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Abstract

Nitrogenase is one of the most fascinating enzymaatime, being responsible for all
biological nitrogen reduction. Despite decades of reseaislamong thenzymain
bioinorganicchemistry whose mechanism is the most poorly understood. The MoFe protein
of nitrogenase contains an iromlybdenurasulfur clustey FeMocowhere N reduction

takes place. The resting state of FeMoco has been characterized by crystallography, multiple
spectroscopic techniques and theobydkensymmetry density functional thegrsind all

heavy atoms are now characteriz€de cofactor chargehowever, has been controversial,
theelectronic structurbas proved enigmatend littleis known abouthe mechaimsm. While
many computational studies have been performed on FeMoco, few have taken the protein
environment properly into account. In tsisidy,we put forward QM/MM models dhe

MoFe proteinfrom Azotobacter vinelandicentered on FeMoc8y a detailedanalysis othe
FeMoco geometrgnd comparing to the atomic resolution crystal struckreoncludethat

only the [MoFeS,C]* charge is a possible resting state chaFgether we finahat, of the 3
lowest energy brokesymmetry solutions of FeModbe BS7-235spin isome(where 235

refers to Fe atoms that are "spiown") is the only one that can be reconciled with
experimentThis is revealed bg comparison of the metahetaldistancesn the

experimental crystal structyra rare case of sprouyling phenomena being visible through
the molecular structur@his could be interpreted #se enzymeleliberately stabilizing a
specific electronic state tiie cofactorpossibly fortuning specific reactivitypn specific

metal atomsFinally, we show hat the alkoide group on the Médound homocitrate must be
protonated under resting state conditions; the presence of which has implications regarding
the nature of FeMocedoxstates as well as for potential substrate reduction mechanisms



Introduction

Nitrogenasearenature's solution to making atmospheric nitrogen available to orgatidms
These metalloproteinare the only enzymes theditalyze the reduction dinitrogen to
ammoniaaccording to the reaction equati@n the case of molybdenunependent
nitrogenase)
N, + 8e + 8H + 16MgATP! 2NH, + H, + 16MgADP + 16R

The mechanism for Nreduction (including binding sites well as important questiosgch
aswhy 8 electronsnstead of @are required anathy obligatory H, evolutionis necessarfor
NH; formation are allstill unsolved problemghough reductive elimination of hydridieas
been propsed for the lattér

Nitrogenases are muitirotein metalloenzymes that contain unusual and complex
iron-sulfur clusters to deal with the difficult problem of Bictivation. Thenost activeand
best characterizeghzyme is thenolybdenuradependentitrogenas which under turnover
conditionsis a protein complex consistirg the Fe protein iGifH) and MoFe protein
(nifDK)°. The Fe proteils a homodimer andontains an irorsulfur cubanelusterand t
acts as a reductadebindsto MoFe proteinrand reduces ne electron at a time, via a
MgATP-dependent proces§he MoFe protein isrel ," ,heterotetramer and contains two
metalsulfur clustersan each heterodimethe Rcluster(an FgS, cluster believed to shuttle
electrondo the active sifeandthe FeMo cofactor (FeMoca)FeMocois an unusualron-
molybdenurasulfur cluster (MoFeS,C) thatcontainsan interstitialatom that was revealed to
be a carbon a few years &gdt includes a homocitrate ligarahd isanchored to the protein
via histidine and cysteine residuégMocois believed to be theatalytically active site of
the MoFe protein, catalyzing the formation of ammonia fdanitrogen, electronand
protonsand produces Hinder N-free conditions.

While there have been many computational studies on FeMobhoafew studies
have considred the protein environmeintdetailand unfortunately manstudieswere
performed prior to the interstitial carbon assignmbiatodlemarand coworkersnainly used
small modelsn their pioneeringstudie&®*°!* but discussed the effect of the protein
environmenin alater stug*?. Studies byNorskoV**415¢ BIschl*"*¢, K Sstnet®, Szilagy?®,
Dancé*** and McKeé® have used minimal cofactor mode&egbahn has recently utilized
relativelylarge cluster models to study the mecharis@ao et af®> were the first to perform
aquantum mechanics/molecular mechan@M(MM) study of the MoFe protejaluring the
time when the interstitial atom of FeMoco was unknowna@mttludedhat the interstitial
atom was an oxygeRecentlyAdamd® et al. used QM/QMcalculationgo propose new
mechanismsind Ryde et al. studied protonation states by QMMM previous articles by
one of us (RB) waeitilized large225-atomcluster models in owtudies of the spectroscopic
properties of the FeMo cofactt******, Large clustemodelsbecome difficult to work with
and require many constrairitskeep the correct active sgeometryand maynot describe
correctlythe structuralflexibility of the cofactor in the enzyme active gtcket A better
modelof such a complex systesmould take into account both the unique electrostatic
environmenexperienced by the cofactas well as the flexible protein environment
including specific nearby amino acid sidechains that are known to be important for tgactivi
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
andnearby and/ocharged residuesyhile the rest is described by silapclassical
forcefields

In thisarticle,we describe QM/MM modelling of the MoFe protein, starting from the
high-resolution crystal structure (PDB code: 3UY.QVe utilize multiplesized QM regioa
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and acheve convergence of the FeMoco geometric structure with respect te@h size
and also demonstras®meconvergencéor redox propertiesWe consider all 3 charges of
FeMoco that have been proposedhe literatureandconcludethat only the [MoF&5,C]*
charge results in a geometry that is in acceptable agreement with the crystal s@aacture
assignment in agreement with recepéctroscopic and theoretical wohkportantly, we
consider all 3 spin isomers of theokenrsymmetry(BS) BS7 solution that is the accepted
lowest energBS solution of FeMoco. We find that tleetatmetal distances of trH@S7-235
solutionarein much bé&er agreement with the crystallographic metedtal distances of
FeMoco suggesting that the protein is stabilizing an electronic structure ribasamably
describedy this particularbrokensymmetry solutionThis can be rationalized via an
understanishg of FeMoco in terms of localized and delocaliegettronson specific metal
atoms Finally, we show that the alkade group on the Médound homocitrates protonated
under resting state conditions. This proton may play an important mechanistic role during N
reduction, possiblypecominga hydride in other redox states or even becoming a substrate
during the H evolution function of nitrogenase.

Computatioml details

Force Field Parameters

The CHARMM36proteinforcefield” was used in all MM and QM/MM calculatiomgth
minor modifications As no forcefield parameters are available for complex metal clusters
such as FeMoco and thecRister we derived nonbondgaarameters for these clusters and
kept them frozen during all classical optimizations or MD simulatidtemic chargedor
these residues were derived from BP8&ef2TZVP* calculatiors of the clusterasing
natural population angsis’’. LennardJones (LJ) parameters for these clustersevaimilar

to what fas previouslpeenappliedto iron-sulfur clusters itMM simulatiors®®: the

CHARMM atomtype SM was used fanorganic sulfides and no Lennaddnes sites were
assigned té-eor Mo. For homocitrateatomic chargeand L-J parameters were derived from
parameters available for citrafd=ree imidazole molecules present in the crystal structure
werenot deleted from the structuaed parameters for them weedken fromCGenFF
(Charmm general force fiefd) All cysteinesboundto FeMoco and fluster were modelled
as deprotonated cysteingsing parameters available in CHARMM36.

MM model preparation and solvation

The wholeMoFe protein was modelled classicallyhe initial structure i®asedon the

crystal structure of MoFe protein froftzotobacter vinelandat anatomic resolution of 1.0

« (PDB code: 3U7Qf. Modifications were made to the basic structusa talcium ions at
the interfae of subunits were changed to Fei@hs according tahediscovery of these sites
as iron ion&-. Only the amino acids present in the crystalicture 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 ! and two " subweits
will use the nomenclature used in the 3UT@hen referring to a redue that belongs to a
certain subunitmamelytheA (1) , B ("), C(!) and D(") subunits. As an example, the
residue number 15&fers to glutamate isubunis A andC. When referring to the residue
chain A we will use"GIul53A' but whenreferring to both we wiluse"GIul53AC'.



GROMACS version 5.0.4*** wasused toset up theriginal MM model and add
missing hydrogen$2rotonation states of titrable residues were determisgd) manual
inspection of hydrogebondng patterns and alswith the aid ofPROPKA®®. Due tobeing
a heterotetrameeach residue appears twice in the protein (in each heterodimer). The
symmetry was used in protonation state determingtinat is if a residue is protonated in the
A subunit, it is also protonated in the C subukit aspartat@and glutamateesidues were
modelledasdeprotonated except GIul58A All lysineresidues were determined to be
protonated except Ly§5BD. The protonationstates of all histidineesiduesvere checked
and determined via careful manir@dpection.The following histidine residues are
protonated at the epsilon nitrogeis80AC, His83AC, His195AC, His362AC, His383AC,
His442AC, His106BD, His1938D, His311BD, His3638D, His392BD, His429BD,
His457BD, His477BD, His478D andHis480BD. Thehistidineresiduegrotonatecht delta
nitrogenwereHis31AC, His196AC, His285AC, His451AC, His183BD, His297BD,
His396BD andHis519BD. Only His90BD wasdoully protonatecht bothepsilonanddelta
nitrogenatoms.Water molecules present in the crystal strucasrexygen atomsere kept
and hydrogens added to the oxygen atasisg GROMACS The proton positions were
manually inspected for the water pocket around the homoaigsittue in the active site.

After full hydrogenation othe MoFe protein, the number of atoms is 39566 atoms
(before protonation there are 16295 atoms). The system was next solvated using GROMACS
proceduresdy placing the protein inside a 8®0x 90« boxand filling it upwith TIP3P
waters. Water molecules present in the crystal structure were kept and modelled as TIP3P as
well. The system has a total negative charg@®tfter the hydrogenation step. To balance
the chargewe added39 Na' counterions to the solvenifter the sohation and addition of
counterionsthe systenconsiss of 320829 atomand isshown in Figure l1a

At this point, 2 differenMM models were created:a)constrained Xay model ii)an
unconstrainedM model The constrained -Xay modelkeptall proteinheavyatom (nor
hydrogen atoms) positions froz@mot watersduring relaxation and molecular dynamics
steps while the unconstrained MM mo#ept thefollowing residues frozem space
FeMoco, homocitrateé?-cluster 7492F¢g(ll), 6492Fe(Il) andhadadditionally the following
atomic constraints: deHaitrogen of thehe Mo-boundHis442, sulfur atoms of all
deprotonated cysteine and all oxygen atoms of residues connected to 64Si2ialed
residue 749%the twoFe iors). Theconstrained Xay model is thusleliberatelybiased
towards the experimental structure while the unconstrained rhadelo such bias boan
suffer from artifacts due to dynamical eveintshe active regiomesulting from the
approxmate forcefield used for the complex metalloprotéii simulations were performed
for both the constrained-Kay model and the unconstrained MM model, in the canonical
ensemblaising the velocity Verlet algorithnThe constrained model was simulated forsl
while the unconstrained model was simulated fos3n addition to the aboveentioned
constraintspond constraintsisingthe LINCS algorithrf/*® were applied to all ¥4 bonds in
order to maintain a 1 fs timestep during siraulation.A NosZHoover thermost&t*°°*2
with chain number of 4 with coupling to the whole systems used for heating and
maintaining a simulation temperature of 300The system wagraduallyheated from 5&
to 300K in 0-500psfor the unconstrained model but ifl00 ps for the constrained model
For the unconstrained model, the average RMSD of heavy protein atoms cormuecbd



to a value of 0.31 «afterapproximatelyl nsand maintained this value for the rest of the 5 ns
simulation demonstrating that our classical modelling is reasonable

QM/MM preparatiorand calculations

Figurel: a) The320K atomMM model(in a periodic boxshowing thevhole
heterotetrameti®oFe protein dissolved i83754solvent moleculgand39 Na' ions. b) The
spherical QM/MM model centered @meFeMocounit (in one of the heterodimershowing

a minimal QM region (balandstick) and the MM region divided up into frozésack and
red/white)and active regiongreen) The spherical model contains whole chains A and B
and a part of chain C.

Spherical QM/MM moded (as shown in Figure 1hyerenext cut from the 320K atom MM
box from the two separate MD simulations on tlb@strained and unconstrained MM
models.The constrained model usedrapshot afted40 ps while the unconstrained after
1862ps. This spherical droplet modé usedto facilitate QM/MM geometry optimizations
large proteinss popularized byhiel andcoworkers for year$>**> and has been confirmed
to be a highly economicgkt accurat€ M/MM modelling strategyccording to a recent
comparison to periodiQM/MM calculation’. The moded arecentered on thearbide atom
of FeMocopresent in the B-chainhalf of the MoFe proteiand all wholeresidues (amino
acids and watersyithin 42 « are included Models were cut so that theemained neutral
(24 Nd ionsincluded in each spherical mojlelThe entireA andB chairs were included;sa
some part othe C chain wasnside the 42 « radiusalonger chairof it wasincludedfor a
more natural cufThat includes residues 242, 3206, 342369, 378392, 410419, 437443,
458469, 476 and68523. The constrained model contains one amino acid relgisisie
residue le443C. While the MM preparation steps wdlree samédor constrained and



unconstrained MM models (MD step differed as mentioned);dhstrained and
unconstrainedM/MM modelsthus ended upeingslightly different:the unconstrained MM
mockl contains37060atoms and the QM/MM version of the constrained MM model
containing36989atoms Aside from the slightly different spherical cut, there were atsoe
differences due to differing amount of water moleculésst calculationglescribedn this
articlewere performed using tlenstrained QM/MM modelThe reason is that due to water
dynamics in the active site around FeMalewing the MD simulation of the unconstrained
mode] somewater molecules pushed residues like His195 dway its crystallographic
positions resulting in geometries that seems incompatible with all the crystal structures
availablefor MoFe protein. These water molecules had to be deleted prior to QM/MM
geometry optimizationdVe confirmed, however, that similar FeMogeometrisare
obtained for the unconstrained model as shown in the supporiimmation.

Chemshellersion 37°"*® wasused for all QM/MMcalculations. Scripts in Python
and Tcl to convert the GROMACS MM model format to Chemshell format were written
(available as supporting informatjpridditional Chemshell codeas written to facilitate
QM-region and active regions definitions. The ORCA quantum chemistry eec®on
3.0.37°was interfaced to Chemshell via a modified ChemgD&ICA interface that &ws
for electrostatic embedding. Theodifiedinterface allows easier use of any @kbtocol
available in ORCA and allows geometry optimizations on the brskemimetry surface via
the spinflipping procedure in ORCABrokensymmetry solutions were foury converging
first to a hgh-spin ferromagnetic solutioof (e.g.M=35/2 for the[MoFe,S,C]* charge) then
flipping the spin on specific atoms and converginth®brokersymmetry state witiv ;=3/2
(for resting state FeMocoAll QM/MM calculationsused electrostatic embedding and link
atoms were used to terminate the @N¥ border together with the charghift procedure as
implemented in Chemsh&llIn electrostatic (a.k.a. electronic) embedding the MM charges
are included directly in the QM calctilan, polarizing the QM electron densifyor the QM
part, the TPSSh hybridensityfunctionat®* with D3BJ dispersion correctiéii* and the
ZORA relativistic approximatidit®® was used and employing the relativistically contracted
def2 Ahlrichs basis s&f’. A triple-zeta ZORAdef2TZVP basis set was used for all Mo, Fe
and S atoms (and interstitial carbide of FeMoco) while a dezdike ZORAdef2-SVP basis
setwas used for all other atoms. The RIJCOSX approxim&fiowas used to speed up
Coulomb and Exchange integra#gr example ORCA inputfile used in the QM/MM and QM
calculations is shown in the supporting informatiDrfferent QM-regions for the active site
were definedand usedis shown in Figure @ndthe supporting informatignThe MM part
was calculated using DL_PO['¥as implemented in Chemshell using the previously defined
modified CHARMMS3G6 forcefield fothe MoFe proteinThe QM/MM geometry
optimizatiors were done usinthe DL-FIND"* program inside Chemshelthe VMD
progran® was used to visualize resu#tad was used to render the molecular images shown
in this article.

In all QM/MM calculatiors alarge approximately spherical actimmsregionis 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 fro¥émen defining the active
atoms region, alproteinresidues (or water molecules) ticahtain an atom within a certain
radius arencluded in this selectio\ 11 « active region, containing all residues with an
atomwithin 11« of the central carbide of FeMocayas used for most calculations



(corresponds to 1002 active atoms in the comgdamodel but 978 atoms in the
unconstrained model) but large @gion calculationglarger than 154 atomsised a larger
13 « radius active region (corresponds to 1576 active atoms in the constrained model but
1596 atoms in the unconstrained model).ivectegions are used oof convenience, ue to

the large degrees of freedqresenin the geometry optimization probleamd to avoid

falling into new local minima duringach nevoptimizatiori*. The QM/MM optimization
resultswereoverallnot very sensitive to the size of the active region.



Results and Discussion

The QM/MM calculations performed allow a better modelling of the molecular structure of
FeMaco than simplified cluster models and as we will show, even allow insight into the
electroric structure. Previous cluster models have kept residues surrounding the cofactor
either frozen or partially frozen in order to keep the cluster model consistenhevith t
geometry imposed by the protein. As our QM/MM model incorporates a much larger part of
the whole protein, no amino acids near FeMoeed tdbe frozen(the active atoms region is
chosen to be large1000 atom®r morg. Furthermore, the QM/MM model can be
systematically improved by increasing the QM regia this study, multiple QM regions of
increasing size were explored; Figure 2 shows the most importame@dh modelsvhile

the supporting informatioshows othedefined QM regionsand additional detailsThe effect

of QM-region size on the structure as well as the redox properties of FeMoco are discussed in
the last section/Ve start off discussing the charge of the cofac¢hus,isfollowed by a

discussion of bricken-symmetry solutions and spin isomargdtheir effect on the FeMoco
geometrywe thendiscuss the p@tonation state dflo-boundhomocitrate and ehon QM

region convergenceffects in our QM/MM calculations.

Figure2. Examples of the QM regions usidthe QM/MM calculationglink atomsnot shown)
Additional details about the QM regions are available in tha)34 QM atom region consisting of

the [MoFeSy] cluster, homocitratéHCA), His442A truncated as methylimidaleandCys275A

truncated as methylthiolate. %4 QM atom region that additionally includes the sidechains of



Val70A, Arg96A,His195A Arg359A, Glu380A, GIn191A,Phe381A and 9 water molecules) 247
QM atom region thaadditionally containdyr229A, Ser278ALys426A, Glu427A, thecarbonyl

groupof the Tyr354A peptide bondamide cagaround S3B (S8onsisting othe peptidebackbone
of residuesTyr354A-11e355A-Gly356 A-Gly357A-Val358A-Arg359A, the whole residue of

Arg359A, larger part of resiue Cys275Apeptide bond between residues Gly424B and lle4&%B

an additionalvater moleculeabove S2Ad) 368 QM atom region that includes additionak
sidechains 06erl92A, Asp228A, Asp234A, His274A, Arg277A,yr281A, His451A, Argl0=B and
12 additional water molecules

A. QM/MM FeMocogeomety: effect of cofactor charge

The chargen FeMaco has been controversial in nitrogenase research as discussed in a recent
article byone of u&. Early spectroscopic wofk*">"® suggested metal oxidation statés
Mo(IV)6Fe(ll)1Fe(lll), corresponding tfMoFe,S,C]* (sulfides and carbides taken in their
closedshell forms, $ and C") while later worK’ suggestedlo(1V)4Fe(l1)3Fe(lll),
corresponding tdMoFe,S,CJ, to be more likelyA morerecent computational stuély
suggested a more oxidized charfd@oFe,S,C]*. Thetotal spin ofresting staté&-eMocois
experimentally known to be S=3/haking these 8dd-electroncharges thenly reasonable
possibilities In a recent study by one of use MSssbauer properties of the cofactegre
calculated andit wasdemonstrated that only tfigloFe,S,C] charge fits the experimental
MsSssbauer parameters well. This is also in line with a resggattally resolved anomalous
dispersion refinemerfBpReAD study® thatshows3 Fe iongo bemore reduced than the
other Fe iongaccording to the Fe XAS edge positianBjis would be in agreement with a
formal oxidation state assignmeaftMo(lll)3Fe(l)4Fe(lll) that corresponds to a charge of
[MoFe SCJ.

It is nonetheless of interestuge allavailable experimental dasand structural data is both
fundamentalaccessible from computatioasad a vital test for a computational madel
cluster modelling studies it is always @penquestion 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 PoEabus
attempts by us and othéte deduce the cofactor charge by a geometric andigsisproved
futile. There is also the question of the reliability of the experimental crystal strsicture
(particularly when heavy elements with bonded light atoms are invométt) better
modelling of the FeMoco environment being performed in this sttudytherefore
interesting tacompare theptimized QM/MM structures for thé proposed charges of
FeMoco and compare to tlmomicresolutioncrystal structuravailableand see whether
clear differences arm@bvious andvhat insights can be drawn from the molecular structure
Table 1 shows roaneansquaredeviations (RMSD) for QM/MMoptimized structuresf
FeMocowith the 3 different chargesisinga QM regionof 154 atoms (see Figure 2b)
RMSDs are shown for both the pure metal cluster (reetiflir-carbide part) and also when
includingin the RMSD calculatiothe homocitrate, theethyimidazole of Mebound

His442 and thenethylthiolategroup of the Febound (/s275 residu€hydrogens not
included) The results show that when considering[MeFe,S,C] part, the-1 charge of the
cofactor isconsiderably more likelgs the RMSD is approximately half oetRMSD of the
+1 charge and more than half of the RMSD of-Bheharge. When consideriadsothe
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ligands bound to the metals, the RMSD values still favor stronghitbkargeas the likely
resting state charge

Table 1: Rooimean squareeviationgRMSD) in « of different QM/MM-optimized geometries
(154-atom QM models were used, see Figure 2b) with different FeMoco charges compared to the
experimental crystal structuregfactor bound to chains A and B; PDB IBUJ7Q). The broken
symmetry solution BS235 was used in all calculatio(see later discussiomand homocitrate was in
its singly protonated form (see later). Table sh&MSD values for both thiMoFe,S,C] part of the
cofactor and the [MoE&,C]+homocitrate(HCA)+Hbk442-sidechain+@s275SCH, groupwhere only
heavy atomsvere included in thealculation of RMSD

Charge on cofactor [MoFe,S,C] [MoFeS,C]+HCA+His442+CG/s275

[MoFe,S,C]" 0.082 0.137
[MoFe,S,CJ 0.044 0.104
[MoFe,S,CJ* 0.097 0.139

Table 2:Various bond lengths and atemtom distancefn ¢) 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 J8GFe

charge.
3U7Qave [MoFe,SC]* [MoFe;SCl [MoFe,SC]* BS7-235[MoFe,SC]  BS7-247[MoFe;S,C|°  BS7-346[MoFe;S,Cl°
FelFe2 2.67 2.68 2.67 2.66 2.65 2.63 2.67
FelFe3 2.67 2.65 2.63 2.67 2.64 2.67 2.64
FelFe4 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 2.64 264
Mo-Fe6 2.67 2.64 2.66 2.84 2.65 2.64 271
Mo-Fe7 268 2.62 2.61 2.62 2.62 2.69 2.61
Fe2Fe3 2.67 2.82 2.66 2.64 2.65 2.64 2.64
Fe2Fe4 2.65 2.64 2.62 2.64 2.63 2.64 2.683
Fe3Fe4 2.64 2.64 2.62 2.64 2.62 2.61 259
Fe5Fe6 2.63 2.62 2.63 2.66 2.63 2.57 2.63
Fe5Fe7 2.63 2.64 2.64 2.66 2.61 2.62 256
Fe6Fe7 2.60 2.53 2.56 2.55 2.56 2.61 2.61
FelMo 7.00 6.96 6.96 7.10 6.96 6.96 6.97
FelC 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 3.50 349
Fe2Fe6 2.58 2.56 2.59 2.60 2.59 2.58 2.57
Fe3Fe7 2.58 2.57 2.58 2.62 2.60 2.58 259
Fe4Fe5 2.61 2.57 2.60 2.59 2.60 2.62 2.683
C-Fe2 2.01 2.00 1.99 2.01 1.99 1.99 1.8
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 1.9
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 1.8
Mo-O, 2.17 2.09 2.17 2.20 2.17 2.16 2.17
MO-Oqarpox 2.21 2.13 2.20 2.25 2.20 2.22 2.21
Mo-N, 2.34 2.26 2.27 2.25 2.28 2.28 2.21
FelScy 2.27 2.21 2.27 2.25 2.28 2.26 2.27

It is even morauseful to considespecificallythe metalmetaldistancesithin the cofactor.
Table 2 contains a list of most of the relevdistancedor the cofactor for all 3 charges while
Figure 3 showsnore convenientiagrams of the basic metskeletonof the cofactor and the
important metametal distance®ue to resolution limitationand potential disorden the

crystal structur@s well as systematic errors in the DFT calculations (plus lack of vibrational
motion), we emphasize that trends in ditanceshould be more relevant than comparison
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of absolutedistancesvhen comparingo the crystal structure datBhe experimental
distances arshown in Figure 3avhere it is notable thahe Mo Fe5 distancess longer than
the MoFe6 and MeFe7 distanceby 0.050.06 ¢, the Fe6Fe7 distancebeing slightly
shorter(by 0.03 ¢) than theFe5Fe6 and Fefbe7 distances in the triangle near Mo while the
Fe2Fe3distancds longer than FeEe4 and FeFe4(0.020.03+ ) in the triangle farther
from Mo. When comparing the sardistancedor the calculated geometries with different
charges it ismmediately noticeable that only tidoFe,S,C]* chargereproducesnost of
these trends idistancesThe[MoFe,S,C]* chargegeometry(Figure 3c)has a noticeably
largeMo-Fe6distancg2.84 « or 0.22 « longer than the shorter MBe7)in sharp contrast
with the experimental structu(8.06 « difference between the shortest and longestfdo
distancelnd does not show a longer He€3distancethese deviations seem large enough to
rule outfMoFe,S,C]* as the cofactor resting state chaifiee [MoFe,S,C]** charge(Figure
3a)has FeiFe4 and FeFe3distanceshat aremuchtoo largecompared to the crystal
structure. On the other harf¥joFe,S,C]" (Figure 3b)gives a structure in relatively good
agreement with thdistancerends seen in the crystal structure: The ’&® distance is
slightly larger than the M&e6 and MeFe7 lengths in agreement with the experimental
geometry (although the MBe6 and MeFe7 arenot as similar as in the experimental
structure). The FeBe7 distance is notably smaller than the-Feb and Fef-e7 distances
as in the experimental structure and the-Fe2 distance is slightly longer than the fres2
and Fe3Fe4 distances, also imgd agreement. No unusually large or small metatal
distances are seen for fhoFe,S,C]" geometry

We note that thfMoFe,S,C]* model does not reproduce distancegbut most of the
trends)in the crystal structure but tiggometriadifferencesetween FeMoco chargestich
is reflected in the bond lengths due to metal oxidation state differesiedajge enougin
our opinionto completely rule out thivoFe,S,C]** and[MoFe,S,C]* charges as viable
models for the resting state of FeMogbatthis can be established so cleadgmonstrates
the utility of our rw QM/MM models of MoFe protein
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Figure 3:Metalmetal distances (in ¢) in FeMoco structures with different charges and the
experimental crystal structure54 QM-atom models werased and the BSZ35 solution
was used for all charges) [MoFe,S)]*, b) [MoFe,S]]*, ¢) [MoFeS,)*, d) Average of the

two cofactos of the 3U7Q FeMoco crystal structusg. The full FeMoco structure

B. QM/MM FeMocogeomety: effect of brokersymmetryspin isomers

As concluded in the last section, only fMoFe,S,C]" 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
M3ssbauer propertiésas well as the recenpatially resolved anomalous dispersion
refinement (SpReAD study®. All of our QM/MM calculations have used brokegmmetry
SCF solutiongwith Mc=3/2) using the brokesymmetry solution known as BS7 as proposed
by Noodlemat. This brokersymmetry solution has been found by many research
groupst'#22L728 tg pe the lowest energy one which can be explainégiagmainly due to
presence ofmorefavorable antiferromagnetic interactions between Fe atbarsother BS
solutions As pointed ouin an article by onef us®, the molybdenum atoiga Mo(lll) ion
according to XAS and thedf{?®), also takes part in the spin coupling (and is even part of
weak metaimetal bondingvith Fe5, Fe6 and Fehowever, its electrons are flipped on their
own during the SCF procedure and usudthes not need to be considered when considering
the spinflipping problem(in rare casethough the Mo atom ends up in a higmergy

electron configuration)We have confirmed this multiple times that the BS7 solution
originally proposed by Noodlemantise lowest energy solution that can be fouhekpite

the Mo atom not being part of the sfflipping problem Curiouslyin the lowest energy BS7
statethe Mo(lll) ionisin a norHund electronic configuration (due to the interactions with
Fe atomsps peviously discussétland seems to be a general feature offd® cubandike
cluster$’. What is seldom pointed out (although by Noodleth&hand we made a point of

in a recent articfis thateachbrokensymmetry solutionincludingBS?7, actuallyhas3

different spin isomers that all need to be considered when calculating a cofactor in an
environment where approximaiz symmetry is no longer present. These 3 spin isomers

13



should be energetically equivalent in a perfect symmetric @mwient butnightbe expected
to differ energeticallyn a nonsymmetric protein environmeand due to the presence of
mixed-valence delocalized paif&' asprevioudy discussedf. The3 different spin isomers
lead tothe mixed-valence delocalized pairs as well as more localized metal spin sites
swapping positions. These 3 spin isonwrthe BS7 solutiomaveherebea labelledas:
BS7-235, BS7346 and BS7247 where the latter 3 numbers refer to witelatoms are
flippedto find the energetically favored BS7 class of solutiéthevious analysiéusing a
cluster model showed that thesg@n isomers arenergetically very similawithin ~1
kcal/mol of each other at the TPSSh lelwet it was not possible to to distinguish between
themby energy or MSssbauer properties.

We were curious whether considering these 3 spin isomers within a QM/MM model
mightenergetically stabilize one of these solutions or perhaps whether the geometric
differences caused by different locations of localidetbcalized Fe atoms woutdveal
evidence of one of these electronic states being stabilized within the prdtearystal
structuremighteven be an average of all 3 of them.

As the previous analysisf the FeMoco chargesiggestedhe crystal structredoes show
some clear differences aertain FeFedistances, possiblyointing to specific locationsf
delocalized Fd-e pairs for examplét should be pointed out that this also presents a
importanttest for brokersymmetry DFT methodology as itmains unclear howapablehis
approximate methodologyg atdescribing the electronic structui® suchan exotic spin
coupled cofactor as FeModBrokensymmetry solutions are after all not eigenfunctions of
the total spin operator and the approximate exchaogelation functionalsised in DFTare
far from perfect.

Figure 4 Comparisorof the metalmetaldistance®f FeMocofor the[MoFe,S,C]" charge
when comparing different spin isomers of the BS7 solufibe. QM/MM model with 247
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QM atoms as seen Figure2c wasusedin all calculationsa) BS7-235, b) BS-247 ¢)BS7-
346, g Average othe two cofacta of the3U7Q FeMoco crystal structure) The full
FeMoco structure

For these spin isomer comparisons we performed QM/MM calculations with an even larger
QM region than previously used, 247 atossefigure2c). RMS deviationsvith respecto

the crystal structurmterestinglyreveal that the BS235 solution is slightly closer to the

crystal structuréhan the other solutions with RMSD value)d¥44 « (BS7-235), 0.050
(BS7-247) and 0.074 « (BS7346) for the [MoF€5,C] part)butthe differences are probably

too smallto differentiate between BS solutians

Figure 4shows the metahetal distances for all 3 spin isomers compared to the
crystal structurelt is remarkable that the MBe5 distance in the crystal structutet is
notably longer than the MBe7 and MeFe6 dstancesis also the longest for the B&B5
geometry while for the BSZ247 and the BS346 solutions the M&e7 and MeFe6
respectively are the longer molybdeniinon bonddistancesThis is unlikely to be a
coincidence and can be explained quite easilgrbunderstanding of the electronic structure
in terms of delocalizeBe-Fepairs and localized Fe sites (@&s beenliscussed in a recent
article®®. For the BS7235 solution the Fe5 atomdewn-spin effectively creating a
localized Fe(lll) sitgsince no other Fe atom has spin parallel te/fitle Fe6 and Fe7
become involved in a datalizedmixedvalence Fe(2.5e(2.5) paifwe assume complete
delocalization at this pointYhis relatively simple picturéhat comes from analysis of the
localized orbitalghat is shown in theupporting informationpexplains well why the FeBe7
distance is so short both in the experimental structure and th@ ESstructurewhy the
Mo-Fe6 and MeFe7distancesre so similar in the experimental crystal structure (BS5
shows some asymmetry here) dimally why the Fe5~e6 distance is short the BS7247
solution and the Febe7distancan the BS7346 solution. It is all a question of where the
Fe(2.5)Fe(2.5) pair ends up (and the localized Fe(lll) site).

A similar albeit different comparison can be seen in the other Fe triangle. There the
distancesre dependent on ti&S solutionand clearly where the delocalized vs. localized Fe
sites end up but curiously tkielocalized pair seems to result in a londjstanceor the
BS7-235 solution instead of a shorter one. This is not easily understood at neigent
valence delocalizatioim iron-sulfur clusters is still not well understdédbut importantly
this asymmetry is seen in both the experimental structurenahd BS7235 solution but not
the other solutiomand BS¥#235 is the only one that reproduces sheghtly longer Fe2Fe3
distance We think this difference between Fe triangles in the cofacayreflect some
competition betweeall thespin-couplings, weak metaimetal bonehg 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 BS7346 being the lowest in energy, B335 being 0.7 kcal/mol higher in
energy and BS247 1.1 kcal/mol higher in energy. These relative enefgleat he TPSSh
level) are similarto what has been found bef&rbut due to the small differences we do not
think theseenergies help udeduce the correct BS solutigkfter all, there is nothing to
indicate that our calculations come close to chemical accuracy (~ 1 kcal/mol).
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To concludewe have been able to show that the FeMo cofactor appears to be in a
specific electronic state according to a comparison of thalimettaldistancesn the
cofactor when considering 3 practically equivalent electronic structure solutions and the
experimental crystal structuré€he relative energies of the solutions arthin ~1 kcal/molof
each otheand are too close to confidentdgduce anything while the geometric analysis
pains a very clear pictuof theFeMocofactorbeingin a specific electronic state
approximately described by the B835 brokersymmetry solutionWe cannotput much
faith in the relative energs due tolie approximations in use (approximate exchange
correlation functionals antthe use of determinants that are not eigenfunctions of the total
spin operatgrbut it is conceivable that@nuineelectronic statesf the cofactor aréhis
close in energy, all of which could be populatedxaterimentatonditions.Perhaps more
likely, there is a larger energy difference between these staggperimental conditioresnd
that the state as characterized by brekgmmetry DFT, BS235, is tle most populated as
suggested strongly by the metaktaldistanceanalysisWith progress being made in
multiconfigurational and multireference wavefunction theory it is our hope that such
calculationgthat were e.g. used to calculate the electronicttre of FgS, cubane
cluster®) can shed further light on this issue in the futitrezcould be very important to find
out if the picture suggested by brokeymmetry DFT of delocalized pairs and localized
Fe(l)/Fe(l) sites holds within a multiconfigurational wavefunction picture.

Finally, it is important to note that the B&35 lrokensymmetry solution and our
picture of FeMoco involving specific delocalized pairs/localized Fe(ll)aftes (see
Figureb) is notinconsistent with the results that came from spatially resolved anomalous
dispersion refinemefit(SpReAD where 3 Fe atoms (no. 1, 3 and 7) were found to be more
reduced (similar to the-Bluster) than the others. This suggests an oxidationditt#ution
of Mo(ll1)3Fe(ll)4Fe(lll) while the BSDFT calculations suggests somathcloser to
Mo(lIl)1Fe(Il)4Fe(2.5)2Fe(lllaccording to localized orbital analysisowever as we
pointed out, it is entirely possible that spin localization could occur in tiheized-valence
pairsthat we suggesre present in Fe2e3 and Fe&-e7. Shouldhe spin localize somewhat,
e.g.by vibronic coupling, it is entirely possible that Fe3 and Fe7 would have more Fe(ll)
character than Fe(2.5) charact#te also note that the minorigpin electrons in these
mixed-valence pairs are not always completely delocalized as can be seelooalized
orbitals (seesupporting informatiopand are furthermore dependent on the-@gion and
density functionatsed Finally wenote that XAS edges of mixedlence Fe dimers are not
fully understood as discussed bgBeeret al®
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Figure 5.0ur current understanding of the electronic structure of FeMoco, featuring the
[MoFe,S,C]* charge and the BSZ35 brokersymmetry solution based on an analysis of the
localized orbitals (see supporting information). Fe6 and Fe7 as well as Fe2 andfeeBdre

to be mixedvalence delocalized pairs. A partially delocalized electron between Fel and Fe4
is also found but this electron ends up being more localized on Fel, making the latter's
oxidation state closer to Fe(ll). Fe4 and Fe5 can be interpretexviag more Fe(lll)

character (leading to strong antiferromagnetic coupling) while the pairsé€6bnd FeFe3

could be interpreted as all having an oxidation state of Fe(2.5). Alternatively, localization of
the minority spin electron in these delocalizmirs could result in e.g. Fe7 becoming Fe(ll)
(and Fe6 being Fe(lll)) and Fe3 becoming Fe(ll) (and Fe2 being Fe(lll)). The localized
orbital analysis does show that thereasnetimegpartial localization of these mixedhlence

pairs anck.g. the delocalized electron is slightly more on Fe3 than Fe2 while the the electron
in the FeéFe7 is moralelocalized Themagnitude ofocalizatioridelocalizations found to

be rathedependent on the Qegion size and is also very depent on theensity

functional so we prefer not takingee arguments too far.
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C. Protonation State dfomocitrate

While all heavy atoms on FeMoco are now confidently charactetizedame is not
necessarily the case for the protonation state. Proto¢naost alwaysnvisible in limited
resolution crystal structures. The homocitrate ligand bound to molybdenuainsod
carboxylategroupsand 1 alkoxidegroup. Szilagyi et &’ were thefirst to propose that the
alkoxidegroupcouldbe protonated based amwomparison of the molybdenuaxygen bond
lengths in their DFT models to the lower resolution (®.}@&rystal structuréPDB
code:1M1NY*. Due to resolution thitations and the fact that homocitrate was severely
truncated and approximated aglycolategroup in their study, the validity of this assignment
was unclear. In previous studi®s***** py one of us (RBwe 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 theotein environmenis describedurrounding tk
homocitrate remained ulear.

Figure6a shows a closep of the molybdenum environment of the cofactor from the 3U7Q
crystal structure. Notably the-O distance between the Moound alkoxidegroup and one of
the oxygens of the shorter carboxytaten israthersmall (2.48 ¢) suggstinga hydrogen

bond between the oxygens. Figékeshows the result dhe QM/MM model with a 18-

atom QM region showing how the-O distance can be well reproduced when a proton is
present between the two O atoms. Reimg the proton and reoptimizing as shown in Figure
6¢, however results in a dramatically elongateddDdistance that cannbe reconciled with
the experimental crystal structure distance. We note that other resting state crystal structures
of A. vinelarlii atclose tophysiological pH pH 8.0) with resolutions between 1-:®.3 «

show ths short alkoxidecarboxylate @O distance to always be present (range.4f26 ).
The only exception to this is the 4ND8 crystal structtgeently published bRees &

Howard et af’> which isa crystal structure solvadhder basic (pH.5) conditions, where the
O-0 distance i®n averag.77+ as shown in Figuréd. This is in very good agreement
with a QM/MM model wherelte proton is missing (Figu@g). It should be noted that the
resolution of the latter crystal structure is 2.Qcompared to 1.0 ¢ fothe resting statdU7Q
structurg but in view of the large change in this@distance wehink this must suggest a
missingproton at the pH.5 conditions (especially since thgoposedroton should be

rather acidic)Recently a nev2.3 « crystal structuréPDB code: 5VQ45° of the MoFe

protein at pH Tonditions became availabl€his crystal structure is in line with previous
crystal structureor thehomocitratevhere araverage @0 distance of 2.41 4s found,
indicating that there is a proton present on the alkoxide gidwgpossibility ofprotonated
carboxylategroups wadriefly exploredby usbut a geometrical analysis was inconclusive
andthecarboxylate groups havmen modelled as unprotonated in all calculations in this
study.

This small studynicely demonstrates that the alkoxipi®ton on homocitrates likely present
during resting state conditions and is possibly a proton that plays i other FeMoco

redox states (EE;), possibly becoming@ substrate for jJformation or possibly is used to
protonate Nfor ammonia formation. Future studies will reveal the importance of this proton
in conjunction with other protonation pathways neéaMoco. Finally, we note thaRyde et

al?" have recently come to the same conclusions regarding the protonation state of
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homocitrate using a combination of QMKMcalculations, pKcalculations via
thermochemical cycles and quantum crystal refinement.

Figure6. Closeup of the molybdenum coordination environment on FeMoco showing the Mo
coordirated alkoxidegroup and the € distanceébetween the alkoxidgroup and the carbolate
group of the shorter carkglate arm. atheaverageD-0O distance in the 1.0 crystal structure
(3U7QY (at pH 80). b) theaverageD-O distance in the 2.0 crystal structure (4ND8) at pH
9.5%. ¢) the GO distance in the protonated QM/MM model 41&om QMregion). d)the GO
distance in theinprotonated QM/MM model (15atom QMregion).
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D. QM region size dependencgructures, vertical redox reactions and

deprotonations

Large QM regions have been used in the geometric analysis of FeMocostutlyisThe

sometimes slow convergence@M/MM properties with respect to QM region size is an

issue that has been discussed in recent affiti&s°°", It has beewsuggested that QM/MM
properties such as chemical reaction barriers in proteins do not coanéitgee QM region

is several hunéd atoms in size. As the knowledge of chemical barriettseoreaction

mechanism in nitrogenase is in its infanitys is adifficult questionto answemt present

However, it is possible teystematicallyexplore the sensitivity of the QM/MM calculati®

with respect to QM region size for properties such as geometries and simple reactions such as
redoxreactions

Table3 shows a comparison of the RMSD from the crystal structure for the FeMoco
geometry (both with and without the homocitraies and G/sligands) in QM/MM

optimized geometries with QM region sizes ranging from 54 atomsstat8éns. Four of

these QMregion sizes were introduced in Figure 2, the o@Mrregions are introduced
thesupporting informationTheRMSD value<learly reveal theeven a minimal QM region

of 54 atoms gives small deviationgth respecto the crystal structure and the deviation
changes very little with larger QM regions and appears completely converged (within 0.001
« for the bare cofactor atoms) with a size of838r 367 atoms. This suggests that one can get
away with small QMregionsin QM/MM calculationsf one only intends to describe the
FeMoco structure well andemonstrates théhe 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, howev&iso shown in Table & the RMSD whema 54

atom QM cluster in a dielectric continuum deised by the COSM® solvation mode(and
without any explicit protein environmens) calculatedat the same level of theoryhe

structure deviates considerably from the(@-atom QM/MM model. This demonstrates

well howincorporation ofstructural flexbility and natural constraints within tig@v/MM
modelcan have a considerable impact on the local geometry abthetor.Such large
structural deviations as seen in thesddm COSMO modddue to model defects caused by
the lack of an explicit proteianvironmentmay welladverselyaffect the energy landscape
calculations of reaction mechanisms.

Table3: Rootmeansquare deviations (RMSD in ¢) for the QM/MMptimized geometries for the
increasing QM region from one of the cofactors (connectedand?B chains) of the crystal structure
(3U7Q).RMSDs shown for thfMoFe,S,C] part alone and also includirige heavy atoms of
homocitrate(HCA)+Hs442sidechain+@s275SCH.,.

QM region size [MoFe S,C] MoFe,S,C-HCA-His-Cys
(atoms)
54 0.040 0.105
103 0.039 0.099
127 0.043 0.102
14 0.044 0.104
198 0.050 0.103
247 0.044 0.100
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282 0.045 0.101

ek 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-klectron oxidation and reduction enesps well as the vertical
deprotonatin energy of removing the alkoxigeoton 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 dathich we will explore infuture studiesFor the oxidized

ard reduced species we removed/added one electron to the QM/MM optimstied tate
geometry, kept the same brokgymmetry solution (BS235) and converged to a final#

0 fortheoxidized stateand M=1 for reduced stat&e note that little is known about the
oxidized and reduced FeMoco stafggin states are controverszand protonation states are
unknown)and the current calculations are only performed to study QM region convergence
for these redox energiaend to test the methodolofyr future calculations of redox

potentials Point charges from the MM region waneluded in all of these calculations.

The results are shown in Talflend reveals a much larger dependence of these properties on
the size of the QM regiowhile there is only a 1 kcal/mol jump irE,, and" Ez., in going

from 54 QM atoms to 103 atontbere is a larger jump when increasing the size to 198 atoms
and subsequently theagerelatively small changes {2 kcal/mol) as we approach the largest
QM region of 3@ atoms. The deprotonati@mergieson the other hand decrease rapidly with
increasingQM region size and shows little sign of convergeiticghould be pointed out,
however, that these results are obtained with the TPSSh functional and tireesattion

errorin the density functionaiould affect these results as shown by Rigd€M/MM
calculations on proteiffs Future studies will look into #se properties with rangeparated
hybrid functionaldut the currentesults suggest that QM cluster sizes, whether used-in cut
out clustercontinuum modelsf MoFe protein or in QM/MM models, are an important

aspect to consider in future mechanistic calculations of redox catalysis on FeMoco.

Table4: Vertical oxidation, reduction and deprotonati@M/MM energies in kcal/mdbr FeMoco
for different sized QMegions.

QM region size (atoms) " Eo, " Ereq " Egeprot

54 56.14 52.49 43271
103 57.06 53.3%4 426.73
127 57.35 46.15 425.5
154 59.08 48.82  420.11
198 64.16 33.00 416.12
247 66.65 33.9 412.%
282 67.70 31.8 411.5
34 65.77 33.67 412.45
367 66.82 31.62 408.8%
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Conclusiors

We have presenteddetailedQM/MM study oftheresting state of th®loFe protein of
nitrogenaseWe have focused exclusively on the active site containing the FeMoarcdack
the S=3/2 resting state and have shown baseaicareful analysis of the metaktal
distances of the cofactor that only the [M¢fs€]" charge can be the resting state of the
cofactor. This fits well with recent spectroscogicd computationalork. Furthermore we
show that when considering all 3 spin isomers of the leemstgy class of brokesymmetry
solutions (BS7) that only the solution B&35 (where Fe atonts2, Fe3 andFe5 are spin
down) fits well when comparing to the trends in the cri@gahphicFe-Fe and MeFe
distances. We further show that this can be understood well by an understanding of the
electronic structure in terms of specific locations of delocalized muaéshce ferromagnetic
pairs and more localized Fe sites. Tdlisctronc structureof the cofactofits reasonablyvell
with the picture fromspatially resolved anomalous dispersion refinemédrdre 3 Fe atoms
(Fel,Fe3Fe7) are found to be more reduced according to their XAS edgegegnmubpose
partiallocalization(possilty by vibronic coupling)f theminority-spin electrosin these
mixed-valence ferromagnetic Hee pairdo be the reason for why Fe3 and Fe7 appear as
more reduce in the SpReAD We also demonstrate the presence of a proton on the alkoxide
groupunder resng state conditionsef the homocitrate groulpy comparison to multiple
crystal structuredzinally we have performed a convergence study of our QM/MM model
with respect to QM region size. Tgeometry of the cofactor converges very quickly with
QM regionsize and we achieve some convergence ofthlectron verticatedox 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 araaieing the limits of what can be accomplished within a
brokenrsymmetry DFT picturdt is our hope that affordableutticonfigurational
wavefunction theorwvill soon be able to present a more detailed picflines study has
nonetheless revealed remarkable agreethahtan be achieved betwdamokersymmetry
DFT and experimentvhenanexplicit description of the protein environmesincluded
FutureQM/MM studies will focus on characterizing the redox stateFeMoco and substrate
interactionsas 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 region®MSD data on the unconstraith@énodel, localized orbitalsnore
QM and QM/MM technical detailand Cartesian coordinaties 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 metainetal distances reveals that theambbrresting state charge is
[MoFe,S,C]". Furthermore we demonstrate that a specific spin isofifeeMocq BS7-235,

is favoredover othersMo-bound homaocitrate is furthermore found to be protonated under
resting state conditions.
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