied by proton uptake.  We report the low pH 

characterization by X-ray crystallography and EPR spectroscopy of the nitrogenase molybdenum 

iron (MoFe) proteins from two phylogenetically distinct nitrogenases (Azotobacter vinelandii, 

Av, and Clostridium pasteurianum, Cp) at pHs between 4.5 to 8.  X-ray data at pHs of 4.5  6 

reveal the repositioning of sidechains along one side of the FeMo-cofactor, and the 

corresponding EPR data shows a new S = 3/2 spin state with spectral features similar to a state 

previously observed during catalytic turnover. The structural changes suggest that FeMo-

cofactor belt sulfurs S3A or S5A are potential protonation sites. Notably, the observed structural 

and electronic low pH changes are correlated and reversible. The detailed structural 

rearrangements differ between the two proteins, which may reflect differences in potential 

protonation sites at the active site among nitrogenase species. These observations emphasize 

the benefits of investigating multiple nitrogenase species. Our experimental data suggests that 

0H+

following the Lowe-Thorneley naming scheme. 
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VII.B. Introduction 

Nitrogen fixation is the process of breaking the kinetically inert N-N triple bond via 

either reduction or oxidation of molecular dinitrogen. Biologically, nitrogen fixation is 

accomplished by the enzyme nitrogenase to yield ammonia, with an overall reaction 

stoichiometry conventionally described by Equation VII-1. 

 

Equation VII-1. Biological nitrogen fixation 
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VII.C. Results and Discussion 

- - -

- -

-

 

-

 

- -

- -



Chapter VII  120 
 

- -

- -

-

- - -

- -

-

- -

- -

-

-  

 

Table VII-1. X-ray crystallographic data collection and refinement statistics 

 Av1 at pH 5 (5VQ4) Cp1 at pH 5 (5VPW)  Cp1 at pH 6.5 (5VQ3) 
Data Collection Statistics 
Space group P21 P21 P21 
Cell dimensions 
      

81.32, 128.9, 108.4  
90, 110.9, 90 

69.62, 146.3, 116.7 
90, 103.6, 90 

69.48, 148.0, 116.7 
90, 103.5, 90 

Resolution (Å) 39.54-2.30  
(2.30-2.34)* 

39.19-1.85  
(1.88-1.85)* 

39.83-1.75  
(1.75-1.72)* 

Rmerge 0.174 (0.720)* 0.105 (0.684)* 0.079 (0.682)* 
 9.2 (3.1)* 11.6 (2.5)* 13.5 (2.9)* 

Completeness (%) 98.8 (99.4)* 98.4 (95.4)* 98.4 (98.4)* 
No. unique reflections 91,309 (4,321)*  189,858 (1,197)* 238,230 (11,876)* 
Redundancy 6.7 (7.1)* 6.5 (6.2)* 6.8 (7.0)* 
Refinement Statistics 
Rwork / Rfree 0.176 / 0.226 0.167 / 0.201 0.159 / 0.185 
Average B-factor 24.0 30.0 29.0 
R.m.s. bond lengths (Å) 0.011 0.012 0.013 
R.m.s bond angles (°) 1.39 1.41 1.52 
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Figure VII-2. (a) Overview of the structural rearrangements observed at low pH at the active 
sites of Cp1 and Av1. Both changes occur on the Fe3,4,5,7 face of the FeMo-cofactor, which is 
the same face that is exposed to water molecules and connects to the interstitial water channel 
(dashed black line). (b) In Cp1, a peptide flip occurs betwee - -Ser346. Also, the 
Arg sidechain relinquishes its hydrogen bond with S5A and withdraws from the Fe3,4,5,7 face of 
the FeMo- -His274 sidechain swings closer to the FeMo-cofactor and 
displaces a water molecule; two w -His274 sidechain position. The 

-His274 coordinates to S5A of the FeMo-cofactor through a hydrogen bond bridge with a water 
molecule. In all images, transparent gray represents physiological pH structures. Non-
transparent gray sticks show the low pH structural changes. The FeMo-cofactor and pH-affected 
residues are displayed as sticks and colored by element (yellow, S; orange, Fe;, cyan, Mo; gray, 
C). Water molecules are represented as red spheres. The blue meshes in (b) and (c) show the 
electron density maps of the pH affected residues contoured to 2.0 and 1.5 , respectively. 
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VII.D. Conclusion 
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VII.E. Experimental 

VII.E.i.  

 

 

VII.E.ii.  

- -

- -

-

-

- -

 

 

 

 



Chapter VII  128 
 
VII.E.iii. -  

-

-

-

- -

 

 

VII.E.iv.  

- -

 

 

VII.E.v. -  

-

- - - -

-

-



Chapter VII  129 
 

- -

 

 

 

VII.E.vi. -  

-

- - -

-

-  

 

VII.E.vii.  

-



Chapter VII  130 
 

 

 

-

-

-

-

-  

 

VII.E.viii.  

-

-

-

-

-



Chapter VII  131 
 

-

-  

 

VII.F. Acknowledgement 

We acknowledge the Gordon and Betty Moore Foundation and the Beckman Institute at 

Caltech for their generous support of the Molecular Observatory at Caltech. We thank the staff 

at Beamline 12-2, Stanford Synchrotron Radiation Lightsource (SSRL), operated for the DOE and 

supported by its OBER and by the NIH, NIGMS (P41GM103393), and the NCRR (P41RR001209). 

We thank Dr. Angelo Di Bilio for assisting with the EPR experiments; Dr. Lorenz Heidinger for 

providing a script for EPR simulations; Dr. Paul Oyala for assistance with the EPR simulations and 

analysis; Dr. Jens Kaiser, Dr. Kathryn Perez, Dr. Helen Segal, Belinda Wenke, and Renee Arias for 

helpful discussions. 

 

  



Chapter VII  132 
 
VII.G. Supporting Information 

Figure VII-S1. EPR simulations (see Table VII-S1 for simulation parameters) 
 
 

  
 
 

 
 
 
 
 
 
 

(a) Cp1 EPR simulations at pH 8, 6.5, and 5 



Chapter VII  133 
 
 

  
 
 

 
  

(b) Av1 EPR simulations at pH 8, 6.5, and 5 
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Table VII-S1. Parameters of EPR simulations 

Cp1 Av1 

 pH 8 
pH 6.5 

pH 5 pH 8 
pH 6.5 pH 5 

A B A B A B 
S = 3/2 model 

E/D 0.041 0.041 0.077 0.07 0.0545 0.053 0.12 0.064 0.12 
line width 1, 2 1, 2 1, 4 1, 4 1, 2.5 1, 2.5 1, 4 1, 2.5 1, 4 
S = 1/2 model 

g values  
4.28 
3.79 
2.01 

4.28 
3.79 
2.01 

4.45 
3.55 
2.00 

4.45 
3.60 
2.00 

4.30 
3.65 
2.01 

4.31 
3.67 
2.01 

4.72 
3.30 
2.01 

4.32 
3.57 
2.01 

4.71 
3.30 
2.01 

weight n/a 1 4 n/a n/a 3 1.5 3 1.5 
 
For all simulations, the S = 3/2 real spin system (axial g-tensor) and S = 1/2 effective spin system 
(rhombic g-tensor) were matched to the experimental spectra. To determine the E/D ratio from 
the S = 3/2 model, the E/D ratio was varied while the g values were kept within 1% of [2.00 2.00 
2.02]. From the S = 1/2 model, the effective g values were determined. For spectra exhibiting 
two spin states, simulations were calculated by combining two spin systems with their own E/D 
ratios and g values. The relative weight of the spin systems and line widths were varied by 
inspection. (Copied from Experimental Section in the main text.) 
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Figure VII-S2. The electronic changes at the FeMo-cofactor observed by EPR at low pH are 
reversible in Cp1 and Av1 

  

Low pH Av1 and Cp1 samples were resuspended at pH 8. This EPR of the reconstituted protein 
matches the EPR spectra of native protein, indicating that the electronic changes at the FeMo-
cofactor are reversible with pH.   
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Figure VII-S3. Power Sweep of Cp1 and Av1 at physiological and low pH 

 

 

 

 

 

 

 

 

 

 

 

 

(a) Cp1 Power Sweep at pH 8 

(b) Av1 Power Sweep at pH 8 
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All of the peak area curves show the similar relaxation behavior, indicating that all observed 
peaks are a result of unpaired spins in the FeMo-cofactor and its environment. 
  

(c) Cp1 Power Sweep at pH 6.5 

(d) Av1 Power Sweep at pH 6.5 
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Figure VII-S4. Comparison of polycrystalline and solution protein for Av1 and Cp1 at low pH 
 

  
The EPR spectra of polycrystalline and solution protein at low pH match well for both Av1 and 
Cp1, indicating that the low pH structural changes observed by X-ray diffraction are the cause of 
changes observed in the EPR spectra at low pH.  
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