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1

Abstract: Ferritins are important proteins that store and detoxify iron. They contain a diiron active site that can convert dioxygen into hydrogen peroxide. The active site contains many hydrogen bonding interactions and charged residues and hence the precise mechanism is not well defined. In this work a comprehensive computational study using molecular dynamics and quantum mechanics is presented on the structure and reactivity of dioxygen binding at the diiron(II) active site of a ferritin from the worm Caenorhabditis elegans. The molecular dynamics simulation gives a rigid protein structure due to the large number of polar interactions between residues and solvent water molecules. The calculated dioxygen activation is stepwise with two successive proton transfer steps via an iron(III)-hydroperoxo intermediate. The calculations provide novel insight into the role of the strictly conserved near-active site Tyr residue, which appears to be important for hydrogen bonding and positioning of dioxygen into the active site. 
Introduction
Iron is an essential element in the body with functions ranging from O2 transport to oxidation, reduction and electron transfer processes in cells. For example, the mononuclear iron enzymes called cytochromes P450 utilize dioxygen and react through substrate oxidation 
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Figure 1. (a) Active site structure of C. elegans ferritin as taken from the 7URH pdb file. (b) Proposed catalytic cycle of C. elegans ferritin for dioxygen conversion into H2O2.

processes as a means, for instance, to detoxify xenobiotics in the liver.[1−12] The transport of iron through the body is managed by transferrin proteins.[13,14] Of this iron, approximately 10 – 20 % is eventually stored in ferritin proteins, which belong to a superfamily of proteins observed in all kingdoms of life, where they play key roles in iron homeostasis including storage, detoxification and re-supply. Ferritins take up Fe2+ ions from the environment and catalyze their conversion into insoluble iron(III) minerals. This process of mineralization occurs via oxidoreduction at an intra-protein diiron active site known as the ferroxidase center.[13−19] The diiron active site of ferritin shows structural and functional similarities to other diiron enzymes such as ribonucleotide reductase (RNR), ∆9-desaturase (∆9D) and methane monooxygenase (MMO), which all contain carboxylate-bridged diiron centers.[20−30] As free (chelatable) iron in the body can readily generate reactive oxygen species through Fenton chemistry, significant free iron concentrations must be avoided. Ferritins have evolved to control free iron levels by storing iron and protecting it from deleterious reactivity throughout the biosystem.

The active site structure of ferritin from Caenorhabditis elegans is shown in Figure 1a as taken from the 7URH protein databank (pdb) file.[31,32] The ferritin subunit consists of a four-helix bundle arranged in an approximately cylindrical configuration. The central core of the ferritin subunit, in most cases, contains a diiron binding site, although only one iron atom is bound at the site in the 7URH pdb file. This iron atom binds to the side chains of Glu23, Glu58 and His61 and forms a weak interaction at a distance of 2.5 Å with the side chain of Asn106, while the Glu103 residue is expected to bind to the second iron atom, which is missing in the pdb file. 
[bookmark: _Hlk109303027]Several catalytic mechanisms of O2 activation by ferritin have been proposed and one of those is shown in Figure 1b. The cycle starts with (stepwise) expulsion of the iron(III) ions from the protein (structure A) and their replacement with diiron(II) (structure B). This triggers dioxygen binding to the diiron(II) ferroxidase center to form a diferric-superoxo intermediate en route to the diiron(III) state (A) and H2O2 product, with protons derived from the solvent. Interestingly, in the marine cyanobacterium Synechoccocus sp. CC9311 ferritin (SynFtn), an active site Tyr residue (Tyr40) plays a major role in the catalysis and is involved in proton and electron delivery.[33−36] However, the structure of SynFtn does not contain an Asn group ligated to the diiron center and hence has a different active site configuration that may lead to differences in dioxygen activation and the electronic configuration of structures in the catalytic cycle. The presence of an Asn residue very close to the ferritin ferroxidase center is unusual and so to understand its influence on catalysis we carried out a comprehensive computational study. The calculations show that the energetics change dramatically such that the Tyr active site residue does not bear radical character in the catalytic cycle. These studies highlight the intricate perturbations of the secondary coordination sphere on dioxygen activation in ferritin proteins.
 
[image: ]
Figure 2. a) RMSD plot of the 100 ns MD simulation for the ferritin model with bound O2 (designated substrate), co-factor site (in green) and the protein (in blue); b) Overlay of the MD starting structure (sandy colour) with the two structures obtained from k-clustering of the MD simulation snapshots (light blue and purple strands).

Results and Discussion
We started the work from the 7URH protein databank (pdb) file,[31,32] which represents the crystal structure coordinates of ferritin-2 from Caenorhabditis elegans. Chain A was selected, and the missing iron atom was inserted in between the side chains of Glu58 and Glu103 held further together by an oxo bridge between the metal ions. Hydrogen atoms were added based on pH 7 conditions, and a dioxygen molecule was inserted as a ligand to the second iron atom as an iron-superoxo species and MD parameters were created for the first-coordination sphere diiron complex. Subsequently, the system was solvated, neutralized, equilibrated and heated to 298 K as described in the Methods section. After completion of the set-up of the structure, a molecular dynamics (MD) simulation was run for 100 ns and the results are shown in Figure 2. The dioxygen and the diiron co-factor active site structures are highly rigid during the MD simulation, and their root-mean-square-deviation (RMSD) stabilizes within 10 ns with relatively low values. The protein structure shows a certain degree of movement of its atoms with an RMSD with some fluctuation. However, this is mostly the result of the terminal groups of the protein chain that do not contribute to -helices and hydrogen bonding interactions within the three-dimensional structure.
[bookmark: _Hlk215146506][bookmark: _Hlk213152700]We then used the k-clustering technique together with the Elbow and Silhouette Methods (Supporting Information, Figures S5 – S7) to determine the optimal structure based on the coordinates of all snapshots of the MD simulations. These statistical approaches assigned two conformers from the MD simulations, which are plotted in Figure 2b as an overlay with the starting structure of the MD simulation. As can be seen from Figure 2b, the protein chains of the three structures overlap perfectly, and few geometric differences are encountered. The two structures obtained from k-clustering have the diiron site in a similar geometric orientation and only minor differences are seen in the first- and second-coordination sphere around the dimetal site. The only difference appears to be the terminal tail of the protein in the three structures that is not part of a helix secondary structure and hence shows a lot of mobility. This is not surprising as the protein tails are not involved in strong intramolecular interactions Therefore, the active site structure of the protein remains virtually the same in all MD snapshots with no major structural changes occurring inside the active site and the catalytic domain. This is visualized in the inset of Figure 2b, where we zoom in on the diiron active site. In both structures obtained from k-clustering the diiron atoms are bound to a bridging carboxylate group of Glu58 as well as to a bridging oxo group. The Fe1 atom also binds Glu23 and His61, while Fe2 binds Glu103 and the dioxygen group. Near to the diiron complex is the side chain of Asn106 that interacts weakly with one of the iron atoms.
[bookmark: _Hlk215147193][bookmark: _Hlk214784801]Based on the two conformers assigned by the k-clustering technique several quantum chemical cluster models were created of the dioxygen-bound diiron(II) active site of ferritin designated reactant complex R1. An initial small cluster model A containing the diiron with its first coordination sphere residues only had a total number of 61 atoms and was created to explore possible reaction mechanisms and electronic configurations of the ferritin active site structure. Thereafter, a larger cluster model was created that included a major part of the second coordination sphere around the diiron center: Model B of 236 atoms. The core of the results discussed here was obtained with the larger model B as depicted in Figure 3, which includes the iron(II)-iron(III)-superoxo cofactor and its first- and second-coordination sphere of protein residues and solvent. The model B structure contains a diiron site with a bound superoxo group and bridged by a hydroxo group, whereby one iron(II) ion is bound to one His and two Glu residues and the other iron is part of an iron(III)-superoxo group with the metal linked to the side chains of two Glu residues and a water molecule. We included the protein chains from Gln54 to His61 and the chain from Glu103 to Leu110 in the model. In addition, the dimer Ile22-Glu23, the side chain of Tyr30, two water molecules and a bridging hydroxo group were included in the model. As the reaction of dioxygen reduction by ferritin includes two proton transfer steps, we protonated the carboxylic acid side chain of Glu57 in the second coordination sphere. Overall, this model had a total charge of zero and was calculated in all spin states with odd multiplicity from singlet to undecaplet. In addition to the model with a bridging OH group, we also tested starting conditions with an oxo or a water molecule bridging the two iron atoms, but with the same overall total charge of the model by protonation or deprotonation of neighboring Glu residues. The optimized geometries of these structures gave similar geometries and metal coordination environment as those for model B.
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Figure 3. QM cluster model B (as displayed as R1B) investigated in this work.
To test the convergence of the cluster model we also created a third ferritin structure (Model C) of 375 atoms that in addition to the atoms in Figure 3 also included the connecting residues between Glu23 and Tyr30 and the chain Gln137-Val138-Lys139-Ser140 with the residues Leu24, Tyr28, Val138 and Lys139 truncated to a Gly residue. This extended model contained a Ser residue that is conserved in SynFtn and shown via a computational study to form an H-bonding interaction with the bound dioxygen at the ferroxidase center of that protein.[35] The optimized geometries of 11R1B and 11R1C are very similar, consequently, the work was continued with model B only.  
[bookmark: _Hlk215146455][bookmark: _Hlk214785879]Subsequently, a geometry optimization of complex R1B was performed in the singlet, triplet, quintet, septet, nonet and undecaplet spin states. In all cases the initial iron(II)-iron(III)-superoxo converted to a diiron(III) state with one metal ion with a side-on peroxo bound. We located two low energy reactant complexes in the undecaplet spin state, namely the isomers 11R1B and 11R2B that have the protons positioned on different groups. Thus, in 11R1B the diiron center contains a bridging hydroxo group, whereas in 11R2B the bridge is deprotonated while there is a proton on the carboxylate group of Glu58. The 11R1B structure is the lowest free energy conformer and 11R2B is higher lying by G = 13.8 kcal mol−1. Therefore, fast proton relay within the ferritin structure will result in protonation of the oxo bridge that connects the two iron ions. As there are many solvent-accessible channels leading into the protein and towards the diiron core, it is safe to assume that the diiron system will be bridged by a hydroxo group due to rapid proton transfer from the solvent. 
For the R1B and R2B isomers alternative spin state structures were also geometry optimized and the antiferromagnetically coupled singlet spin state 1R1B was found to be DG = 1.7 kcal mol−1 higher in free energy than 11R1B. As such these two spin states will be in thermal equilibrium and will coexist. All other spin state configurations that were tested for isomers R1B and R2B are more than 5 kcal mol−1 higher in free energy and will not play an important role in the mechanism. In particular, 9R2B has an adiabatic free energy difference with 11R1B of G = 22.3 kcal mol−1, while the triplet, quintet and septet spin state structures are more than 30 kcal mol−1 higher in free energy, see Supporting Information Tables S2 and S3. Therefore, we will focus the reaction mechanism calculations on the lowest energy undecaplet and singlet spin structures only.
The optimized geometries of 11R1B, 1R1B, 11R2B and 9R2B are shown in Figure 4. All four structures have the dioxygen group bound as a side-on peroxo to Fe2, whereby one of the oxygen atoms interacts with the phenol group of Tyr30 through a hydrogen bond at a distance of 1.560 Å in 11R1B, 1.697 Å in 1R1B and 1.518 Å in 11R2B. Interestingly, the two Fe2−O distances are virtually the same in 11R1B and 1R1B, while they deviate by 0.16 Å in 11R2B. The oxo bridge is bound via two strong Fe−O interactions with distances between Fe2 and O of 2.119 (1.955) Å and between Fe1 and O of 1.991 (1.817) Å for 11R1B (11R2B), respectively. The 
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Figure 4. UB3LYP/BS1 optimized geometries of 11,1R1B, 11R1C, and 11,9R2B with bond lengths in Å. At the top is shown an overlay of the structure of 11R1B with the 7URH pdb file.

bridging glutamate residue binds both iron atoms with similar distances, within 0.07 Å for the two structures, although the bonds are significantly shorter for 11R1B compared to 11R2B, most likely because the carboxylate is protonated in the latter structure. These distances are consistent with previous calculations on diiron complexes in enzymatic and biomimetic model systems.[37−59] 
Although the starting structure of 11R2B had a protonated Glu57 and H3O+ group, during the geometry optimization the proton from H3O+ moved to the carboxylic acid group of Glu58 instead. Interestingly, the active site structure gives a covalent bond between the carbonyl group of the side chain of Asn106 with Fe1 in both the R1 and R2 optimized geometries. In 11R1B this Fe1−O interaction is 2.151 Å, while in 11R2B it is 2.065 Å. It is unusual to see interactions of a metal ion with the side chain of an Asn residue as normally in proteins metal ions are coordinated to the protein through interactions with anionic side chains of either Asp, Glu, or Cys or bound to a neutral His side chain.[31] The Asn−Fe1 interaction was weak in the crystal structure coordinates, but in the DFT optimized structure corresponds a genuine chemical bond. Earlier work of Jameson et al[32] on the N106V mutant of ferritin showed similar absorption spectra but different kinetics relative to the wild-type protein. As Asn106 forms a covalent bond with Fe1 in the 11R1B optimized geometry, its replacement by a non-coordinating Val residue would be expected to change the iron coordination environment unless a water molecule binds at that position. However, the Asn side chain can also participate in hydrogen bonding interactions with active site water molecules and therefore may be involved in proton relay processes, such that its mutation to Val influences proton shuttling within the active site with a resultant slowing of the reaction kinetics.
To validate the QM cluster model, we created an overlay between the optimized geometry of 11R1B with the crystal structure coordinates of the 7URH pdb file and show this at the top of Figure 4. As can be seen, the QM cluster model closely mimics the actual protein structure, with all groups converging to a similar conformation. In particular, the two protein chains included in the cluster model match the backbone in the experimental structure well, as does the active site. As such, the computed structure appears to be an accurate representation of the actual enzyme. 


[image: ] 
Figure 5. UB3LYP/BS2 calculated free energy profile (DG values calculated at 298 K with zero-point, thermal and entropic corrections included in kcal mol−1) for dioxygen activation by ferritin model 11,1R1B and 11R2B.

Subsequently, we calculated dioxygen activation starting from 11R1B, 1R1B, 11R2B and 9R2B and the mechanism obtained for the undecaplet spin state for conversion of the iron(III)-iron(III)- peroxo into H2O2 and diiron(III) is shown in Figure 5. Thus, 11R1B has a hydroxo bridge between the iron ions of the diiron core and as such we tested proton transfer from the hydroxo bridge to one of the oxygen atoms of the iron-peroxo moiety via transition state TS1aB to form the iron(III)-hydroperoxo complex 11IM1B. Alternatively, this intermediate can be formed through proton transfer from the proton of the bridging carboxylic acid group of Glu58 to the peroxo group via transition state 11TS1bB from 11R2B. For the pathway from 11IM1B to products (11ProdB) several proton transfer pathways were tested, namely proton transfer from Glu57 or from the ligated water molecule bound to Fe2. The proton relay from Glu57 leads via a transition state 11TS2aB to form the intermediate 11IM2B that has a hydroxo bridged diiron complex and a deprotonated Glu57 group. Thereafter, the bridging hydroxo donates a proton to the proximal oxygen atom of the iron(III)-hydroperoxo group via transition state 11TS3B to give H2O2 product. The alternative pathway from 11IM1B via proton transfer of the ligated water molecule leads to H2O2 product via transition state 11TS2bB.
Figure 5 shows the calculated free energy profile for the reaction mechanism for the conversion of the diiron-peroxo complex into the diiron(III)-H2O2 product. Although we tested the mechanism on various spin state surfaces, i.e. singlet, triplet, quintet, septet, nonet and undecaplet, the high-spin state was the lowest in energy for all structures along the mechanism, hence we will focus on the undecaplet data only, see Supporting Information for details on the results obtained for the other spin states. The first proton transfer relays the proton from the bridging hydroxo group to the peroxo moiety, while simultaneously an electron moves from Fe2 (via 11TS1aB) to form the iron(III)-hydroperoxo-iron(III) complex with a free energy of activation of G‡ = 12.3 kcal mol−1. Despite the fact that 11R2B is above 11R1B by G = 13.8 kcal mol−1, actually the energy gap has narrowed in the proton transfer transition states from the bridging Glu58 carboxylate group, and we located 11TS1bB at a free energy of 20.6 kcal mol−1 with respect to 11R1B. Therefore, the free energy difference between 11TS1aB and 11TS1bB has reduced to 8.3 kcal mol−1. Nevertheless, a Boltzmann distribution on the free energies of the two transition states (11TS1aB and 11TS1bB) predicts more than 99% 
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Figure 6. UB3LYP/BS1 optimized transition state geometries with bond lengths in Å and the imaginary frequency in cm−1.

[bookmark: _Hlk214615251]selectivity via the former reaction barrier. Both transition states lead to the same diiron(III)-hydroperoxo intermediate 11IM1B that is slightly more stable than reactants by G = −3.1 kcal mol−1. Thereafter, a small and negligible proton transfer barrier relays the proton from the carboxylate of Glu57 via a water molecule to the bridging oxo group to diiron. We were unable to characterize 11TS2aB due to the flat potential energy surface. The isomeric diiron(III)-hydroperoxo complex 11IM2B is close in free energy to 11IM1B and the two structures are expected to be in thermal equilibrium with each other. The final proton transfer barrier (via 11TS3B) has a free energy of activation of G‡ = 24.8 kcal mol−1 for proton relay from the bridging hydroxo group to hydroperoxo to form H2O2. The alternative pathway through proton relay from 11IM1B from the ligated water molecule has a free energy of activation of G‡ = 26.2 kcal mol−1. As such these barriers are close in free energy and consequently multiple proton relay pathways will be possible to convert dioxygen into hydrogen peroxide product. Although the 9TS1bB barrier is close in free energy to the one for 11TS1bB this is not the case for the second proton transfer step via 9TS2B, for which we find a barrier of 33.0 kcal mol−1. Consequently, the nonet spin state surface will not play an important role in the reaction mechanism here. On the singlet spin state the geometry scan (Supporting Information Figure S16) implicates a barrier of >25 kcal mol−1 for the first proton transfer via 1TS1aB, which implies that the reaction will be considerably slower for the singlet spin state than the undecaplet spin state and a spin transfer needs to take place to the high-spin conformation.
Optimized transition state geometries along the dioxygen activation mechanism of our ferritin model B in the undecaplet spin state are shown in Figure 6. The 11TS1aB structure displays a large imaginary frequency of i1145 cm−1 that represents a O−H−O stretch vibration for the proton transfer from the bridging--1,2-hydroxo group to the peroxo moiety. The large value of the imaginary frequency implies that the potential energy surface has a steep barrier with a small half-width leading to considerable quantum chemical tunnelling that will speed up the reaction.[60,61] As such, replacement of hydrogen by deuterium should lead to a decrease of the reaction rate and we predict the reaction cycle to have solvent isotope effect with different rate constants in H2O versus D2O. Geometrically, 11TS1aB has a product-like conformation with the transferring proton closer to the acceptor oxygen atom than its donor, i.e. with O−H distances of 1.175 and 1.310 Å, respectively. The dioxygen bond in the transition state has not changed dramatically during the proton transfer, i.e. O−O distances were calculated as 1.431 Å for 11R1B and 1.432 Å for 11TS1aB. The alternative proton transfer from 11R2B via 11TS1bB has an oxo bridged diiron complex and a protonated Glu58 carboxylate group that transfers its proton. This structure has a very small imaginary frequency of only i54 cm−1, which shows that the potential energy surface is flat around the transition state. Indeed, its barrier is small in comparison to the reactant complex it originates 
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 Figure 7. Comparison of the active site structures of the 7URH and 6GKA pdb files.

from (by G = 6.8 kcal mol−1 with respect to 11R2B). The structure is reactant-like with a short donor-oxygen to proton distance of 1.043 Å, while the acceptor-proton distance is 1.592 Å. The subsequent transition state that leads to the final diiron(III)-H2O2 product (11TS3B) relays the proton from the hydroxo bridge to the proximal oxygen atom of the hydroperoxo group. The imaginary frequency for this step is again large (i721 cm−1), which indicates a sharp and narrow peak for proton transfer that will be affected by isotopic labelling of the transferring atom. The structure is product-like with a short distance between the transferring proton and the accepting oxygen atom of 1.115 Å, while the bridging oxo is at a distance of 1.399 Å from the proton. 
The alternative mechanism from 11IM1B via 11TS2bB led to a fully characterized transition state for the proton transfer from the ligated water molecule to the hydroperoxo group. The 11TS2bB barrier has an imaginary frequency of i258 cm−1 for proton transfer from the water molecule bound to Fe1 to the hydroperoxo group. In the second proton transfer transition state the structure is also product-like with a distance of the transferring proton to the donor group of 1.363 Å, while its distance from the acceptor group is 1.113 Å.
In summary, the calculations on the conversion of dioxygen to H2O2 at the diiron center of ferritin show that the availability of a large number of proton donors and acceptors results in a variety of pathways for proton transfer. Nevertheless, the lowest energy pathways are obtained through proton transfer from the bridging oxo group and from Glu57. Furthermore, our previous work on SynFtn ferritin revealed strong influences of the second coordination sphere with a bound cation binding site influencing structure and reactivity.[35] These studies showed that the first proton in SynFtn is delivered by a bridging water molecule, while the second one comes from Tyr30. By contrast, in this work no radical character is observed on Tyr30 in any of the optimized geometries. Moreover, in none of the models tested here we were able to find a stable geometry with Tyr30 deprotonated. Therefore, Tyr30 in the ferritin model of C. elegans only appears to have a role as hydrogen bond donor and through positioning of the active site structure and does not have a function within the catalytic reaction mechanism for shuttling protons to dioxygen.
To understand the differences in reactivity and structure between SynFtn and ferritin-2 from C. elegans we compare the 7URH and 6GKA pdb files as displayed in Figure 7. These two structures represent two ferritin homologs that are expected or shown to react through different catalytic cycles. Thus, in SynFtn the Tyr40 was shown to form a radical during the catalytic cycle.[33−35] As can be seen from Figure 7, despite dramatic differences in catalytic cycle and substrate conversion, the folds of the two proteins look very similar and no dramatic differences in secondary protein structure is seen. Both contain five helix bundles that are held together by solvent and hydrogen bonding interactions. Even a close-up of the active site structures of the two proteins shows few differences. Both have a diiron active site that is bridged by a glutamate residue (Glu58 in 7URH and Glu66 in 6GKA). Furthermore, Fe1 binds a His and Glu side chain in both proteins: His61 and Glu28 in 7URH and His69 and Glu33 in 6GKA. The only difference appears to be the position of Asn106 in 7URH that is relatively close to the metal, while there is a solvent water molecule and a Thr residue in that position in 6GKA. The location of the active site Tyr residue is in exactly the same position in both protein structures, hence the involvement of the Tyr residue in the mechanism of SynFtn is not due to a change in its location and position. One difference in the second coordination sphere of the proteins relates to residue His29 in 6GKA, where the 7URH pdb has a Gln residue. In our previous work on SynFtn calculations indicated that His29 was doubly protonated,[35] and hence positively charged, while a neutral residue takes up its position in 7URH. Interestingly, the cation binding site has the Asp65 side chain pointing outwards in 6GKA, while the corresponding Glu57 residue in 7URH instead points inwards. These differences in charged residues in the second coordination sphere may be responsible for the reactivity differences.
As the structural differences between the two ferritin proteins appear to be limited, we then decided to investigate the quantum chemical structures in more detail. Thus, in this work (Figure 5), the reaction takes place on the diiron core of ferritin and no electron or proton transfer from the active site Tyr30 is found, which stays neutral and protonated throughout the catalytic cycle.[35] By contrast, in SynFtn upon dioxygen binding to the diiron(II) core a structure was formed with a diiron(II)-superoxo with a bridging water molecule, a nearby tyrosinyl radical (TyrO•) and protonated carboxylate on Glu110 (ligated to Fe2). The reaction leading to formation of a diiron(III)-H2O2 complex occurred through sequential proton transfer from the bridging water molecule and Glu110. Therefore, in support of experimental characterization the DFT calculations assign the present model as representative of an alternative ferritin catalytic cycle without Tyr involvement in electron/proton transfer, whereas our previous work on SynFtn describes a catalytic cycle with key functions and properties of an active site Tyr residue. We, therefore, decided to compare the structure and electronic configuration of both systems in more detail. 
[image: ] Figure 8. Dipole moment vectors in the reactant complexes based on the 7URH (this work) and 6GKA structures.
[bookmark: _Hlk215146289][bookmark: _Hlk214784543]Figure 8 shows the dipole moment vectors of the reactant complex 11R1B and the reactant complex from our previous study on SynFtn (11Re6GKA).[35] As can be seen both structures have a dipole moment through the two iron systems. However, in 11Re6GKA the dipole moment points toward the Tyr residue, whereas in 11R1B it points in the opposite direction. As a consequence, the dipole moment in 11R1B strengthens the O−H bond in the phenol group of the Tyr residue, whereas in 11Re6GKA the O−H bond in the phenol group of Tyr is weakened. These results are most likely originating from the fact that SynFtn contains a cation binding site, while this is absent in the C. elegans ferritin structure studied here. The cation binding site will change the overall direction of the dipole moment and influence structure and reactivity. In previous work we showed that electric field effects and electric dipole moments can strengthen and weaken C−H and O−H bonds depending on the magnitude of the field and its direction.[62−64] It is clear that electric field effects and dipole moments play an important role in the mechanism of dioxygen activation by ferritin structures and the polarity and dipole moment of the environment may shift the reaction mechanism.
Conclusion
In this work a thorough computational study of a ferritin from Caenorhabditis elegans is reported, employing a combination of molecular dynamics and quantum mechanics approaches. The work shows that the protein is highly rigid and the diiron center is locked in position with polar and hydrogen bonding interactions. Subsequently, the reaction mechanism of dioxygen activation at the diiron center of ferritin was explored using density functional theory approaches. These studies reveal that the diiron system is in a high-spin configuration and binds dioxygen as a side-on superoxo group. The conversion of dioxygen to H2O2 at the diiron center proceeds through consecutive proton transfers from solvent protons that are shuttled in via the oxo bridge and bound carboxylate groups. The work shows that the structure and reactivity of the diiron core in ferritins is highly sensitive to external perturbations including local dipole moments and electric field effects arising from the second coordination sphere that drive the reaction mechanism along a particular path that varies between different ferritins. An important consequence of this is that the role of the strictly conserved near-ferroxidase center Tyr residue is very different in the two ferritins for which a computational analysis has been performed. In the case of C. elegans ferritin, no evidence for radical formation on the Tyr residue was found, with this residue instead playing an important role in stabilizing the initial dioxygen/superoxo complex of the diiron site through a hydrogen-bonding interaction. These results await experimental verification for C. elegans ferritin and raise the question of what the role of the conserved Tyr residue might be in human cytosolic and mitochondrial ferritins. Further experimental and computational studies are in progress in our groups to gain more insight into the electronic and structural changes in the catalytic cycles of ferritins.
Methods
Primary model set-up and molecular dynamics simulations. 
The crystal structure coordinates of the 7URH protein databank (pdb) file were used to build the primary model for the molecular dynamics (MD) simulation.[31,32] The pdb structure consists of six chains and chain A was selected for our work. The crystal structure only contains a single iron center (Fe1) bound to Glu23, Glu58 and His61, while nearby there are the Asn106 and two water molecules form the first coordination sphere of the metal center. To generate the diiron cofactor, a minimal cluster model containing first coordination sphere residues only was created and geometry optimized at UB3LYP/6-31+G* level of theory in the gas phase. The optimized geometry was subsequently inserted into the protein structure, so that iron ion (Fe2) was bound to the protein via the side chains of Glu58 and Glu103, as well as bound to a dioxygen molecule and a water molecule to form the mixed valent iron(II)-iron(III)-superoxo complex. A bridging oxygen atom was added to the model at a distance of 2.327 and 2.158 Å from Fe2 and Fe1, respectively. In a second and third protein model, we included a bridging hydroxo or water group to the diiron center, see Supporting Information, but these MD simulations gave the same fold and active site characteristics. All these structures followed the same set-up procedures and protocols as discussed below.
Hydrogen atoms were added under pH 7 conditions in Chimera.[65] At this pH, all carboxylate groups in the protein are deprotonated and all Arg and Lys residues are protonated. Histidine residues were visually inspected and adjusted resulting in the following protonation states: His8, His61, His125 and His167 were protonated on N, while His114 and His120 were doubly protonated. The diiron center with its first-coordination sphere ligands was geometry-optimized in Gaussian-09 in the gas-phase at the UB3LYP/def2-SVP level of theory,[66−70] and the optimized structure of the metal with its first-coordination sphere atoms were used to obtain molecular dynamics (MD) parameters from the metal-centered-parameter-builder software package as implemented in Amber.[71,72] The ff19SB forcefield for protein residues was used and the generalized Amber forcefield (GAFF2) for the rest of the atoms in Amber were applied.[73,74] The substrate-bound protein structures were solvated using the tleap utility as implemented in Amber using an OPC water box with a buffer distance of 10.0 Å from the protein edge. Sodium (Na+) and chloride (Cl−) ions were added to the surface of the structure to neutralize the system. Subsequently, the system was subjected to a multi-stage energy minimization algorithm protocol consisted of seven stages of restrained minimization where positional restraints on heavy atoms, solute, solute and solvent, and backbone and cofactor were gradually reduced by applying a force constant of 50, 250, 25, 10, 1.0 and 0.1 kcal mol−1 Å−2. This was followed by a final unrestrained minimization using steepest descent for 20,000 steps,  consisting of 5,000 steps of steepest descent followed by 15,000 steps of conjugate gradient algorithm for 10,000 steps. Thereafter, the system was gradually heated from 0 K to 300 K over 200 ps during 400,000 steps with a time step of 0.5 fs. During this stage, harmonic positional restraints were applied to all heavy solute atoms and the backbone with a force constant of 5.0 to 2.0 kcal mol−1 Å−2). The Langevin thermostat with collision frequency of 5.0 ps−1 was applied to control the system temperature during the heating stage. Subsequently, a 1 ns NPT ensemble equilibration was performed whereby the positional restraints on heavy solute atoms, and the backbone atoms were gradually reduced. Finally, an NPT production run of 100 ns was performed at a constant temperature of 300K and pressure of 1 bar for 50,000,000 steps using a time step of 0.2 fs, the temperature was regulated by Langevin thermostat with a collision frequency of 2.0 ps−1 and the constant pressure was controlled with the Monte Carlo barostat. The trajectory data from the production run, containing the coordinates of all atoms as a function of time, was saved at regular intervals for further analysis, and resulted in a total simulation time of 100 ns. The Particle Mesh Ewald method was employed to describe long-range electrostatics with a direct space sum cut-off of 10 Å. Machine learning techniques were employed using the Scikit packages.[75]
QM calculations. 
[bookmark: _Hlk215147061]Density functional theory calculations were run as implemented in the Gaussian-09 software package.[66] Initial geometry optimizations, analytical frequencies and constraint geometry scans were performed using unrestricted B3LYP with a mixed basis set containing LANL2DZ with electron core potential (ECP) on iron and 6-31G* on the rest of the atoms.[67-70,76] Single point energy calculations were done on the optimized geometries with a basis set representing LACV3P+ with ECP on iron and 6-311+G* on other atoms. Our broken symmetry approach for these systems is as follows. We first ran full geometry optimizations in the high spin state (undecaplet) and used the converged wave function and structures as starting point for the unrestricted open-shell singlet spin state calculations, whereby we analyzed and monitored the unpaired spin density and checked the natural orbital occupations. Orbital swaps were performed if needed to check alternative orbital occupations. We also tested the UB3LYP-GD3 and UPBE0 density functional methods,[67,68,77,78] but these structures converged to the same spin state ordering and gave similar geometries.
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[bookmark: _Hlk189685406]Text for Table of Contents: A combined molecular dynamics and quantum mechanics study of a ferritin structure where one of the iron atoms is linked to an Asn residue is presented. The effect of the second coordination sphere on mechanism in ferritins is investigated.
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