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COMPUTATIONAL DETAILS 

Local Electric field analysis 

 For the statistical analysis of the local electric fields in the heme-iron proteins, we used a 

snapshot of the RCSB protein data bank1 acquired on July 16, 2020, to identify all structures with 

the possible reactivity through the oxygenated Fe‒O intermediate. To this point, we filtered the 

proteins in the RCSB protein data bank to heme-containing oxidoreductases (enzyme classification 

(EC) number starting with 1), and resolution lower than 2.5 Å. To remove redundancies, we kept 

only one structure with the same UniProtKB number.2 The resulting ~200 proteins were subjected 

to several modifications to calculate the local electric fields:  

i) All ‘non-residue’ substances (e.g., waters, substrates, counterions, etc.) were removed, 

ii) The heme cofactor, Fe center, and the oxygen atom (bound to Fe) were removed, 

iii) The axial Fe-ligating residue (i.e., axial His, Cys, Tyr) was replaced with Ala. 

 

 For each of the proteins, we have assigned the atomic charges to each atom at the ‘EX-

NPA_6-31Gd_PCM level’ as implemented in the web-based Atomic Charge Calculator3, and we 

calculated the electric field at the position of the original Fe atom using the Coulomb’s law: 

𝐸⃗ =
1

4𝜋𝜀0
∑

𝑞𝑖

𝑟𝑖
2

𝑟 𝑖

𝑟𝑖
𝑖  (1) 

 

Density functional theory calculations 

 All of the calculations were carried out using the Turbomole 6.6 program.4 The structures 

were optimized using the TPSS functional5, the hybrid basis set (def2-TZVP for the Fe and all of 

the ligating atoms: O, NPor, O/N/SAxial; def2-SVP for the rest of the system)6, and the zero-damping 

dispersion correction (D3)7. The effect of solvation on geometry optimizations was included by 

employing the implicit conductor-like screening model (COSMO)8 with a dielectric constant of ε 

= 4. The calculations were accelerated by resolution-of-identity approximation (RI).9 

  

 For the equilibrium geometries, the terms contributing to Gibbs free energy were calculated 

as follows:  

𝐺 = 𝐸𝑒𝑙 + 𝐺𝑠𝑜𝑙𝑣 + [𝐸𝑍𝑃𝑉𝐸 + 𝑅𝑇 − 𝑅𝑇𝑙𝑛𝑄], (3) 

where:  

i) Eel is the in vacuo electronic energy; calculated using RI-B3LYP-D3 method,10 
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ii) Gsolv is the free energy of solvation; calculated using the conductor-like screening 

model (COSMO), 

iii) [EZPVE + RT – RT ln Q] corresponds to the thermal enthalpic and entropic contributions 

to the solute energy with EZPVE and Q being the zero-point vibrational energy and the 

molecular partition function, respectively; obtained from frequency calculations with 

the rigid rotor/harmonic oscillator approximation (for p = 1 bar, T = 298 K), considering 

low-frequency vibration modes (≤100 cm–1) to contribute to Q as hindered rotors.11 

 

The acid dissociation constants, one-electron reduction potentials, and proton-coupled electron-

transfer potentials were evaluated as: 

 

p𝐾A = [𝐺deprotonated − 𝐺𝑝𝑟𝑜𝑡𝑜𝑛𝑎𝑡𝑒𝑑 + 𝐺solv(H
+)] / (𝑅𝑇 ∙ ln (10)),  (4) 

𝐸° = 𝐺oxidized − 𝐺reduced − 𝐸°abs(reference),  (5) 

𝐸°H = 𝐺dehydrogenated − 𝐺hydrogenated − 𝐸°abs(reference) + 𝐺solv(H
+)  (6) 

 

where G is the Gibbs free energy of the particular state of the solute (Eq. (3)), Gsolv(H
+) is the 

Gibbs free energy of solvation of proton, and E°abs(reference) is the absolute potential of a 

reference electrode. Note that we adopted the values of Gsolv(H
+) = ‒265.9 kcal mol-1 in water, and 

E°abs(reference) = 4.28 eV for standard hydrogen electrode in water. 

  

The bond dissociation free energy (BDFE) for the O‒H bond of the FeIVOH CpdII intermediate 

was calculated as: 

 

BDFE(O‒H) = 23.06 x E°CpdI + 1.37 x pKA,CpdII + 57.6 kcal mol-1 (5) 

 

The effect of the external electric field was evaluated only to the Eel + Gsolv terms, while the thermal 

contributions (i.e., frequency calculations) were neglected. The external electric field as 

implemented in the Turbomole 6.6 was always oriented parallel with the Fe‒O bond with the 

magnitude varying from ‒0.01 a.u. (= ‒51.42 MV cm-1) to +0.01 a.u. (= +51.42 MV cm-1). 
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SUPPLEMENTARY NOTE S1: Failure of the DFT in the His-ligated peroxidase model   

 As demonstrated in Figure 8 in the main text, the description of the physicochemical 

properties (such as E°CpdI and pKA,CpdII) is unphysical in the negative Fz region of the applied OEEF 

using the DFT methodology. The most evident failure is observed for the His-ligated system, 

which suggests that problems arise from the problematic description of the near degeneracy of the 

πTrp and Por a1u/a2u orbitals. Note that since the CpdI intermediate is described as the doublet spin 

state with the ferromagnetically-coupled triplet spin state on the ‘Fe‒O’ and the unpaired radical 

that is delocalized between Por and Trp fragments, this suggests that Por and Trp orbitals should 

be as well close in energy in the reduced FeIVO CpdII state with both orbitals doubly occupied. 

From the evolution of the Por a1u and πTrp orbital energies in the FeIVO CpdII intermediate with 

the change of the OEEF in the Fz direction (see Figure 9 in the main text), it is clear that such a 

description is correctly predicted by DFT in the zero field, where the Por a1u and πTrp orbitals are 

indeed degenerate. However, the πTrp energy change appears to be overestimated as a response to 

the OEEF. Consequently, the πTrp (HOMO) becomes erroneously destabilized in the negative field, 

leading to a large increase in the HOMO orbital energy and thus an artificially small E°CpdI. This 

is likely an effect of the incorrect description of the charge delocalization using DFT methodology 

or improper description of the near-degenerate orbitals with the single determinant. 

 To clarify the origin of the error, we have introduced multiple modifications to our 

computational protocol to rule out the effect of the choice of the functional, basis set, surrounding 

environment, etc. In detail, we can conclude that the FeIVO CpdII state is improperly described in 

the negative fields, and E°CpdI erroneous description does not change, when the following 

modifications are introduced:  

(i) hybrid (B3LYP) vs. pure (TPSS) functional,  

(ii) larger basis set (def2-TZVP on all atoms), 

(iii) gas-phase vs. COSMO-embedded calculations, 

(iv) single-point calculations vs. structure optimizations at different OEEF, 

(v) embedding the model in the point charges instead of using OEEF, 

(vi) calculations with and without the resolution-of-identity approximation, 

(vii) increased grid size (m3 vs. m4). 

To also eliminate the possibility that different spin states are followed in the zero (positive) 

field and the negative field region, we have analyzed the orbitals evolution (e.g., shape and 
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energies) and the Mulliken spin densities along the OEEF coordinate. Both were found to respond 

linearly to the applied field in positive and negative directions. We have also performed 

calculations at different (higher-lying) spin states, e.g., unrestricted and restricted singlet and 

quintet, demonstrating no spin state crossing in the evaluated OEEF region or a different behavior 

of the FeIVO CpdII energy. 

Finally, the behavior is somewhat remedied using the simplified (truncated) model system, 

excluding the Asp and Trp residues H-bonded to axial His ligand. By this, we force the electronic 

configuration, i.e., unpaired radical in CpdI or HOMO orbital in FeIVO CpdII, to be situated at the 

Por fragment. As illustrated in Figure S2, all three states of interest are now close in energy, and 

their progression in the OEEF is similar. However, the increase in energy in the positive field 

region (Figure S2, left) and increase in pKA,CpdII with the increased Fz (Figure S2, right) are rather 

unexpected, and since this is not observed in either Tyr- or Cys-ligated models, we consider this 

to be an artifact originating from the incomplete representation of the model system. As one 

example of the simplification, we note that in Tyr- and Cys- models, the electron density in CpdI 

intermediate is preferably located on the axial ligand with only partial electron density situated on 

the Por fragment (cf. Table 2 in the main text). However, such electron configuration is not 

observed in the His-ligated truncated model (without Asp and Trp residues), where the spin density 

is 0.02 e on His and 1.1 e on Por. The absence of the Trp residue thus clearly affects the possibility 

of the electron delocalization in the system. 

  

Multiconfiguration self-consistent field (MCSCF) calculations 

To further examine the origin of the error in the FeIVO CpdII state energy progression at 

the negative Fz, we have performed the MCSCF calculations. As implemented in the MOLCAS 

8.4 program,12–15 multiconfigurational/multireference approximations to wave function theory: 

CASSCF16,17 and MC-PDFT18,19 methods were applied in combination with the ANO-RCC20,21 

basis set to size-reduced DFT-equilibrated model of the peroxidase enzyme (cf. Figure S3). The 

ANO-RCC basis set, contracted to [6s5p3d2f1g] for Fe, [4s3p2d] for N and O atoms, [3s2p] for C 

atoms, and [2s] for H atoms, was used. The second-order Douglas−Kroll−Hess (DKH2)22–24 one-

electron spin-less Hamiltonian was applied for all WFT-based calculations to allow for spin-free 

relativistic effects. The Cholesky decomposition technique25 with a threshold of 10−6 a.u. was used 

to approximate two-electron integrals. Complete active space used in CASSCF calculations is 
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specified in Figure S4 and comprises 18 electrons in 15 orbitals (denoted as 18e,15o). The 

selection of the active orbitals was inspired by ref. 26, and expanded to include additional orbitals 

from Figure S4. Note that due to the absence of the dynamic correlation in the CASSCF, some 

states of interest might be described as high-energy excited states, providing a qualitatively 

incorrect character of the CASSCF solution.26 Therefore, we have performed the state-averaged 

(SA)-CASSCF (average of the 5 lowest states with the equal weights) to cover the main states for 

each irrep and multiplicity, followed by the on-top MC-PDFT correction at the tBLYP level. 

 In Figure S5, the results of CASSCF and MC-PDFT calculations are compared with the 

DFT (B3LYP) method. Interestingly, the multiconfiguration methods exhibit the equivalent 

behavior and were not able to resolve the problem. Since further examination goes far beyond the 

scope of the article, we may only speculate that the problem persists due to an insufficient active 

space with 18 electrons and 15 orbitals. For example, it was previously presented that metal 

double-d shell orbitals are required for the proper energetics.28  
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Figure S1. Computational cluster models truncated from the crystal structures deposited in the RCSB 

protein data bank with the PDB codes: 1dz9 (P450cam; left), 1mqf (P. mirabilis catalase; middle), and 5jqr 

(APX; right). 

  

 
 
Figure S2. Left: Relative change in the energy of the individual states from Scheme 2 with the variation of 

the OEEF Fz in the truncated His-ligated model, excluding the Asp and Trp residues. Right: Progression of 

the physicochemical properties from Scheme 2 in the main text in the truncated His-ligated model, 

excluding the Asp and Trp residues. 

 

 

Figure S3. Truncated model of the His-ligated peroxidase system, utilized in the multiconfiguration 

calculations at the CASSCF and MC-PDFT/CASSCF level. 
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Figure S4. Molecular-orbital diagram given for the His-ligated peroxidase model. The complete active space consists of 18 electrons in 15 orbitals. 
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Figure S5. Relative change in the energy of the FeIVO CpdII state of the His-ligated model with the 

variation of the OEEF Fz.  
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Table S1: The Fx, Fy, and Fz components of the LEF vector for each of the proteins in the whole series of 

the heme-iron oxidoreductases. 

PDB code Fx Fy Fz EC number Axial ligand 

1a4e -3.6 -15.1 1.4 1.11.1.6 Y 

1apx -27.0 -0.6 -21.5 1.11.1.11 H 

1bgp -26.2 14.3 -11.5 1.11.1.7 H 

1dgh -22.1 -11.7 7.4 1.11.1.6 Y 

1dz9 -5.2 -0.3 25.2 1.14.15.1 C 

1ebe -22.1 -4.9 -26.7 1.11.1.5 H 

1gvh -6.4 2.1 -18.1 1.6.99.7 H 

1gwf -11.0 -17.9 -4.1 1.11.1.6 Y 

1gwh -10.5 -15.7 10.1 1.11.1.6 Y 

1hch -5.5 -9.4 -36.6 1.11.1.7 H 

1iyn -15.8 -4.1 -25.8 1.11.1.11 H 

1jio -7.7 4.8 28.1 1 C 

1lga -1.4 2.2 -5.8 1.11.1 H 

1ly9 -6.2 -0.9 -6.3 1.11.1.7 H 

1m7s 9.5 16.0 -1.0 1.11.1.6 Y 

1mjt 14.3 23.6 34.1 1.14.13.39 C 

1mqf -11.1 -9.1 8.6 1.11.1.6 Y 

1n6b -26.6 15.5 33.1 1.14.14.1 C 

1p3v 17.3 11.1 -0.7 1.14.99.3 H 

1pa2 -14.0 2.9 -23.9 1.11.1.7 H 

1qgj -17.0 5.2 -23.8 1.11.1 H 

1qpa -1.6 4.6 -6.3 1.11.1 H 

1si8 -23.8 -9.5 5.3 1.11.1.6 Y 

1sj2 -18.4 -10.9 -11.6 1.11.1.6 H 

1sy7 5.0 16.0 1.1 1.11.1.6 Y 

1u5u 23.5 1.0 1.4 4.2.1.92 Y 

1ued -18.2 2.9 50.3 1.14 C 

1ulw 11.5 6.0 42.4 1.7.99.7 C 

1v8x -11.9 -2.5 -18.7 1.14.99.3 H 

1wox -8.0 -4.9 -3.5 1.14.99.3 H 

2a9e -21.3 -10.5 1.7 1.11.1.6 Y 

2d09 -9.4 8.3 25.7 1.14 C 

2e39 -3.9 -1.1 -2.1 1.11.1.7 H 

2hi4 -1.4 -0.7 12.9 1.14.14.1 C 

2iqf -20.0 -9.7 2.5 1.11.1.6 Y 

2j2m 12.9 12.5 1.9 1.11.1.6 Y 

2nnj -35.5 22.6 38.3 1.14.14.1 C 

2ve3 3.1 3.6 13.7 1.14 C 
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2vxh 16.1 13.8 -12.4 1.13.11.49 H 

2w0a -3.5 0.1 20.1 1.14.13.70 C 

2wh8 -14.4 10.2 44.0 1.14 C 

2wm4 1.3 13.7 13.4 1.14 C 

2x5l -20.3 29.0 41.4 1.14 C 

2xkr -26.8 18.6 42.5 1.14 C 

2yp1 22.0 -7.3 32.1 1.11.2.1 C 

2z3t -2.0 -2.7 17.7 1 C 

2zdo 3.9 0.9 -36.0 1.14.99.3 H 

2zqx -4.1 13.0 23.6 1.14 C 

3aba 0.4 8.3 8.2 1.14.13 C 

3abb -12.8 26.6 42.5 1.14.13 C 

3atj -14.0 -3.5 -18.2 1.11.1.7 H 

3b4x -25.8 16.3 22.9 1.14.14.1 C 

3bk9 1.0 -8.5 16.6 1.13.11.11 H 

3cv8 5.3 2.2 7.7 1.14.14.1 C 

3czh -12.7 16.1 14.9 1.14.14 C 

3czy 6.0 3.7 6.5 1.14.99.3 H 

3e65 11.4 27.6 40.2 1.14.13.39 C 

3gas -4.4 7.1 -5.0 1.14.99.3 H 

3hb6 -8.7 -9.6 6.7 1.11.1.6 Y 

3hdl -12.8 5.2 -25.4 1.11.1 H 

3lgm 1.8 8.0 -37.1 1.14.99.3 H 

3m8m -13.1 -5.9 -10.2 1.11.1.13 H 

3mdr -27.7 25.1 28.7 1.14.13.98 C 

3mgx -30.7 22.1 56.3 1.14.14.1 C 

3mvr -26.6 26.9 43.4 1.14.14.1 C 

3n9y -5.6 -1.5 19.6 1.14.15.6 C 

3nn1 9.5 -3.7 -16.2 1.13.11.49 H 

3ozv -6.8 -2.0 -4.3 1.14.12.17 H 

3qpi 8.1 0.7 -15.8 1.13.11.49 H 

3r9b -0.2 3.0 3.7 1.14 C 

3re8 -24.8 -13.5 -2.1 1.11.1.6 Y 

3riv -11.5 -9.7 -15.5 1.11.1.11 H 

3rke -15.1 -23.1 12.4 1.11.1.7 H 

3rqo 2.6 20.4 33.6 1.14.13.39 C 

3rwl -16.4 16.6 42.7 1.14.15.3 C 

3s4f -19.7 -23.8 8.5 1.11.1.7 H 

3t3q -11.3 6.2 15.7 1.14.14.1 C 

3t3z -23.3 19.9 21.0 1.14.13 C 

3ut2 -12.9 -9.2 -11.5 1.11.1.21 H 
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3uw8 -25.0 -13.0 -8.5 1.11.1.21 H 

3v8d -19.5 14.6 55.8 1.14.13.17 C 

3vm4 0.0 -0.3 19.9 1.11.2.4 C 

3vxi 25.1 -16.0 17.3 1.11.1.19 H 

3wrh 7.8 -5.8 18.8 1.14.15.1 C 

3wsp 6.8 4.7 17.0 1.14.14.1 C 

3wxo -23.1 -2.3 -24.2 1.11.1.21 H 

3zj5 6.5 18.2 -1.6 1.11.1.6 Y 

3zkp -16.6 22.7 44.4 1.14.13.154 C 

4a5g -15.3 -4.0 -21.3 1.11.1.7 H 

4au9 11.8 -12.2 -10.2 1.11.1.19 H 

4aul 19.8 18.9 14.9 1.11.1.6 Y 

4b2y 3.9 20.6 2.9 1.11.1.6 Y 

4b7f -9.1 -18.4 -0.8 1.11.1.6 Y 

4ccp -13.7 -7.3 -18.4 1.11.1.5 H 

4coh 1.2 1.3 20.5 1.14.13.70 C 

4cuo -12.8 -0.5 -20.6 1.11.1.7 H 

4d1o 11.9 29.7 38.8 1.14.13.39 C 

4d3t 8.7 26.2 41.4 1.14.13.165 C 

4d6z 0.2 6.0 24.3 1.14.13.157 C 

4dnj -11.1 2.5 10.4 1.14 C 

4e2p -9.2 35.0 50.7 1.13.12 C 

4eji -13.2 2.9 17.3 1.14.14.1 C 

4ep6 -3.4 -7.3 18.9 1 C 

4g2c 11.7 -17.9 -4.2 1 H 

4g3j -5.2 4.5 23.4 1.14.13.70 C 

4g7t -4.9 -1.7 -1.3 1.14.99.3 H 

4ggv -4.5 7.5 55.4 1.14.13 C 

4gqe 16.0 26.9 37.0 1.14.13.39 C 

4grc 31.1 0.9 17.9 1.11.1.19 H 

4gs1 27.3 3.4 9.5 1.11.1.19 H 

4gt2 31.1 1.5 6.8 1.11.1.19 H 

4hov 10.8 -6.2 -25.8 1.11.1 H 

4hsw -13.0 -16.9 -6.8 1.11.1.7 H 

4i91 -8.5 6.5 5.8 1.14.13 C 

4ict -4.3 7.1 21.5 1.14 C 

4jm5 -12.7 -11.6 -35.7 1.11.1.5 H 

4l0f -20.6 18.2 58.2 1.14 C 

4lht 1.0 5.5 25.1 1.14 C 

4lxj -18.9 0.1 47.1 1.14.13.70 C 

4nl5 5.2 -5.3 -26.3 1.14.99.3 H 
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4nos 17.2 25.5 33.8 1.14.13.39 C 

4nz2 -29.7 21.5 38.2 1.14.13 C 

4o1z -18.0 -24.1 6.2 1.14.99.1 H 

4ph9 -16.5 -29.4 0.5 1.14.99.1 H 

4rm4 -11.7 27.3 39.2 1.14 C 

4tt5 -12.8 5.4 22.9 1.14 C 

4tvf -13.6 17.8 33.2 1.14.14.1 C 

4u72 -3.2 -1.7 7.6 1.13.11.52 H 

4ubs -5.6 3.9 3.3 1.14.15.11 C 

4uhi 2.2 -3.3 16.5 1.14.13.70 C 

4wnu -14.6 13.0 30.9 1.14.14.1 C 

4xmc 10.6 4.1 -8.5 1.7.6.1 H 

4y55 -12.0 -22.2 15.7 1.11.1.7 H 

4yt3 -10.1 12.5 44.1 1.14.99 C 

4yzr 0.5 9.7 6.2 1.14 C 

5a12 14.8 -1.5 -28.5 1.13.11.49 H 

5a13 6.7 -3.5 -31.5 1.13.11.49 H 

5aog -20.6 12.1 -18.1 1.11.1.7 H 

5dqn -15.1 26.3 37.1 1.14.13.151 C 

5edt 0.7 6.7 27.2 1.14 C 

5esn -13.7 2.8 45.9 1.14.13.70 C 

5fiw -9.1 -30.6 28.4 1.11.2.2 H 

5foi -6.8 6.7 5.8 1.14 C 

5fuk 15.7 -21.7 29.5 1.11.2.1 C 

5fw4 22.5 -1.6 12.0 1.11.1.19 H 

5gnl -20.9 18.1 26.3 1.14.15.15 C 

5gt2 28.3 0.4 21.4 1.11.1 H 

5hdi -14.8 18.3 51.0 1.14 C 

5hiw -18.0 10.0 51.2 1.14 C 

5hwz 8.8 2.2 -14.1 1.7.6.1 H 

5it1 -17.2 10.8 43.2 1.14.14.1 C 

5jlc -18.5 1.3 42.1 1.14.13.70 C 

5jqr -4.4 9.0 4.1 1.11.1.11 H 

5kq3 -20.4 -15.4 -18.5 1.11.1.21 H 

5kzl -2.0 3.5 2.6 1.14.14.18 H 

5l1s -17.3 23.2 29.2 1.14.19.8 C 

5l92 0.3 3.6 8.6 1.14.14 C 

5lie 6.4 12.5 15.9 1.14 C 

5o1l 3.3 -5.5 16.5 1.13 H 

5o4k -1.8 5.1 20.0 1.14.21.9 C 

5sx0 -17.5 -9.2 -15.0 1.11.1.21 H 
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5tia -11.3 -13.6 3.9 1.13.11.11 H 

5tz1 -1.7 -6.8 21.3 1.14.13.70 C 

5uo7 16.7 28.6 42.5 1.14.13.39 C 

5wp2 -2.5 5.4 21.4 1.14.21.9 C 

5yem 9.4 13.9 1.5 1.11.1.6 Y 

5ylw -7.9 13.3 41.3 1.14.13.190 C 

6a17 -15.4 0.6 19.4 1.14 C 

6b11 -7.8 3.8 9.4 1.14.13.186 C 

6cr2 5.8 -4.8 20.0 1.14.13.70 C 

6fiy 3.7 -4.1 4.8 1.11.1 H 

6fyj -3.2 -1.2 15.7 1.11.2.4 C 

6g5o -18.2 5.6 39.9 1.14.15 C 

6gk5 -12.0 6.3 6.3 1.14 C 

6h1l -18.9 19.3 30.3 1.14.14.1 C 

6h1t -12.4 22.4 27.7 1.14.14.1 C 

6iss -1.4 5.1 -8.8 1.11.1.14 H 

6j95 -1.3 26.1 13.8 1.14 C 

6l8h -12.6 35.3 36.5 1.14.14.158 C 

6mcw -13.5 4.7 34.2 1.14.13.70 C 

6mjm -5.5 17.0 31.6 1.14.14.1 C 

6mq0 -20.1 -9.4 -11.8 1.11.1.21 H 

6nsw 12.3 19.7 -1.3 1.11.1.6 Y 

6rjn -11.5 -7.3 0.6 1.11.1.6 Y 

6rjr -6.0 -11.8 8.2 1.11.1.6 Y 

6tb8 35.6 8.4 29.6 1.11.1 H 

6u30 -0.4 -1.0 2.9 1.14 C 

6wk3 2.7 -3.9 -21.3 1.14.12.17 H 
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Table S2: The average absolute |Fx|, |Fy|, and |Fz| components of the LEF vector for the heme-iron 

oxidoreductases grouped according to their EC numbers. 

EC Number Avg. |Fx| Avg. |Fy| Avg. |Fz| Std. dev. |Fx| Std. dev. |Fy| Std. dev. |Fz| 

1 12.1 10.7 20.6 8.2 8.6 14.5 

1.7 10.3 4.1 21.7 1.4 1.9 18.2 

1.11 14.7 9.7 12.8 8.3 6.5 9.5 

1.11.1 15.0 9.8 12.1 8.2 6.3 9.2 

1.11.1.5 16.1 7.9 26.9 5.2 3.4 8.7 

1.11.1.6 12.8 13.9 4.4 6.7 3.9 4.1 

1.11.1.7 13.7 10.4 15.5 6.3 9.0 9.1 

1.11.1.11 14.7 5.8 16.7 9.5 4.3 9.4 

1.11.1.19 24.8 5.9 12.3 7.2 6.5 4.4 

1.11.1.21 19.8 9.8 14.9 4.3 4.4 5.7 

1.11.2 10.2 7.6 24.3 10.4 9.9 7.8 

1.13 8.3 8.7 20.0 5.0 10.4 13.6 

1.14 11.0 11.9 26.2 8.1 9.4 15.3 

1.14.13 11.5 14.2 32.4 7.9 10.6 13.2 

1.14.14 14.7 14.0 26.2 10.1 9.5 14.0 

1.14.15 11.4 7.4 25.1 6.8 7.1 13.4 

1.14.99 9.0 9.3 15.5 5.7 9.0 16.2 

 

Table S3: The average absolute |Fx|, |Fy|, and |Fz| components of the LEF vector for the heme-iron 

oxidoreductases grouped according to their axial ligands. 

Axial ligand Avg. |Fx| Avg. |Fy| Avg. |Fz| Std. dev. |Fx| Std. dev. |Fy| Std. dev. |Fz| 

Cys 11.3 12.3 28.5 8.3 9.6 14.1 

His 13.1 7.4 15.0 8.4 6.6 9.5 

Tyr 13.0 13.5 4.0 6.9 4.8 3.8 
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