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Abstract 

Nitrogenase is one of the most fascinating enzymes in nature, being responsible for all 
biological nitrogen reduction. Despite decades of research it is among the enzymes in 
bioinorganic chemistry whose mechanism is the most poorly understood. The MoFe protein 
of nitrogenase contains an iron-molybdenum-sulfur cluster, FeMoco, where N2 reduction 
takes place. The resting state of FeMoco has been characterized by crystallography, multiple 
spectroscopic techniques and theory (broken-symmetry density functional theory) and all 
heavy atoms are now characterized. The cofactor charge, however, has been controversial, 
the electronic structure has proved enigmatic and little is known about the mechanism. While 
many computational studies have been performed on FeMoco, few have taken the protein 
environment properly into account. In this study, we put forward QM/MM models of the 
MoFe protein from Azotobacter vinelandii, centered on FeMoco. By a detailed analysis of the 
FeMoco geometry and comparing to the atomic resolution crystal structure we conclude that 
only the [MoFe7S9C]1- charge is a possible resting state charge. Further we find that, of the 3 
lowest energy broken-symmetry solutions of FeMoco the BS7-235 spin isomer (where 235 
refers to Fe atoms that are "spin-down") is the only one that can be reconciled with 
experiment. This is revealed by a comparison of the metal-metal distances in the 
experimental crystal structure, a rare case of spin-coupling phenomena being visible through 
the molecular structure. This could be interpreted as the enzyme deliberately stabilizing a 
specific electronic state of the cofactor, possibly for tuning specific reactivity on specific 
metal atoms. Finally, we show that the alkoxide group on the Mo-bound homocitrate must be 
protonated under resting state conditions; the presence of which has implications regarding 
the nature of FeMoco redox states as well as for potential substrate reduction mechanisms. 
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Introduction 
Nitrogenases are nature's solution to making atmospheric nitrogen available to organisms.1,2,3 
These metalloproteins are the only enzymes that catalyze the reduction of dinitrogen to 
ammonia according to the reaction equation (in the case of molybdenum-dependent 
nitrogenase): 

N2 + 8e- + 8H+ + 16MgATP ® 2NH3 + H2 + 16MgADP + 16Pi 
The mechanism for N2 reduction (including binding site) as well as important questions such 
as why 8 electrons instead of 6 are required and why obligatory H2 evolution is necessary for 
NH3 formation, are all still unsolved problems, though reductive elimination of hydrides has 
been proposed for the latter4. 
 Nitrogenases are multi-protein metalloenzymes that contain unusual and complex 
iron-sulfur clusters to deal with the difficult problem of N2 activation. The most active and 
best characterized enzyme is the molybdenum-dependent nitrogenase which under turnover 
conditions is a protein complex consisting of the Fe protein (nifH) and MoFe protein 
(nifDK)5. The Fe protein is a homodimer and contains an iron-sulfur cubane cluster and it 
acts as a reductase. It binds to MoFe protein and reduces it one electron at a time, via a 
MgATP-dependent process. The MoFe protein is an α2β2 heterotetramer and contains two 
metal-sulfur clusters in each heterodimer: the P-cluster (an Fe8S7 cluster believed to shuttle 
electrons to the active site) and the FeMo cofactor (FeMoco). FeMoco is an unusual iron-
molybdenum-sulfur cluster (MoFe7S9C) that contains an interstitial atom that was revealed to 
be a carbon a few years ago6,7. It includes a homocitrate ligand and is anchored to the protein 
via histidine and cysteine residues. FeMoco is believed to be the catalytically active site of 
the MoFe protein, catalyzing the formation of ammonia from dinitrogen, electrons and 
protons and produces H2 under N2-free conditions.  

 While there have been many computational studies on FeMoco, only a few studies 
have considered the protein environment in detail and unfortunately many studies were 
performed prior to the interstitial carbon assignment. Noodleman and coworkers mainly used 
small models in their pioneering studies8,9,10,11 but discussed the effect of the protein 
environment in a later study12. Studies by Norskov13,14,15,16, Blöchl17,18, Kästner19, Szilagyi20, 
Dance21,22 and McKee23 have used minimal cofactor models. Siegbahn has recently utilized 
relatively large cluster models to study the mechanism24. Cao et al.25 were the first to perform 
a quantum mechanics/molecular mechanics (QM/MM) study of the MoFe protein, during the 
time when the interstitial atom of FeMoco was unknown and concluded that the interstitial 
atom was an oxygen. Recently Adamo26 et al. used QM/QM' calculations to propose new 
mechanisms and Ryde et al. studied protonation states by QM/MM27. In previous articles by 
one of us (RB) we utilized large 225-atom cluster models in our studies of the spectroscopic 
properties of the FeMo cofactor28,29,30,31,32. Large cluster models become difficult to work with 
and require many constraints to keep the correct active site geometry and may not describe 
correctly the structural flexibility of the cofactor in the enzyme active site pocket. A better 
model of such a complex system should take into account both the unique electrostatic 
environment experienced by the cofactor as well as the flexible protein environment, 
including specific nearby amino acid sidechains that are known to be important for reactivity. 
A QM/MM model allows this, as in principle the full protein can be taken into account, while 
focusing the expensive quantum mechanical description on the important residues (FeMoco 
and nearby and/or charged residues) while the rest is described by simpler classical 
forcefields. 
 In this article, we describe QM/MM modelling of the MoFe protein, starting from the 
high-resolution crystal structure (PDB code: 3U7Q6). We utilize multiple-sized QM regions 
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and achieve convergence of the FeMoco geometric structure with respect to QM-region size 
and also demonstrate some convergence for redox properties. We consider all 3 charges of 
FeMoco that have been proposed in the literature and conclude that only the [MoFe7S9C]1- 
charge results in a geometry that is in acceptable agreement with the crystal structure, an 
assignment in agreement with recent spectroscopic and theoretical work. Importantly, we 
consider all 3 spin isomers of the broken-symmetry (BS) BS7 solution that is the accepted 
lowest energy BS solution of FeMoco. We find that the metal-metal distances of the BS7-235 
solution are in much better agreement with the crystallographic metal-metal distances of 
FeMoco suggesting that the protein is stabilizing an electronic structure that is reasonably 
described by this particular broken-symmetry solution. This can be rationalized via an 
understanding of FeMoco in terms of localized and delocalized electrons on specific metal 
atoms. Finally, we show that the alkoxide group on the Mo-bound homocitrate is protonated 
under resting state conditions. This proton may play an important mechanistic role during N2 
reduction, possibly becoming a hydride in other redox states or even becoming a substrate 
during the H2 evolution function of nitrogenase. 
 

Computational details 
 

Force Field Parameters 
The CHARMM36 protein forcefield33 was used in all MM and QM/MM calculations with 
minor modifications. As no forcefield parameters are available for complex metal clusters 
such as FeMoco and the P-cluster, we derived nonbonded parameters for these clusters and 
kept them frozen during all classical optimizations or MD simulations. Atomic charges for 
these residues were derived from BP8634,35/def2-TZVP36 calculations of the clusters using 
natural population analysis37. Lennard-Jones (L-J) parameters for these clusters were similar 
to what has previously been applied to iron-sulfur clusters in MM simulations38: the 
CHARMM atom-type SM was used for inorganic sulfides and no Lennard-Jones sites were 
assigned to Fe or Mo. For homocitrate, atomic charges and L-J parameters were derived from 
parameters available for citrate.39 Free imidazole molecules present in the crystal structure 
were not deleted from the structure and parameters for them were taken from CGenFF 
(Charmm general force field)40. All cysteines bound to FeMoco and P-cluster were modelled 
as deprotonated cysteines using parameters available in CHARMM36. 

 
MM model preparation and solvation 
The whole MoFe protein was modelled classically. The initial structure is based on the 
crystal structure of MoFe protein from Azotobacter vinelandii at an atomic resolution of 1.0 
Å (PDB code: 3U7Q)6. Modifications were made to the basic structure: two calcium ions at 
the interface of subunits were changed to Fe(II) ions, according to the discovery of these sites 
as iron ions41. Only the amino acids present in the crystal structure were modelled, residues 
present in the peptide sequence but missing from the crystal structure were not added to the 
model. As the MoFe protein is a heterotetramer and containing two α and two β subunits, we 
will use the nomenclature used in the 3U7Q file when referring to a residue that belongs to a 
certain subunit, namely the A (α), B (β), C (α) and D (β) subunits. As an example, the 
residue number 153 refers to glutamate in subunits A and C. When referring to the residue in 
chain A, we will use "Glu153A" but when referring to both we will use "Glu153AC".  
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 GROMACS, version 5.0.442,43,44 was used to set up the original MM model and add 
missing hydrogens. Protonation states of titrable residues were determined using manual 
inspection of hydrogen bonding patterns and also with the aid of PROPKA45,46. Due to being 
a heterotetramer, each residue appears twice in the protein (in each heterodimer). The 
symmetry was used in protonation state determination, that is, if a residue is protonated in the 
A subunit, it is also protonated in the C subunit. All aspartate and glutamate residues were 
modelled as deprotonated except Glu153AC.  All lysine residues were determined to be 
protonated except Lys365BD. The protonation states of all histidine residues were checked 
and determined via careful manual inspection. The following histidine residues are 
protonated at the epsilon nitrogen His80AC, His83AC, His195AC, His362AC, His383AC, 
His442AC, His106BD, His193BD, His311BD, His363BD, His392BD, His429BD, 
His457BD, His477BD, His478BD and His480BD. The histidine residues protonated at delta 
nitrogen were His31AC, His196AC, His285AC, His451AC, His185BD, His297BD, 
His396BD and His519BD. Only His90BD was doubly protonated at both epsilon and delta 
nitrogen atoms. Water molecules present in the crystal structure as oxygen atoms were kept 
and hydrogens added to the oxygen atoms using GROMACS. The proton positions were 
manually inspected for the water pocket around the homocitrate residue in the active site.  

 After full hydrogenation of the MoFe protein, the number of atoms is 39566 atoms 
(before protonation there are 16295 atoms). The system was next solvated using GROMACS 
procedures by placing the protein inside a 90 x 90 x 90 Å box and filling it up with TIP3P 
waters. Water molecules present in the crystal structure were kept and modelled as TIP3P as 
well. The system has a total negative charge of -39 after the hydrogenation step. To balance 
the charge, we added 39 Na+ counterions to the solvent. After the solvation and addition of 
counterions, the system consists of 320829 atoms and is shown in Figure 1a.  

 At this point, 2 different MM models were created: i) a constrained X-ray model ii) an 
unconstrained MM model. The constrained X-ray model kept all protein heavy-atom (non-
hydrogen atoms) positions frozen (not waters) during relaxation and molecular dynamics 
steps while the unconstrained MM model kept the following residues frozen in space: 
FeMoco, homocitrate, P-cluster, 7492-Fe(II), 6492-Fe(II) and had additionally the following 
atomic constraints: delta-nitrogen of the the Mo-bound His442, sulfur atoms of all 
deprotonated cysteine and all oxygen atoms of residues connected to residue 6492 and 
residue 7492 (the two Fe ions). The constrained X-ray model is thus deliberately biased 
towards the experimental structure while the unconstrained model has no such bias but can 
suffer from artifacts due to dynamical events in the active region resulting from the 
approximate forcefield used for the complex metalloprotein. MD simulations were performed 
for both the constrained X-ray model and the unconstrained MM model, in the canonical 
ensemble using the velocity Verlet algorithm. The constrained model was simulated for 1 ns 
while the unconstrained model was simulated for 5 ns. In addition to the above-mentioned 
constraints, bond constraints using the LINCS algorithm47,48 were applied to all X-H bonds in 
order to maintain a 1 fs timestep during the simulation. A Nosé-Hoover thermostat49,50,51,52 
with chain number of 4 with coupling to the whole system, was used for heating and 
maintaining a simulation temperature of 300 K. The system was gradually heated from 50 K 
to 300 K in 0-500 ps for the unconstrained model but in 0-100 ps for the constrained model. 
For the unconstrained model, the average RMSD of heavy protein atoms converged quickly 
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to a value of 0.31 Å after approximately 1 ns and maintained this value for the rest of the 5 ns 
simulation, demonstrating that our classical modelling is reasonable. 

 

 
QM/MM preparation and calculations 

 

 
Figure 1: a) The 320 K atom MM model (in a periodic box) showing the whole 

heterotetrametic MoFe protein dissolved in 93754 solvent molecules and 39 Na+ ions. b) The 
spherical QM/MM model centered on one FeMoco unit (in one of the heterodimers) showing 
a minimal QM region (ball-and-stick) and the MM region divided up into frozen (black and 
red/white) and active regions (green). The spherical model contains whole chains A and B 

and a part of chain C. 

 

Spherical QM/MM models (as shown in Figure 1b) were next cut from the 320K atom MM 
box from the two separate MD simulations on the constrained and unconstrained MM 
models. The constrained model used a snapshot after 940 ps while the unconstrained after 
1862 ps. This spherical droplet model is used to facilitate QM/MM geometry optimizations of 
large proteins as popularized by Thiel and coworkers for years53,54,55 and has been confirmed 
to be a highly economical yet accurate QM/MM modelling strategy according to a recent 
comparison to periodic QM/MM calculations56. The models are centered on the carbide atom 
of FeMoco present in the A,B-chain half of the MoFe protein and all whole residues (amino 
acids and waters) within 42 Å are included. Models were cut so that they remained neutral 
(24 Na+ ions included in each spherical model). The entire A and B chains were included; as 
some part of the C chain was inside the 42 Å radius, a longer chain of it was included for a 
more natural cut. That includes residues 242, 320-326, 342-369, 378-392, 410-419, 437-443, 
458-469, 476 and 468-523. The constrained model contains one amino acid residue less, 
residue Ile443C. While the MM preparation steps were the same for constrained and 
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unconstrained MM models (MD step differed as mentioned), the constrained and 
unconstrained QM/MM models thus ended up being slightly different: the unconstrained MM 
model contains 37060 atoms and the QM/MM version of the constrained MM model 
containing 36989 atoms. Aside from the slightly different spherical cut, there were also some 
differences due to differing amount of water molecules. Most calculations described in this 
article were performed using the constrained QM/MM model. The reason is that due to water 
dynamics in the active site around FeMoco during the MD simulation of the unconstrained 
model, some water molecules pushed residues like His195 away from its crystallographic 
positions, resulting in geometries that seems incompatible with all the crystal structures 
available for MoFe protein. These water molecules had to be deleted prior to QM/MM 
geometry optimizations. We confirmed, however, that similar FeMoco geometries are 
obtained for the unconstrained model as shown in the supporting information. 

 Chemshell version 3.757,58 was used for all QM/MM calculations. Scripts in Python 
and Tcl to convert the GROMACS MM model format to Chemshell format were written 
(available as supporting information). Additional Chemshell code was written to facilitate 
QM-region and active regions definitions. The ORCA quantum chemistry code (version 
3.0.3)59 was interfaced to Chemshell via a modified Chemshell-ORCA interface that allows 
for electrostatic embedding. The modified interface allows easier use of any QM protocol 
available in ORCA and allows geometry optimizations on the broken-symmetry surface via 
the spin-flipping procedure in ORCA. Broken-symmetry solutions were found by converging 
first to a high-spin ferromagnetic solution of (e.g. MS=35/2 for the [MoFe7S9C]1- charge), then 
flipping the spin on specific atoms and converging to the broken-symmetry state with MS=3/2 
(for resting state FeMoco).  All QM/MM calculations used electrostatic embedding and link 
atoms were used to terminate the QM-MM border together with the charge-shift procedure as 
implemented in Chemshell60. In electrostatic (a.k.a. electronic) embedding the MM charges 
are included directly in the QM calculation, polarizing the QM electron density. For the QM 
part, the TPSSh hybrid density functional61,62 with D3BJ dispersion correction63,64 and the 
ZORA relativistic approximation65,66 was used and employing the relativistically contracted 
def2 Ahlrichs basis set36,67. A triple-zeta ZORA-def2-TZVP basis set was used for all Mo, Fe 
and S atoms (and interstitial carbide of FeMoco) while a double-zeta ZORA-def2-SVP basis 
set was used for all other atoms. The RIJCOSX approximation68,69 was used to speed up 
Coulomb and Exchange integrals. An example ORCA inputfile used in the QM/MM and QM 
calculations is shown in the supporting information. Different QM-regions for the active site 
were defined and used as shown in Figure 2 (and the supporting information). The MM part 
was calculated using DL_POLY70 as implemented in Chemshell using the previously defined 
modified CHARMM36 forcefield for the MoFe protein. The QM/MM geometry 
optimizations were done using the DL-FIND71 program inside Chemshell. The VMD 
program72 was used to visualize results and was used to render the molecular images shown 
in this article. 

In all QM/MM calculations a large approximately spherical active atoms region is defined. 
All atoms within this sphere (either described at the QM or MM level) are free to move 
during the geometry optimization while the rest is kept frozen. When defining the active 
atoms region, all protein residues (or water molecules) that contain an atom within a certain 
radius are included in this selection. A 11 Å active region, containing all residues with an 
atom within 11 Å of the central carbide of FeMoco, was used for most calculations 
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(corresponds to 1002 active atoms in the constrained model but 978 atoms in the 
unconstrained model) but large QM-region calculations (larger than 154 atoms) used a larger 
13 Å radius active region (corresponds to 1576 active atoms in the constrained model but 
1596 atoms in the unconstrained model). Active regions are used out of convenience, due to 
the large degrees of freedom present in the geometry optimization problem and to avoid 
falling into new local minima during each new optimization54. The QM/MM optimization 
results were overall not very sensitive to the size of the active region.  
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Results and Discussion 
The QM/MM calculations performed allow a better modelling of the molecular structure of 
FeMoco than simplified cluster models and as we will show, even allow insight into the 
electronic structure. Previous cluster models have kept residues surrounding the cofactor 
either frozen or partially frozen in order to keep the cluster model consistent with the 
geometry imposed by the protein. As our QM/MM model incorporates a much larger part of 
the whole protein, no amino acids near FeMoco need to be frozen (the active atoms region is 
chosen to be large, ~1000 atoms or more). Furthermore, the QM/MM model can be 
systematically improved by increasing the QM region. In this study, multiple QM regions of 
increasing size were explored; Figure 2 shows the most important QM region models while 
the supporting information shows other defined QM regions and additional details. The effect 
of QM-region size on the structure as well as the redox properties of FeMoco are discussed in 
the last section. We start off discussing the charge of the cofactor, this is followed by a 
discussion of broken-symmetry solutions and spin isomers and their effect on the FeMoco 
geometry, we then discuss the protonation state of Mo-bound homocitrate and end on QM 
region convergence effects in our QM/MM calculations. 

 

 

 

 

 
Figure 2. Examples of the QM regions used in the QM/MM calculations (link atoms not shown). 

Additional details about the QM regions are available in the SI. a) 54 QM atom region consisting of 
the [MoFe7S9] cluster, homocitrate (HCA), His442A truncated as methylimidazole and Cys275A 
truncated as methylthiolate. b) 154 QM atom region that additionally includes the sidechains of 
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Val70A, Arg96A, His195A Arg359A, Glu380A, Gln191A, Phe381A and 9 water molecules. c) 247 
QM atom region that additionally contains Tyr229A, Ser278A, Lys426A, Glu427A, the carbonyl 

group of the Tyr354A peptide bond, amide cage around S3B (S8) consisting of the peptide backbone 
of residues Tyr354A-Ile355A-Gly356A-Gly357A-Val358A-Arg359A, the whole residue of 

Arg359A, larger part of residue Cys275A, peptide bond between residues Gly424B and Ile425B and 
an additional water molecule above S2A d) 368 QM atom region that includes additionally the 

sidechains of Ser192A, Asp228A, Asp234A, His274A, Arg277A, Tyr281A, His451A, Arg105B and 
12 additional water molecules.  

 

A. QM/MM FeMoco geometry: effect of cofactor charge  

The charge on FeMoco has been controversial in nitrogenase research as discussed in a recent 
article by one of us32. Early spectroscopic work73,74,75,76 suggested metal oxidation states of 
Mo(IV)6Fe(II)1Fe(III), corresponding to [MoFe7S9C]3- (sulfides and carbides taken in their 
closed-shell forms, S2- and C4-) while later work77 suggested Mo(IV)4Fe(II)3Fe(III), 
corresponding to  [MoFe7S9C]-, to be more likely. A more recent computational study20 
suggested a more oxidized charge: [MoFe7S9C]+. The total spin of resting state FeMoco is 
experimentally known to be S=3/21 making these 3 odd-electron charges the only reasonable 
possibilities. In a recent study by one of us, the Mössbauer properties of the cofactor were 
calculated32 and it was demonstrated that only the [MoFe7S9C]- charge fits the experimental 
Mössbauer parameters well. This is also in line with a recent spatially resolved anomalous 
dispersion refinement (SpReAD study)78 that shows 3 Fe ions to be more reduced than the 
other Fe ions (according to the Fe XAS edge positions). This would be in agreement with a 
formal oxidation state assignment of Mo(III)3Fe(II)4Fe(III) that corresponds to a charge of 
[MoFe7S9C]-.  

It is nonetheless of interest to use all available experimental data and structural data is both 
fundamental, accessible from computations and a vital test for a computational model. In 
cluster modelling studies it is always an open question of how well the environment is being 
described while a QM/MM model should be describing the local FeMoco environment better 
than cluster models due to the inclusion of the protein environment in the model. Previous 
attempts by us and others7 to deduce the cofactor charge by a geometric analysis have proved 
futile. There is also the question of the reliability of the experimental crystal structures 
(particularly when heavy elements with bonded light atoms are involved). With better 
modelling of the FeMoco environment being performed in this study, it is therefore 
interesting to compare the optimized QM/MM structures for the 3 proposed charges of 
FeMoco and compare to the atomic resolution crystal structure available and see whether 
clear differences are obvious and what insights can be drawn from the molecular structure. 
Table 1 shows root-mean-square-deviations (RMSD) for QM/MM optimized structures of 
FeMoco with the 3 different charges, using a QM region of 154 atoms (see Figure 2b). 
RMSDs are shown for both the pure metal cluster (metal-sulfur-carbide part) and also when 
including in the RMSD calculation the homocitrate, the methylimidazole of Mo-bound 
His442 and the methylthiolate group of the Fe1-bound Cys275 residue (hydrogens not 
included). The results show that when considering the [MoFe7S9C] part, the -1 charge of the 
cofactor is considerably more likely as the RMSD is approximately half of the RMSD of the 
+1 charge and more than half of the RMSD of the -3 charge. When considering also the 
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ligands bound to the metals, the RMSD values still favor strongly the -1 charge as the likely 
resting state charge.   

 

Table 1: Root-mean square-deviations (RMSD) in Å of different QM/MM-optimized geometries 
(154-atom QM models were used, see Figure 2b) with different FeMoco charges compared to the 
experimental crystal structure (cofactor bound to chains A and B; PDB ID: 3U7Q6). The broken-
symmetry solution BS7-235 was used in all calculations (see later discussion) and homocitrate was in 
its singly protonated form (see later). Table shows RMSD values for both the [MoFe7S9C] part of the 
cofactor and the [MoFe7S9C]+homocitrate(HCA)+His442-sidechain+Cys275-SCH2 group where only 
heavy atoms were included in the calculation of RMSD.    

Charge on cofactor [MoFe7S9C] [MoFe7S9C]+HCA+His442+Cys275 
[MoFe7S9C]+  0.082 0.137 
[MoFe7S9C]-  0.044 0.104 
[MoFe7S9C]3- 0.097 0.139 

 

Table 2: Various bond lengths and atom-atom distances (in Å) in the cofactor from the experimental 
crystal structure (average of both cofactors in protein), QM/MM calculations (154 QM atoms) of the 3 
different charges and QM/MM calculations of the 3 different BS7 spin isomers for the [MoFe7S9C]1- 
charge. 

 3U7Q-ave [MoFe7S9C]+ [MoFe7S9C]- [MoFe7S9C]3- BS7-235 [MoFe7S9C]- BS7-247 [MoFe7S9C]- BS7-346 [MoFe7S9C]- 
Fe1-Fe2 2.67 2.68 2.67 2.66 2.65 2.63 2.67 
Fe1-Fe3 2.67 2.65 2.63 2.67 2.64 2.67 2.64 
Fe1-Fe4 2.66 2.80 2.64 2.75 2.65 2.65 2.66 
Mo-Fe5 2.73 2.70 2.72 2.77 2.71 2.64 2.64 
Mo-Fe6 2.67 2.64 2.66 2.84 2.65 2.64 2.71 
Mo-Fe7 2.68 2.62 2.61 2.62 2.62 2.69 2.61 
Fe2-Fe3 2.67 2.82 2.66 2.64 2.65 2.64 2.64 
Fe2-Fe4 2.65 2.64 2.62 2.64 2.63 2.64 2.63 
Fe3-Fe4 2.64 2.64 2.62 2.64 2.62 2.61 2.59 
Fe5-Fe6 2.63 2.62 2.63 2.66 2.63 2.57 2.63 
Fe5-Fe7 2.63 2.64 2.64 2.66 2.61 2.62 2.56 
Fe6-Fe7 2.60 2.53 2.56 2.55 2.56 2.61 2.61 
Fe1-Mo 7.00 6.96 6.96 7.10 6.96 6.96 6.97 
Fe1-C 3.54 3.44 3.46 3.52 3.46 3.46 3.49 
Mo-C 3.46 3.52 3.50 3.58 3.50 3.50 3.49 

Fe2-Fe6 2.58 2.56 2.59 2.60 2.59 2.58 2.57 
Fe3-Fe7 2.58 2.57 2.58 2.62 2.60 2.58 2.59 
Fe4-Fe5 2.61 2.57 2.60 2.59 2.60 2.62 2.63 
C-Fe2 2.01 2.00 1.99 2.01 1.99 1.99 1.98 
C-Fe3 1.99 2.01 2.01 2.02 2.01 1.99 2.00 
C-Fe4 2.00 1.95 1.99 1.98 1.98 2.00 2.00 
C-Fe5 2.01 2.02 1.98 1.99 1.97 1.99 1.99 
C-Fe6 2.01 2.01 2.00 1.99 2.00 2.00 1.98 
C-Fe7 1.99 2.00 2.00 2.01 1.99 1.98 1.98 

Mo-Oalk 2.17 2.09 2.17 2.20 2.17 2.16 2.17 
Mo-Ocarbox 2.21 2.13 2.20 2.25 2.20 2.22 2.21 
Mo-NHis 2.34 2.26 2.27 2.25 2.28 2.28 2.27 
Fe1-SCys 2.27 2.21 2.27 2.25 2.28 2.26 2.27 

 

It is even more useful to consider specifically the metal-metal distances within the cofactor. 
Table 2 contains a list of most of the relevant distances for the cofactor for all 3 charges while 
Figure 3 shows more convenient diagrams of the basic metal-skeleton of the cofactor and the 
important metal-metal distances. Due to resolution limitations and potential disorder in the 
crystal structure as well as systematic errors in the DFT calculations (plus lack of vibrational 
motion), we emphasize that trends in the distances should be more relevant than comparison 
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of absolute distances when comparing to the crystal structure data. The experimental 
distances are shown in Figure 3d where it is notable that the Mo-Fe5 distances is longer than 
the Mo-Fe6 and Mo-Fe7 distances by 0.05-0.06 Å, the Fe6-Fe7 distances being slightly 
shorter (by 0.03 Å) than the Fe5-Fe6 and Fe5-Fe7 distances in the triangle near Mo while the 
Fe2-Fe3 distance is longer than Fe2-Fe4 and Fe3-Fe4 (0.02-0.03 Å) in the triangle farther 
from Mo. When comparing the same distances for the calculated geometries with different 
charges it is immediately noticeable that only the [MoFe7S9C]1- charge reproduces most of 
these trends in distances. The [MoFe7S9C]3- charge geometry (Figure 3c) has a noticeably 
large Mo-Fe6 distance (2.84 Å or 0.22 Å longer than the shorter Mo-Fe7) in sharp contrast 
with the experimental structure (0.06 Å difference between the shortest and longest Mo-Fe 
distance) and does not show a longer Fe2-Fe3 distance; these deviations seem large enough to 
rule out [MoFe7S9C]3- as the cofactor resting state charge. The [MoFe7S9C]1+ charge (Figure 
3a) has Fe1-Fe4 and Fe2-Fe3 distances that are much too large compared to the crystal 
structure. On the other hand, [MoFe7S9C]1- (Figure 3b) gives a structure in relatively good 
agreement with the distance trends seen in the crystal structure: The Mo-Fe5 distance is 
slightly larger than the Mo-Fe6 and Mo-Fe7 lengths in agreement with the experimental 
geometry (although the Mo-Fe6 and Mo-Fe7 are not as similar as in the experimental 
structure). The Fe6-Fe7 distance is notably smaller than the Fe5-Fe6 and Fe5-Fe7 distances 
as in the experimental structure and the Fe2-Fe3 distance is slightly longer than the Fe2-Fe4 
and Fe3-Fe4 distances, also in good agreement. No unusually large or small metal-metal 
distances are seen for the [MoFe7S9C]1- geometry. 

 We note that the [MoFe7S9C]1- model does not reproduce all distances (but most of the 
trends) in the crystal structure but the geometric differences between FeMoco charges (which 
is reflected in the bond lengths due to metal oxidation state differences) are large enough in 
our opinion to completely rule out the [MoFe7S9C]1+ and [MoFe7S9C]3- charges as viable 
models for the resting state of FeMoco. That this can be established so clearly, demonstrates 
the utility of our new QM/MM models of MoFe protein. 
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Figure 3: Metal-metal distances (in Å) in FeMoco structures with different charges and the 
experimental crystal structure. 154 QM-atom models were used and the BS7-235 solution 
was used for all charges. a)  [MoFe7S9]1+, b) [MoFe7S9]1-, c) [MoFe7S9]3-, d) Average of the 

two cofactors of the 3U7Q FeMoco crystal structure. e) The full FeMoco structure 

 

B. QM/MM FeMoco geometry: effect of broken-symmetry spin isomers 
As concluded in the last section, only the [MoFe7S9C]1-charge is likely to be the resting state 
based on this new geometric analysis that is in agreement with the most recent analysis of the 
Mössbauer properties32 as well as the recent spatially resolved anomalous dispersion 
refinement  (SpReAD) study78. All of our QM/MM calculations have used broken-symmetry 
SCF solutions (with MS=3/2) using the broken-symmetry solution known as BS7 as proposed 
by Noodleman11. This broken-symmetry solution has been found by many research 
groups11,18,20,21,7,28  to be the lowest energy one which can be explained as being mainly due to 
presence of more favorable antiferromagnetic interactions between Fe atoms than other BS 
solutions. As pointed out in an article by one of us28, the molybdenum atom (a Mo(III) ion 
according to XAS and theory28,29), also takes part in the spin coupling (and is even part of 
weak metal-metal bonding with Fe5, Fe6 and Fe7, however, its electrons are flipped on their 
own during the SCF procedure and usually does not need to be considered when considering 
the spin-flipping problem (in rare cases though, the Mo atom ends up in a high-energy 
electron configuration). We have confirmed this multiple times that the BS7 solution 
originally proposed by Noodleman is the lowest energy solution that can be found, despite 
the Mo atom not being part of the spin-flipping problem. Curiously in the lowest energy BS7 
state the Mo(III) ion is in a non-Hund electronic configuration (due to the interactions with 
Fe atoms) as previously discussed28 and seems to be a general feature of Mo-Fe-S cubane-like 
clusters79. What is seldom pointed out (although by Noodleman9,8,12) and we made a point of 
in a recent article32 is that each broken-symmetry solution, including BS7, actually has 3 
different spin isomers that all need to be considered when calculating a cofactor in an 
environment where approximate C3 symmetry is no longer present. These 3 spin isomers 
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should be energetically equivalent in a perfect symmetric environment but might be expected 
to differ energetically in a non-symmetric protein environment and due to the presence of 
mixed-valence delocalized pairs80,81 as previously discussed32. The 3 different spin isomers 
lead to the mixed-valence delocalized pairs as well as more localized metal spin sites 
swapping positions. These 3 spin isomers of the BS7 solution have here been labelled as: 
BS7-235, BS7-346 and BS7-247 where the latter 3 numbers refer to which Fe atoms are 
flipped to find the energetically favored BS7 class of solutions. Previous analysis32 using a 
cluster model showed that these spin isomers are energetically very similar, within ~1 
kcal/mol of each other at the TPSSh level but it was not possible to to distinguish between 
them by energy or Mössbauer properties. 

 We were curious whether considering these 3 spin isomers within a QM/MM model 
might energetically stabilize one of these solutions or perhaps whether the geometric 
differences caused by different locations of localized/delocalized Fe atoms would reveal 
evidence of one of these electronic states being stabilized within the protein. The crystal 
structure might even be an average of all 3 of them.  

As the previous analysis of the FeMoco charges suggested, the crystal structure does show 
some clear differences in certain Fe-Fe distances, possibly pointing to specific locations of 
delocalized Fe-Fe pairs for example. It should be pointed out that this also presents an 
important test for broken-symmetry DFT methodology as it remains unclear how capable this 
approximate methodology is at describing the electronic structure for such an exotic spin-
coupled cofactor as FeMoco. Broken-symmetry solutions are after all not eigenfunctions of 
the total spin operator and the approximate exchange-correlation functionals used in DFT are 
far from perfect. 

 

 

 

 
Figure 4: Comparison of the metal-metal distances of FeMoco for the [MoFe7S9C]1-charge 
when comparing different spin isomers of the BS7 solution. The QM/MM model with 247 
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QM atoms as seen in Figure 2c was used in all calculations. a) BS7-235, b) BS7-247 c) BS7-
346, d) Average of the two cofactors of the 3U7Q FeMoco crystal structure. e) The full 

FeMoco structure 

 

For these spin isomer comparisons we performed QM/MM calculations with an even larger 
QM region than previously used, 247 atoms (see Figure 2c). RMS deviations with respect to 
the crystal structure interestingly reveal that the BS7-235 solution is slightly closer to the 
crystal structure than the other solutions with RMSD values of 0.044 Å (BS7-235), 0.050 Å 
(BS7-247) and 0.074 Å (BS7-346) for the [MoFe7S9C] part) but the differences are probably 
too small to differentiate between BS solutions. 

 Figure 4 shows the metal-metal distances for all 3 spin isomers compared to the 
crystal structure. It is remarkable that the Mo-Fe5 distance in the crystal structure, that is 
notably longer than the Mo-Fe7 and Mo-Fe6 distances, is also the longest for the BS7-235 
geometry while for the BS7-247 and the BS7-346 solutions the Mo-Fe7 and Mo-Fe6 
respectively are the longer molybdenum-iron bond distances. This is unlikely to be a 
coincidence and can be explained quite easily by an understanding of the electronic structure 
in terms of delocalized Fe-Fe pairs and localized Fe sites (as has been discussed in a recent 
article32). For the BS7-235 solution the Fe5 atom is down-spin, effectively creating a 
localized Fe(III) site (since no other Fe atom has spin parallel to it) while Fe6 and Fe7 
become involved in a delocalized mixed-valence Fe(2.5)-Fe(2.5) pair (we assume complete 
delocalization at this point). This relatively simple picture (that comes from analysis of the 
localized orbitals that is shown in the supporting information) explains well why the Fe6-Fe7 
distance is so short both in the experimental structure and the BS7-235 structure, why the 
Mo-Fe6 and Mo-Fe7 distances are so similar in the experimental crystal structure (BS7-235 
shows some asymmetry here) and finally why the Fe5-Fe6 distance is short in the BS7-247 
solution and the Fe5-Fe7 distance in the BS7-346 solution. It is all a question of where the 
Fe(2.5)-Fe(2.5) pair ends up (and the localized Fe(III) site). 

 A similar albeit different comparison can be seen in the other Fe triangle. There the 
distances are dependent on the BS solution and clearly where the delocalized vs. localized Fe 
sites end up but curiously the delocalized pair seems to result in a longer distance for the 
BS7-235 solution instead of a shorter one. This is not easily understood at present (mixed-
valence delocalization in iron-sulfur clusters is still not well understood82) but importantly 
this asymmetry is seen in both the experimental structure and in the BS7-235 solution but not 
the other solutions and BS7-235 is the only one that reproduces the slightly longer Fe2-Fe3 
distance. We think this difference between Fe triangles in the cofactor may reflect some 
competition between all the spin-couplings, weak metal-metal bonding and other interactions 
within the cofactor. 

 The relative QM/MM energies of BS7 spin isomers show that they fall in a range of 
1.1 kcal/mol with BS7-346 being the lowest in energy, BS7-235 being 0.7 kcal/mol higher in 
energy and BS7-247 1.1 kcal/mol higher in energy. These relative energies (all at the TPSSh 
level) are similar to what has been found before32 but due to the small differences we do not 
think these energies help us deduce the correct BS solution. After all, there is nothing to 
indicate that our calculations come close to chemical accuracy (~ 1 kcal/mol).  
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 To conclude, we have been able to show that the FeMo cofactor appears to be in a 
specific electronic state according to a comparison of the metal-metal distances in the 
cofactor when considering 3 practically equivalent electronic structure solutions and the 
experimental crystal structure. The relative energies of the solutions are within ~1 kcal/mol of 
each other and are too close to confidently deduce anything while the geometric analysis 
paints a very clear picture of the FeMo cofactor being in a specific electronic state, 
approximately described by the BS7-235 broken-symmetry solution. We cannot put much 
faith in the relative energies due to the approximations in use (approximate exchange-
correlation functionals and the use of determinants that are not eigenfunctions of the total 
spin operator) but it is conceivable that 3 genuine electronic states of the cofactor are this 
close in energy, all of which could be populated at experimental conditions. Perhaps more 
likely, there is a larger energy difference between these states at experimental conditions and 
that the state as characterized by broken-symmetry DFT, BS7-235, is the most populated as 
suggested strongly by the metal-metal distance analysis. With progress being made in 
multiconfigurational and multireference wavefunction theory it is our hope that such 
calculations (that were e.g. used to calculate the electronic structure of Fe4S4 cubane 
clusters82) can shed further light on this issue in the future. It would be very important to find 
out if the picture suggested by broken-symmetry DFT of delocalized pairs and localized 
Fe(II)/Fe(III) sites holds within a multiconfigurational wavefunction picture.   

 Finally, it is important to note that the BS7-235 broken-symmetry solution and our 
picture of FeMoco involving specific delocalized pairs/localized Fe(II)/Fe(III) sites (see 
Figure 5) is not inconsistent with the results that came from spatially resolved anomalous 
dispersion refinement78 (SpReAD) where 3 Fe atoms (no. 1, 3 and 7) were found to be more 
reduced (similar to the P-cluster) than the others. This suggests an oxidation state distribution 
of Mo(III)3Fe(II)4Fe(III) while the BS-DFT calculations suggests something closer to 
Mo(III)1Fe(II)4Fe(2.5)2Fe(III) according to localized orbital analysis. However, as we 
pointed out32, it is entirely possible that spin localization could occur in these mixed-valence 
pairs that we suggest are present in Fe2-Fe3 and Fe6-Fe7. Should the spin localize somewhat, 
e.g. by vibronic coupling, it is entirely possible that Fe3 and Fe7 would have more Fe(II) 
character than Fe(2.5) character. We also note that the minority-spin electrons in these 
mixed-valence pairs are not always completely delocalized as can be seen in the localized 
orbitals (see supporting information) and are furthermore dependent on the QM-region and 
density functional used. Finally we note that XAS edges of mixed-valence Fe dimers are not 
fully understood as discussed by DeBeer et al.83 
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Figure 5. Our current understanding of the electronic structure of FeMoco, featuring the 
[MoFe7S9C]1- charge and the BS7-235 broken-symmetry solution based on an analysis of the 
localized orbitals (see supporting information). Fe6 and Fe7 as well as Fe2 and Fe3 are found 
to be mixed-valence delocalized pairs. A partially delocalized electron between Fe1 and Fe4 
is also found but this electron ends up being more localized on Fe1, making the latter's 
oxidation state closer to Fe(II). Fe4 and Fe5 can be interpreted as having more Fe(III) 
character (leading to strong antiferromagnetic coupling) while the pairs Fe6-Fe7 and Fe2-Fe3 
could be interpreted as all having an oxidation state of Fe(2.5). Alternatively, localization of 
the minority spin electron in these delocalized pairs could result in e.g. Fe7 becoming Fe(II) 
(and Fe6 being Fe(III)) and Fe3 becoming Fe(II) (and Fe2 being Fe(III)). The localized 
orbital analysis does show that there is sometimes partial localization of these mixed-valence 
pairs and e.g. the delocalized electron is slightly more on Fe3 than Fe2 while the the electron 
in the Fe6-Fe7 is more delocalized. The magnitude of localization/delocalization is found to 
be rather dependent on the QM-region size and is also very dependent on the density 
functional so we prefer not taking these arguments too far. 
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C. Protonation State of homocitrate 
 

While all heavy atoms on FeMoco are now confidently characterized, the same is not 
necessarily the case for the protonation state. Protons are almost always invisible in limited-
resolution crystal structures. The homocitrate ligand bound to molybdenum contains 3 
carboxylate groups and 1 alkoxide group. Szilagyi et al.20 were the first to propose that the 
alkoxide group could be protonated based on a comparison of the molybdenum-oxygen bond 
lengths in their DFT models to the lower resolution (1.16 Å) crystal structure (PDB 
code:1M1N)84. Due to resolution limitations and the fact that homocitrate was severely 
truncated and approximated as a glycolate group in their study, the validity of this assignment 
was unclear. In previous studies28,29,30,31,32 by one of us (RB) we have assigned the alkoxide 
group of the homocitrate as protonated but have not until now given a complete justification 
for this as the question of how well the protein environment is described surrounding the 
homocitrate remained unclear. 

Figure 6a shows a close-up of the molybdenum environment of the cofactor from the 3U7Q 
crystal structure. Notably the O-O distance between the Mo-bound alkoxide group and one of 
the oxygens of the shorter carboxylate-arm is rather small (2.48 Å) suggesting a hydrogen 
bond between the oxygens. Figure 6b shows the result of the QM/MM model with a 154-
atom QM region showing how the O-O distance can be well reproduced when a proton is 
present between the two O atoms. Removing the proton and reoptimizing as shown in Figure 
6c, however, results in a dramatically elongated O-O distance that cannot be reconciled with 
the experimental crystal structure distance. We note that other resting state crystal structures 
of A. vinelandii at close to physiological pH (pH 8.0) with resolutions between 1.0 - 2.3 Å 
show this short alkoxide-carboxylate O-O distance to always be present (range of 2.4- 2.6 Å). 
The only exception to this is the 4ND8 crystal structure, recently published by Rees & 
Howard et al.85 which is a crystal structure solved under basic (pH 9.5) conditions, where the 
O-O distance is on average 2.77 Å as shown in Figure 6d. This is in very good agreement 
with a QM/MM model where the proton is missing (Figure 6d). It should be noted that the 
resolution of the latter crystal structure is 2.0 Å (compared to 1.0 Å for the resting state 3U7Q 
structure) but in view of the large change in this O-O-distance we think this must suggest a 
missing proton at the pH 9.5 conditions (especially since this proposed proton should be 
rather acidic). Recently a new 2.3 Å crystal structure (PDB code: 5VQ4)86 of the MoFe 
protein at pH 5 conditions became available. This crystal structure is in line with previous 
crystal structures for the homocitrate where an average O-O distance of 2.41 Å is found, 
indicating that there is a proton present on the alkoxide group. The possibility of protonated 
carboxylate groups was briefly explored by us but a geometrical analysis was inconclusive 
and the carboxylate groups have been modelled as unprotonated in all calculations in this 
study.  

This small study nicely demonstrates that the alkoxide proton on homocitrate is likely present 
during resting state conditions and is possibly a proton that plays a role in other FeMoco 
redox states (E1-E8), possibly becoming a substrate for H2 formation or possibly is used to 
protonate N2 for ammonia formation. Future studies will reveal the importance of this proton 
in conjunction with other protonation pathways near FeMoco.  Finally, we note that Ryde et 
al.27 have recently come to the same conclusions regarding the protonation state of 
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homocitrate using a combination of QM/MM calculations, pKa calculations via 
thermochemical cycles and quantum crystal refinement. 

 

 

 
Figure 6. Close-up of the molybdenum coordination environment on FeMoco showing the Mo-

coordinated alkoxide group and the O-O distance between the alkoxide group and the carboxylate 
group of the shorter carboxylate arm. a) the average O-O distance in the 1.0 Å crystal structure 
(3U7Q)6 (at pH 8.0). b) the average O-O distance in the 2.0 Å crystal structure (4ND8) at pH 

9.585. c) the O-O distance in the protonated QM/MM model (154-atom QM-region). d) the O-O 
distance in the unprotonated QM/MM model (153-atom QM-region). 
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D. QM region size dependence: structures, vertical redox reactions and 
deprotonations 
Large QM regions have been used in the geometric analysis of FeMoco in this study. The 
sometimes slow convergence of QM/MM properties with respect to QM region size is an 
issue that has been discussed in recent articles87,88,89,90,91. It has been suggested that QM/MM 
properties such as chemical reaction barriers in proteins do not converge until the QM region 
is several hundred atoms in size. As the knowledge of chemical barriers or the reaction 
mechanism in nitrogenase is in its infancy, this is a difficult question to answer at present. 
However, it is possible to systematically explore the sensitivity of the QM/MM calculations 
with respect to QM region size for properties such as geometries and simple reactions such as 
redox reactions. 

Table 3 shows a comparison of the RMSD from the crystal structure for the FeMoco 
geometry (both with and without the homocitrate, His and Cys ligands) in QM/MM-
optimized geometries with QM region sizes ranging from 54 atoms to 367 atoms. Four of 
these QM-region sizes were introduced in Figure 2, the other QM regions are introduced in 
the supporting information. The RMSD values clearly reveal that even a minimal QM region 
of 54 atoms gives small deviations with respect to the crystal structure and the deviation 
changes very little with larger QM regions and appears completely converged (within 0.001 
Å for the bare cofactor atoms) with a size of 334 or 367 atoms. This suggests that one can get 
away with small QM regions in QM/MM calculations if one only intends to describe the 
FeMoco structure well and demonstrates that the QM regions employed in the previous 
geometric analysis should have been large enough. This may not be the case for redox 
properties or chemical barriers, however. Also shown in Table 3 is the RMSD when a 54 
atom QM cluster in a dielectric continuum described by the COSMO92 solvation model (and 
without any explicit protein environment) is calculated at the same level of theory. The 
structure deviates considerably from the 54 QM-atom QM/MM model. This demonstrates 
well how incorporation of structural flexibility and natural constraints within the QM/MM 
model can have a considerable impact on the local geometry of the cofactor. Such large 
structural deviations as seen in the 54-atom COSMO model (due to model defects caused by 
the lack of an explicit protein environment) may well adversely affect the energy landscape in 
calculations of reaction mechanisms. 

 

Table 3: Root-mean-square deviations (RMSD in Å) for the QM/MM-optimized geometries for the 
increasing QM region from one of the cofactors (connected to A and B chains) of the crystal structure 
(3U7Q). RMSDs shown for the [MoFe7S9C] part alone and also including the heavy atoms of 
homocitrate(HCA)+His442-sidechain+Cys275-SCH2. 

QM region size 
(atoms) 

[MoFe7S9C] MoFe7S9C-HCA-His-Cys 

54 0.040 0.105 
103 0.039 0.099 
127 0.043 0.102 
154 0.044 0.104 
198 0.050 0.103 
247 0.044 0.100 
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282 0.045 0.101 
334 0.046 0.106 
367 0.046 0.100 

54 (COSMO) 0.081 0.698 
 

Additionally, we explored the redox properties and deprotonation energy of FeMoco by 
computation of vertical 1-electron oxidation and reduction energies as well as the vertical 
deprotonation energy of removing the alkoxide proton on homocitrate. The purpose here is 
only to understand the dependence of these properties with respect to QM region size and not 
too compare to experimental data which we will explore in future studies. For the oxidized 
and reduced species we removed/added one electron to the QM/MM optimized resting state 
geometry, kept the same broken-symmetry solution (BS7-235) and converged to a final MS= 
0 for the oxidized state and MS=1 for reduced state. We note that little is known about the 
oxidized and reduced FeMoco states (spin states are controversial and protonation states are 
unknown) and the current calculations are only performed to study QM region convergence 
for these redox energies and to test the methodology for future calculations of redox 
potentials. Point charges from the MM region were included in all of these calculations. 

The results are shown in Table 4 and reveals a much larger dependence of these properties on 
the size of the QM region. While there is only a 1 kcal/mol jump in DEOx and DERed  in going 
from 54 QM atoms to 103 atoms, there is a larger jump when increasing the size to 198 atoms 
and subsequently there are relatively small changes (1-2 kcal/mol) as we approach the largest 
QM region of 367 atoms. The deprotonation energies on the other hand decrease rapidly with 
increasing QM region size and shows little sign of convergence. It should be pointed out, 
however, that these results are obtained with the TPSSh functional and that self-interaction 
error in the density functional could affect these results as shown by Ryde for QM/MM 
calculations on proteins91. Future studies will look into these properties with range-separated 
hybrid functionals but the current results suggest that QM cluster sizes, whether used in cut-
out cluster-continuum models of MoFe protein or in QM/MM models, are an important 
aspect to consider in future mechanistic calculations of redox catalysis on FeMoco. 

 

Table 4: Vertical oxidation, reduction and deprotonation QM/MM energies in kcal/mol for FeMoco 
for different sized QM regions.  

QM region size (atoms) DEOx DEred DEdeprot 

54 56.14 52.49 432.71 
103 57.06 53.34 426.73 
127 57.35 46.15 425.25 
154 59.08 48.82 420.11 
198 64.16 33.00 416.12 
247 66.65 33.29 412.37 
282 67.70 31.88 411.15 
334 65.77 33.67 412.45 
367 66.82 31.62 408.84 
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Conclusions 
We have presented a detailed QM/MM study of the resting state of the MoFe protein of 
nitrogenase. We have focused exclusively on the active site containing the FeMo cofactor and 
the S=3/2 resting state and have shown based on a careful analysis of the metal-metal 
distances of the cofactor that only the [MoFe7S9C]1- charge can be the resting state of the 
cofactor. This fits well with recent spectroscopic and computational work. Furthermore we 
show that when considering all 3 spin isomers of the lowest-energy class of broken-symmetry 
solutions (BS7) that only the solution BS7-235 (where Fe atoms Fe2, Fe3 and Fe5 are spin-
down) fits well when comparing to the trends in the crystallographic Fe-Fe and Mo-Fe 
distances. We further show that this can be understood well by an understanding of the 
electronic structure in terms of specific locations of delocalized mixed-valence ferromagnetic 
pairs and more localized Fe sites. This electronic structure of the cofactor fits reasonably well 
with the picture from spatially resolved anomalous dispersion refinement where 3 Fe atoms 
(Fe1,Fe3, Fe7) are found to be more reduced according to their XAS edges and we propose 
partial localization (possibly by vibronic coupling) of the minority-spin electrons in these 
mixed-valence ferromagnetic Fe-Fe pairs to be the reason for why Fe3 and Fe7 appear as 
more reduced in the SpReAD. We also demonstrate the presence of a proton on the alkoxide 
group under resting state conditions of the homocitrate group by comparison to multiple 
crystal structures. Finally we have performed a convergence study of our QM/MM model 
with respect to QM region size. The geometry of the cofactor converges very quickly with 
QM region size and we achieve some convergence of the 1-electron vertical redox properties 
as well. Deprotonation energies converge slowly. 
While the electronic structure of the resting state remains exotic and is not completely 
understood we believe that we are reaching the limits of what can be accomplished within a 
broken-symmetry DFT picture. It is our hope that affordable multiconfigurational 
wavefunction theory will soon be able to present a more detailed picture. This study has 
nonetheless revealed remarkable agreement that can be achieved between broken-symmetry 
DFT and experiment, when an explicit description of the protein environment is included. 
Future QM/MM studies will focus on characterizing the redox states of FeMoco and substrate 
interactions as well as unraveling the specific role that amino acid residues around FeMoco 
play in the mechanism for substrate catalysis. 

 

Supporting Information Available:  
Details about QM regions, RMSD data on the unconstrained model, localized orbitals, more 
QM and QM/MM technical details and Cartesian coordinates for all QM regions. 
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A QM/MM model of the MoFe protein of nitrogenase, accounting explicitly for the protein 
environment, has been used to study the geometry and properties of the FeMo cofactor. 
Analysis of the metal-metal distances reveals that the cofactor resting state charge is 
[MoFe7S9C]1-. Furthermore we demonstrate that a specific spin isomer of FeMoco, BS7-235, 
is favored over others. Mo-bound homocitrate is furthermore found to be protonated under 
resting state conditions. 
 


