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Abstract  

The ethylene-forming enzyme (EFE) is a non-heme Fe(II), 2-oxoglutarate (2OG), and L-arginine (L-

Arg)-dependent oxygenase that catalyzes dual reactions: the generation of ethylene from 2OG 

and the C5 hydroxylation of L-Arg. Using an integrated molecular dynamics (MD) and quantum 

mechanics/molecular mechanics (QM/MM) approach that references previous experimental 

studies, we tested the hypothesis that synergy between the conformation of L-Arg and the 

coordination mode of 2OG directs the reaction toward ethylene formation or L-Arg hydroxylation. 

The dynamics of EFE·Fe(III)·OO.-·2OG·L-Arg show L-Arg can exist in conformation A (productive 

for hydroxylation) and conformation B (unproductive for hydroxylation). QM/MM calculations 

show that when 2OG is bound in an off-line mode and L-Arg is present in conformation A, the 

Fe(III)-OO-. intermediate undergoes the standard O2 activation mechanism involving ferryl-



dependent hydroxylation. With the same off-line 2OG coordination, but with conformation B of 

L-Arg, a unique pathway produces a half-bond ferric-bicarbonate intermediate that decomposes 

to ethylene, two CO2, and a ferrous-bicarbonate species. The results demonstrate that when 2OG 

is coordinated in off-line mode to the Fe center, the L-Arg conformation acts as a switch that 

directs the reaction toward ethylene formation or hydroxylation. Analysis of the electronic 

structure shows the L-Arg conformation defines the precise location of an unpaired 𝛽𝛽 electron in 

the Fe(III)-OO-. complex, either in a π*∣∣  orbital that triggers ethylene formation or a π*⊥ orbital 

that cascades to L-Arg hydroxylation. A change in 2OG coordination from off-line to in-line 

reduces stabilization of the 2OG C1 carboxylate such that neither conformation of L-Arg produces 

the ethylene-forming half-bond ferric-bicarbonate intermediate. Thus, L-Arg conformation-

dependent changes in the electronic structure of the Fe(III)-OO-. orbitals, together with the 2OG 

binding mode-associated stabilization of the C1-carboxylate, distinguish whether the EFE reaction 

proceeds via the ethylene-forming pathway or catalyzes a hydroxylation mechanism.  

Keywords: Ethylene forming Enzyme, 2OG-dependent enzyme, non-heme Fe enzymes, QM/MM, 

Molecular Dynamics.  

 

1. Introduction 

 The ethylene-forming enzyme (EFE) is a non-heme Fe(II), 2-oxoglutarate (2OG)-, and L-

arginine (L-Arg)-dependent oxygenase that catalyzes two reactions (Figure 1).1,2 The less 

prominent EFE-catalyzed transformation involves oxidative decarboxylation of 2OG, forming 

succinate and CO2, coupled with C5 hydroxylation of L-Arg, where the hydroxylated L-Arg 

spontaneously decomposes to guanidine and L-Δ1-pyrroline-5-carboxylate. The major EFE-



catalyzed reaction involves the decomposition of 2OG to ethylene plus three molecules of 

CO2/bicarbonate. EFE’s hydroxylation reaction is typical of many other Fe(II)/2OG oxygenases in 

this superfamily,3–6 however, the generation of ethylene by cleaving three C-C bonds of 2OG is 

unique to this enzyme. L-Arg hydroxylation is suggested to follow a well-established mechanism 

of non-heme Fe(II) and 2OG dependent enzymes, i.e., dioxygen activation to form an active ferryl 

species that hydroxylates the substrate.7,8 The ethylene-forming mechanism is suggested to 

diverge from the hydroxylation mechanism during the dioxygen activation process,7,8 as also 

shown by a recent computational study on EFE.9 Regardless of the current success in 

experimental and computational studies of EFE, the atomistic and electronic structure 

determinants for the L-Arg hydroxylation vs. the ethylene-formation mechanism remain unclear. 

 

Figure 1. (a) Protein structure for the EFE·Fe(III)·OO.-·2OG·L-Arg complex modeled using PDB ID 5V2Y with 

b) highlighted active site shown in ball and stick format. c) Reactions catalyzed by EFE. 

 



 Even though L-Arg is not directly involved in ethylene formation, biochemical studies have 

shown that EFE loses its ethylene-forming capacity in the absence of L-Arg.2 Structural studies 

suggest the binding of L-Arg at the EFE active site plays a critical role in the unique ethylene-

forming reaction of this enzyme.7,8 In particular, L-Arg binding induces conformational changes 

at the active site that may be necessary for ethylene formation. Interestingly, in the crystal 

structure of EFE·Fe·NOG·L-Arg, where NOG is the 2OG analog N-oxalylglycine, L-Arg is observed 

in two binding conformations.8 The key difference in these species is the positioning of the C5-

methylene, the target for hydroxylation, and the guanidino group. In conformation A, the 𝜂𝜂2 NH2 

of the L-Arg guanidinium group forms a hydrogen bond with D191, a ligand of the Fe center, and 

C5 faces towards the metallocenter (Scheme 1). In conformation B, upon rotation of the 𝜂𝜂2 NH2, 

the 𝜀𝜀 NH of the guanidium group of L-Arg forms hydrogen bonds with D191. The rotation of the 

guanidinium group causes C5 to be pushed away from the Fe center (Scheme 1). Based on the 

proximity of the Fe center to C5, the target for hydroxylation, different roles were proposed for 

the two L-Arg conformations (Scheme 1).8 Conformation A, where the distance is shorter, was 

proposed to promote hydroxylation. In contrast, conformation B, where the distance is larger, 

was suggested to play a role in the ethylene formation pathway. If the two L-Arg conformations 

are relevant after O2 binding, their roles in the reaction mechanisms of EFE need further 

exploration. 



 

Scheme 1. Exploring the proposed role of L-Arg conformations and 2OG coordination modes on ethylene 

formation and hydroxylation mechanisms carried out by EFE. 

  

 Additional features that may have a role in the ethylene-forming ability of EFE are the 

2OG bidentate coordination modes to the Fe center, the hydrophobic environment surrounding 

2OG, the 2OG C5 carboxylate conformational planarity, and a unique twisted peptide bond at the 

enzyme active site.7,8 2OG exhibits two types of bidentate coordination to the Fe center of 2OG-

dependent oxygenases (Scheme 1). The in-line mode, with the 2OG C1 carboxylate positioned 

trans to His1 (His189 in EFE), leaves the position trans to His2 (His268) available for O2 binding.5 Such 

binding would lead to a reactive ferryl intermediate being proximal to the substrate C-H bond. 

By contrast, in the off-line mode, the 2OG C1 carboxylate binds trans to His2, leaving the position 

trans to His1 accessible for O2 binding; this site is approximately perpendicular to the substrate.5 

Such binding results in a ferryl pointing perpendicular to the substrate and is therefore not 



positioned to perform hydroxylation. In this case, a ferryl flip may occur to align the ferryl in the 

direction of the substrate for the subsequent hydrogen abstraction step.10 The 2OG binding 

groove of EFE is mostly hydrophobic, except for two arginines, R177 and R277, stabilizing the C1 

and C5 carboxylates of 2OG.7,8 Similar to the two conformations seen for L-Arg, the same EFE 

crystal structure shows variations in planarity of the distal carboxylate for NOG and its 

interactions with R277.8 A quantum mechanics (QM) model study shows that the planarity of the 

2OG C5 carboxylate affects the energy required to transform 2OG to ethylene.8 Another notable 

structural feature of the enzyme active site with bound L-Arg and 2OG is the twisted peptide 

bond involving the D191 metal-ligand and the following Y192 residue (i.e., D191-Cα, D191-C, 

Y192-N, Y192-C torsion angle of only ~147°).7 The preferred 2OG coordination mode before O2 

binding, the importance of the 2OG hydrophobic environment, the relevance of the 2OG C5 

planarity, and the effects of the twisted peptide bond on the two modes on EFE reactivity remain 

unknown (Scheme 1). 

 Although EFE has been extensively studied experimentally, there remains a substantial 

gap in our understanding of why EFE produces ethylene from 2OG, whereas other 2OG-

dependent oxygenases only decompose 2OG to succinate plus CO2  as they modify their primary 

substrates.  This knowledge gap is a barrier to success in improving enzymatic ethylene 

production.  In the present manuscript, we apply an integrated molecular dynamics (MD) and 

combined quantum mechanics, and molecular mechanics (QM/MM) approach that references 

previous experimental studies, and we test the hypothesis that a synergy between a specific 

conformation of the main substrate L-Arg and the coordination mode of cosubstrate 2OG defines 

the reaction path toward ethylene formation or L-Arg hydroxylation. We explore the atomistic 



and electronic determinants for the hydroxylation vs. ethylene-production reactions of EFE. We 

test whether L-Arg exhibits the two conformations in the dynamics of the catalytically important  

EFE·Fe(III) ·OO.-·2OG·L-Arg complex. We investigate the role of the two L-Arg conformations and 

the two 2OG coordination modes on the dual reactions of EFE. We also consider the importance 

of the hydrophobic environment of 2OG, the 2OG C5 planarity, and the twisted peptide bond. 

Finally, using molecular orbitals analysis of the Fe center, we explore the electronic structure 

variation in the metallocenter that leads to ethylene formation vs. L-Arg hydroxylation. Overall 

our results highlight the atomistic and electronic structure factors that can be influenced to 

improve the ethylene yield in EFE. 

 

2. Computational Methods 

System Preparation: A crystal structure of EFE in complex with L-Arg, 2OG, and Mn, an analog of 

Fe (PDB ID: 5V2Y), was used for the current study.7 The crystal structure has 2OG in off-line 

bidentate metallocenter coordination, along with monodentate coordination by two histidines 

(H189 and H268) and an aspartate (D191). To generate parameters for the EFE·Fe(III)·OO.- ·2OGoff-

line·L-Arg complex, the Mn ion in the PDB file was changed to Fe, and an O2 molecule was bound 

to Fe using GaussView 5.0.11 The protonation states of the ionizable side chains of the protein 

were assessed using Amber routines.12 The Amber topology for 2OG and O2 were developed 

utilizing the GAFF tool in Antechamber.13 The Amber parameters for the Fe(III)-OO.- active site 

complex, containing high spin (HS) Fe(III) (S=2, M=5) and the coordinating ligands 2OG 

(bidentate), O2 (bonded end-on), H189, H268, and D191 (all monodentate), were prepared with 

the Metal Centre Parameter Builder (MCPB) using MCPB.py v3.0.14 Bond and angle force 



constants in MCPB were derived at the B3LYP/6-31G* level of theory. The remainder of the 

protein was modeled using the Amber FF14SB force field.15 The same procedure was repeated 

to make parameters for the EFE·Fe(III)·OO.-·2OGin-line·L-Arg complex where 2OG is bound with an 

in-line coordination mode to Fe. 

MD Simulations:  The Leap module in AMBER 16 was used to add counter ions (Na+) for the 

neutralization of the protein systems. The system was immersed into a rectangular box with 

TIP3P water molecules present up to a minimum of 10 Å from the farthest protein boundary.16 

Periodic boundary conditions were employed in all simulations. Long-range electrostatic 

interactions were calculated using the particle mesh Ewald method with a direct space and van 

der Waals cut-off of 10 Å.17 With a restraint of 100 kcal mol−1 Å2 on solute molecules; the systems 

were subjected to energy minimization, first using the steepest descent (5000 steps) followed by 

the conjugate gradient (5000 steps). This sequence was followed by full minimization of the 

entire systems, again using steepest descent (5000 steps) and a conjugate gradient (5000 steps). 

The systems were then subjected to controlled heating from 0 to 300K at an NVT ensemble using 

a Langevin thermostat with a collision frequency of 1 ps−1 for 250 ps.18 The solute molecules were 

restrained using a harmonic potential of 50 kcal mol−1 Å2 during the heating process. The SHAKE 

algorithm was used to constrain bonds involving hydrogen.19 A weakly restrained MD simulation 

for 1 ns was performed to achieve a uniform density after heating dynamics under periodic 

boundary conditions. All systems were then equilibrated at 300K in an NPT ensemble without 

restraints for 3 ns; the pressure was maintained at 1 bar using the Berendsen barostat.20 A 

production MD run from the equilibrated structure with an explicit solvent for 1 µs each with a 

time step of 2 fs was performed in an NPT ensemble with a target pressure set at 1 bar and 



constant pressure coupling of 2 ps. All productive MD simulations were performed with the GPU 

version of the AMBER 16 package.21 Hydrogen bond analysis was done using CPPTRAJ.22 The 

principal component analysis (PCA) and dynamic cross-correlation analysis (DCCA) was 

performed on the backbone C𝛼𝛼-atoms on the 500 ns-1000 ns range of the trajectory with 

Bio3D.23  

QM/MM calculations: Structures from the well-equilibrated part of the MD trajectory (>500 ns) 

were used for the QM/MM calculations from productive MD simulations. For QM/MM 

calculations with L-Arg conformation A, structures based on close Op to C2 of 2OG distance were 

selected at ~725 and 761 ns for calculations, and for L-Arg conformation B, structures based on 

close Op to C2 of 2OG distance were selected at ~960 and 896 ns. Excess water molecules were 

truncated using CPPTRAJ, such that the protein retained a water solvation layer maximum of 12 

Å surrounding it.22 The resulting total size of the systems was ~22500 atoms. QM/MM 

calculations were performed using ChemShell software,24 with a combination of Turbomole25 for 

the QM part and DL_POLY26 for the MM part. The non-heme Fe center, the first coordination 

sphere residues, and the substrate-bound in the active site were included in the QM region. An 

unrestricted B3LYP functional was used to represent the QM region as it has been used for EFE9 

and several non-heme and 2OG-enzymes with better accuracy in comparison to other functionals 

for calculation of the reaction mechanism.27–30 The protein region within 8 Å from the QM region 

was defined as the MM region, and the rest of the system was fixed. The Amber FF14SB force 

field was used for the MM region. QM/MM boundaries were capped with a hydrogen link atom, 

and a charge shift model was used.31 The polarizing effect of the protein environment (MM 

region) was accounted for in the QM region using an electrostatic embedding scheme.32 For 



geometry optimization and frequency calculations, the def2-SVP basis set [QM(B1)/MM] was 

used.33  

Optimized reactant complexes (RC) were used to search for transition states (TS) along with the 

reaction coordinate by performing a relaxed potential energy scan (adiabatic mapping) with a 

step size of 0.1 Å.34 The highest energy geometry in the potential energy surface was optimized 

using the P-RFO optimizer in HDLC code without any constraints.35 Frequency calculations of all 

optimized geometries were carried out to confirm the minima and transition states. To improve 

the calculated energies, single-point energy calculations on the optimized geometries were 

conducted using the large all-electron def2-TZVP basis set [QM(B2)/MM].33 The zero-point 

energy (ZPE) calculations were performed for all geometries, and the energies are reported as 

QM(B2+ZPE)/MM. All the reported energies in the Results and Discussion section use this same 

level of theory. The energy decomposition analysis (EDA) was performed using a Fortran90 

program by the Cisneros research group.36,37 Experimental studies have shown a quintet spin 

state (S=2) as the ground spin state for studied non-heme enzymes.38–40 Several computational 

studies on O2 activation and the hydrogen atom transfer (HAT) pathway in non-heme 2OG 

dependent enzymes have shown the reaction proceeds through an HS quintet spin state.9,27–

28,30,41 Therefore, we performed the reaction mechanism calculation on the quintet (S=2, M=5) 

spin state of the EFE·Fe(III)·OO.-·2OGoff-line/in-line·L-Arg complex. The geometry coordinates, spin 

densities, and charges of all intermediates and transition states are presented in Supplementary 

Information (SI) Tables S1-S20, and SI pages S27-S72. 

 



3. Results and Discussion 

3.1 Dynamics of EFE·Fe(III)·OO.-·2OG·L-Arg with 2OG in off-line coordination  

A previously reported crystal structure of EFE·Fe·NOG·L-Arg (PDB: 5LUN) identified dual 

binding conformations for the L-Arg and NOG.8 To begin to explore whether L-Arg and 2OG 

exhibit multiple conformations after O2 binding,  we performed a 1 µs MD simulation of the 

catalytically important EFE·Fe(III)·OO.-·2OGoff-line·L-Arg intermediate (Figure S1) generated by 

using an EFE·Mn·2OGoff-line·L-Arg structure (PDB: 5V2Y) as described in Computational Methods. 

Indeed, our MD simulation revealed two binding modes for L-Arg, with the most prominent 

distinction between the conformations being the orientation of the L-Arg guanidinium group and 

the C5 methylene carbon atom (the hydroxylation site) (Figure 2). EFE residue R171 specifically 

stabilizes conformation A of L-Arg via a strong electrostatic interaction with the guanidinium 

group (Figure 2c). The same electrostatic interaction is weakened throughout the dynamics when 

L-Arg changes from conformation A to B (Figure 2c). Similarly, the amino group of L-Arg strongly 

interacts with E84 in conformation B but not in conformation A. The two L-Arg conformations are 

observed during the dynamics of the catalytically important EFE·Fe(III)·OO.-·2OG·Arg complex 

with different occurrences – conformation A in 11.7 % of the trajectory and conformation B – in 

88.3%. The population of L-Arg conformation B in the dynamics of the EFE·Fe(III)·OO.-·2OGoff-line·L-

Arg complex is different from that in the crystal structure of EFE·Fe·NOG·L-Arg, where both L-Arg 

conformations are distributed equally, and that in the crystal structures of EFE·Mn·2OGoff-line·L-

Arg where conformation A of L-Arg predominates. The potential reasons for having a preference 

of L-Arg conformation B in the EFE·Fe(III)·OO.-·2OG·Arg complex dynamics include changes in the 

Fe center and second-sphere residues upon O2 binding or that the conformation A L-Arg might 



be more easily crystallizable than conformation B.  Dynamics shows the 𝜂𝜂2 NH2 of the L-Arg 

guanidinium group forms a hydrogen bond with D191 (44% of the MD snapshots), a ligand of the 

Fe center. For some snapshots, the 𝜀𝜀 NH (68%) of L-Arg also forms a hydrogen bond with the 

D191. These findings raise important questions about the roles of the two conformations in the 

enzyme mechanisms. The proposed 2OG C5 carboxylate conformations, based on results for the 

NOG-containing crystal structure,8 were not maintained during the long-range dynamics; instead, 

we observed a torsion angle ranging from 0 to 180 between the O3-C5-O4 and C3-C4-C5 planes 

of 2OG (Figure S2). The 2OG C5 carboxylate forms hydrogen bonds with R277 (92%), while the 

C1 carboxylate forms a hydrogen bonding interaction with R171 (72%). The 2OG C1 carboxylate 

stabilization by R171 is improved in L-Arg conformation B (Figure S3). The twisted peptide bond 

between D191 and Y192 that is present in the crystal structure upon L-Arg binding (measured 

between D191-C𝛼𝛼, D191-C, Y192-N, Y192-C)7 relaxes during the dynamics to an average value of 

162.1o, occasionally visiting the twisted peptide state (Figure S4). This relaxation suggests the 

twisted peptide bond is unlikely to be essential for EFE reactivity. 



 

Figure 2. L-Arg binds to EFE·Fe(II)·2OG in two conformations, denoted Conf A and Conf B, in the off-line 

2OG coordination mode. The distance between the C5 hydrogen atom of L-Arg and Fe (black trace) is used 

as a measure of conformational change. The distance between the CZ atom of L-Arg and R171 (blue trace) 

is associated with the stabilization of conformation A. The distance between the amino nitrogen of L-Arg 

and the oxygen of the E84 carboxyl group (red trace) is an index for stabilization of conformation B. The 

purple ovals indicate a change in the conformation of L-Arg. 

 

When the dynamics of EFE·Fe(III)·OO.-·2OG·L-Arg were assessed by PCA (Figure 3a), three 

regions were identified as the most flexible: (i) 𝛽𝛽4, 𝛽𝛽5, and the loops connecting them (residues 

80-93), (ii) 𝛽𝛽11 and its connecting loops (residues 211-245), and (iii) 𝛽𝛽15 and the loop connecting 

it to 𝛼𝛼8 (residues 291-303). The high flexibility of these regions is interesting given their specific 

roles. 𝛽𝛽4, 𝛽𝛽5, and their loops are involved in L-Arg stabilization. 𝛽𝛽11 and its loops shield the active 

site from solvent exposure and provide some L-Arg stabilization. The motions of 𝛽𝛽15 and its loop 



affect 𝛽𝛽14, which forms the unique hydrophobic environment of the EFE active site. PCA also 

shows the direction of motion of the region made up of 𝛽𝛽4, 𝛽𝛽5, and its loops with that of 𝛽𝛽11 are 

towards each other, potentially increasing their interactions. The interdependent motions of 

these regions are further confirmed by the DCCA, which shows region (iii) is dynamically anti-

correlated with regions (i) and (ii), suggesting the motion of region (iii) affects the motions of 

regions (i) and (ii) (Figure 3b). DCCA also shows region (ii) exhibits anti-correlated motion with 

the region (i). These findings are significant as the effect of such long-range influences is 

experimentally shown in EFE. For example, the E215A variant that is altered in the region (ii) 

nearly abolishes the activity of EFE.7 R171, which stabilizes the C1 carboxylate of 2OG shows 

strong synchronous (positive correlated) motions with nearby residues in 𝛽𝛽6 and 𝛽𝛽14 (residues 

94-100 and 279-284). The DCCA results also demonstrate the anti-correlated motion of region 

(iii) with the EFE active site hydrophobic residues such as F283, F250, and A281 that interact with 

dioxygen (when 2OG is bound in the off-line mode) or with the C1 carboxylate of 2OG (when 2OG 

is bound in the in-line mode). The results thus indicate that 𝛽𝛽4, 𝛽𝛽5, 𝛽𝛽11, 𝛽𝛽15 and their loop 

regions are flexible and have inter-dependent motions in the EFE·Fe(III)·OO.-·2OGoff-line·L-Arg 

complex that might influence the active-site interactions, including L-Arg and 2OG stabilization 

via long-range correlated motions.   

 



 

Figure 3. Overall protein dynamics in the EFE·Fe(III)·OO.-·2OGoff-line·L-Arg complex. (a) Principal component 

analysis shows the regions containing residues 80-93, 210-240, and 290-305 to be among the most 

dynamic regions. The color gradient, yellow to blue, indicates the direction of motion, also highlighted by 

the red arrow. (b) Dynamic cross-correlation analysis shows the motion of regions containing residues 80-

93, 210-240, and 290-305 are correlated with each other. Positive values of correlation (light blue) indicate 

the protein regions move together in the same direction. Negative values of correlation (pink) indicate 

the protein regions move in the opposite direction. 

 

3.2.1 Reaction mechanism from EFE·Fe(III)·OO.-·2OGoff-line·L-Arg using  L-Arg conformation A 

Prior crystallographic evidence for two L-Arg conformations in EFE led to the proposal 

that conformation A facilitates substrate hydroxylation while conformation B plays a role in 

ethylene formation.8 To explore whether these L-Arg binding modes account for the branched 

mechanism, we initiated QM/MM potential energy surface calculations using the two substrate 

conformations obtained from the MD simulation of the EFE·Fe(III)·OO.-·2OGoff-line·L-Arg complex.    



 

Figure 4. O2 activation mechanism of EFE with L-Arg in conformation A (A) and 2OG in off-line (O) 

coordination mode. a) The proposed mechanistic pathway. b) Potential energy surface for the O2 

activation pathway. c) QM geometries of QM/MM optimized intermediates and transition states. The 

hydrogen atoms are hidden for clarity. Bond lengths are labeled in angstroms.  

 

As shown in Figure 4, the EFE·Fe(III)·OO.-·2OGoff-line·L-Arg reactant complex with L-Arg in 

conformation A (A) and 2OG in the off-line (O) mode (AO-RC1) was QM/MM optimized. The 

reaction proceeds with the attack of the distal oxygen (Od) on C2 of 2OG, leading to 

decarboxylation. The activation barrier for the decarboxylation is 11.4 kcal/mol (all energy 

barriers are reported at the QM(B2+ZPE)/MM level of theory). AO-TS1 has an Od-C2 distance of 

1.43 Å, and its C1-C2 bond is elongated to 1.61 Å.  EDA identified residues stabilizing AO-TS1 with 



respect to AO-RC1, including R171 by -1.0 kcal/mol (Figure S5). The Fe-coordinating H189 plays 

a destabilizing role for AO-TS1 by 1.73 kcal/mol. Other residues surrounding AO-TS1 include 

F283, F250, and A281. The product of the reaction is a well-established succinyl-peroxide 

intermediate (AO-IM1). The activation barrier for decarboxylation matches well with values 

obtained in a previous computational study of EFE9 and with other 2OG-dependent enzymes like 

PHF8, AlkB, AlkbH2.27,28,30,41,42,43 The next step, cleavage of the O-O bond occurs with a negligible 

energy barrier from the succinyl-peroxide intermediate (AO-IM1) leading, via an unstable half-

bond intermediate (AO-IM2), to a ferryl species (AO-IM3). Since we started with off-line bound 

2OG, the generated ferryl points away from the substrate. It is proposed that a flip towards a 

catalytically productive in-line orientation occurs at the stage of the off-line ferryl or at an earlier 

intermediate. The mechanistic pathways for such a flip were previously explored, for example, in 

PHF8, AlkBH2, and AsqJ.27,42,43 In order to explore the L-Arg hydroxylation step,  an in-line ferryl 

(AO-IM4) was QM/MM optimized (note: the designation of this intermediate retains the 

nomenclature of the above species from which it is derived even though off-line no longer 

applies).  



 

Figure 5. The hydrogen atom transfer and rebound hydroxylation mechanism in EFE with L-Arg in 

conformation A (A) and an in-line ferryl species (the designation O is retained because the starting 2OG was 

off-line). a) The proposed mechanistic pathway. b) Potential energy surface for HAT and rebound 

hydroxylation. c) QM geometries of QM/MM optimized intermediates and transition states. The hydrogen 

atoms and CO2 molecule are hidden for clarity. Bond lengths are labeled in angstroms.  

 

The properly directed ferryl intermediate (AO-IM4) abstracts hydrogen from C5 of L-Arg 

to produce a substrate-based radical and an Fe(III)-OH intermediate (AO-IM5) as shown in Figure 

5. The energy required to cross the transition state (AO-TS3) for hydrogen abstraction (the rate-



determining step for the hydroxylation reaction) is 15.7 kcal/mol. AO-TS3 has an Op-Hc distance 

of 1.30 Å and an Hc-C distance of 1.27 Å. The residues stabilizing AO-TS3 include R171 and F283. 

The hydroxylation of L-Arg is completed by a rebound of the hydroxyl group to C5 (AO-PD) with 

an activation barrier of 6.8 kcal/mol. The energetics and structural features of the transition 

states and intermediates for hydroxylation match well with previous computational studies on 

EFE and similar non-heme iron/2OG-dependent enzymes like PHF8, AlkB, and AlkBH2.9,30,42-47 

We also explored the possibility of the five-coordinated (5C) ferryl species (AO-IM4) 

converting to a six-coordinated (6C) ferryl intermediate (AO-IM4-6coord), where the succinate 

coordinates to the iron in a bidentate fashion, before performing subsequent reaction 

mechanism steps (Figure S6 and S7). The conversion from 5C to 6C ferryl possesses an energy 

barrier of 5.4 kcal/mol, and the 6C ferryl AO-IM4-6coord is 3.1 kcal/mol higher in energy in 

comparison to the 5C ferryl (AO-IM4). The hydrogen atom abstraction starting from AO-IM4-

6coord has an energy barrier of 14.3 kcal/mol, passing through a 6C TS (AO-TS3-6coord) to give 

a substrate-based radical and a 6C Fe(III)-OH intermediate AO-IM5-6coord. The energy barrier 

for 6C HAT is lower by 1.4 kcal/mol than the one for 5C HAT. However, the overall path of the 

conversion from 5C ferryl to  6C ferryl and subsequent hydrogen abstraction exhibits a total 

energy barrier of 17.4 kcal/mol, which is 1.7 kcal/mol higher than the energy required for a direct 

HAT mechanism from the 5C ferryl AO-IM4. Recent spectroscopic studies of 2OG-dependent 

oxygenase TauD showed the ferryl to be present in a five-coordination geometry.48 We, however, 

note that in our calculations, the difference in the activation barriers is relatively small to make 

a rigorous conclusion. The rebound step that completes L-Arg hydroxylation from the 6C Fe(III)-



OH intermediate AO-IM5-6coord is characterized by an energy barrier of 9.1 kcal/mol, which is 

2.3 kcal/mol higher than the one for the 5C rebound reaction.  

 

Earlier experimental studies proposed that F283 might prevent the ferryl flip so that the 

off-line ferryl might lead to ethylene formation.7 Therefore, we further tested the proposal that 

intermediates along with the standard O2 activation mechanism (with L-Arg bound in 

conformation A and 2OG coordinated off-line), including the off-line ferryl, can produce 

ethylene.7,8,49  We calculated the reaction paths for producing ethylene with a reaction 

coordinate combining an increase in the C2-C3 bond length and a reduction in the C3-C4 bond 

length (with numbering retained from 2OG), starting from each of the above intermediates 

(succinyl-peroxide AO-IM1, half-bond AO-IM2, and off-line ferryl AO-IM3). The activation 

energies required to decompose 2OG to form ethylene from AO-IM1, AO-IM2, and AO-IM3 are 

68.1, 19.2, and 43.3 kcal/mol, respectively. Therefore ethylene formation from the succinyl-

peroxide AO-IM1 and the off-line ferryl AO-IM3 intermediates seems unrealistic because of the 

high energy requirement, in agreement with earlier studies of EFE.9 The ethylene formation 

pathway from the half-bond AO-IM2 intermediate has a reasonable barrier, but the stability of 

AO-IM2 is a concern as it very quickly rearranges to AO-IM3. Thus ethylene formation from any 

of the standard O2 activation intermediates for the starting sample with L-Arg in conformation A 

and an off-line 2OG seems unrealistic.  

 

3.2.2 Reaction mechanism from EFE·Fe(III)·OO.-·2OGoff-line·L-Arg using  L-Arg conformation B 



We next performed QM/MM optimization of the EFE·Fe(III)·OO.-·2OG·Arg intermediate 

with L-Arg in conformation B (B) and 2OG bound in the off-line (O) mode (BO-RC1) to explore 

how the change of the L-Arg conformation might influence the direction of the chemical 

transformations (Figure 6). Despite using the same reaction coordinate, i.e., with the Od oxygen 

attacking C2 of 2OG, the succinyl peroxide intermediate was not produced. Rather, oxygen attack 

using this substrate conformation led to breakage of the C1-C2 bond in 2OG with the formation 

of bonds between C1 and the proximal oxygen (Op) and between Od and C2 (BO-IM1). In contrast 

to the reaction forming the succinyl-peroxide intermediate AO-IM1, carbon dioxide is not 

produced. The activation barrier to cross BO-TS1 was found to be 10.0 kcal/mol. The Od-C2 and 

C1-C2 distances in BO-TS1 are 1.42 Å and 1.62 Å, respectively, (Figure 6) with an imaginary 

frequency of -85.69 cm-1 along the C1-C2 bond axis (Figure S8). EDA identified residues stabilizing 

BO-TS1 with respect to BO-RC1, including R171 by -1.2 kcal/mol (Figure S9). The Fe-coordinating 

H189 plays a destabilizing role for BO-TS1 by 0.96 kcal/mol. The other residues surrounding BO-

TS1 include F283, A281, and F250. R171 exhibits correlated motions with 𝛽𝛽6 and 𝛽𝛽14, while the 

hydrophobic region containing residues F283, F250, and A281 has correlated motions with 𝛽𝛽15.  

The peroxic anhydride species (BO-IM1) was previously proposed as an intermediate for 

the ethylene-forming mechanism,9 but in that case, the species was suggested to arise by a very 

different process – an insertion of CO2 into the Fe-peroxysuccinate bond. The addition of CO2 in 

the previous study was forced by the reaction coordinate in the presence of conformation A of 

L-Arg.9 To explore in detail the formation of BO-IM1 in our calculations, we repeated the relaxed 

potential energy scan by including the C1-C2 bond in the reaction coordinate with the attack of 

Od on C2 of 2OG as we could not locate any structure between BO-TS1 and BO-IM1 in previous 



scans (Figure S10), even with a smaller step size of 0.025 Å.  The relaxed potential energy scan 

located a pre-BO-IM1 structure (Figure S11) and suggests that after BO-TS1, the CO2 separates 

and then forms a bond with Op, as it is oriented close to the Op (2.58 Å between Op and C1 of 

CO2).  However, we are unable to freely optimize the pre-BO-IM1 structure, as it converges to 

the geometry of BO-IM1, indicating the formation of the Op-C1 bond is highly favorable in 

structures with L-Arg in conformation B. Furthermore, it is important to note that while a relaxed 

potential energy scan allows structures to relax, it cannot comprehensively account for the 

flexibility of the active site and the entire enzyme. It might be possible that if such flexibility is 

accounted for more comprehensively within the reaction path calculations, we could see a more 

favorable positioning of C1 with respect to Op. Such insight can be done either by i) performing 

the reaction path calculations using restrained QM/MM MD (e.g., QM/MM Potential of Mean 

Force or QM/MM Metadynamics); or ii) performing a series of potential energy scans using 

multiple (five or more) initial structures conditions taken from MD. However, both approaches 

are very computationally demanding and would be the subject of future studies. 

 



 

Figure 6. The ethylene-forming mechanism of EFE with L-Arg in conformation B (B) and 2OG in off-line 

(O) coordination mode. a) The proposed mechanistic pathway. b) Potential energy surface for the 

ethylene-forming pathway. c) QM geometries of QM/MM optimized intermediates and transition states. 

The hydrogen atoms are hidden for clarity. Bond lengths are labeled in angstroms.  

 



Similar to the O-O cleavage step in the standard O2 activation mechanism (Figure 4), 

where two electrons are transferred from Fe in a stepwise fashion, forming an Fe(III) half-bond 

intermediate (AO-IM2), and then an Fe(IV) ferryl intermediate (AO-IM3),28 the BO-IM1 

intermediate undergoes two one-electron transfers. The reaction passes through a transition 

state (BO-TS2) with an energy barrier of 3.0 kcal/mol and forms the BO-IM2 intermediate with a 

partial O-O bond, labeled as a half-bond ferric-bicarbonate intermediate with bound succinate. 

The distance between the two oxygen atoms is 2.2 Å with a radical shared between them (spin 

density of -0.54 and -0.22 on Od and Op). A finer relaxed potential energy surface scan with a 

smaller step size (0.025 Å) shows two new intermediates with energies very close to BO-IM2 

(Figure S12)- an Fe(III)-bicarbonate intermediate with completely cleaved O-O bond and a radical 

on the C5 carboxylate of succinate (BO-IM3, retaining the numbering from 2OG, with the 

geometry shown in Figure S13) and another intermediate (BO-IM4) with a delocalized radical 

over the succinate carbon chain (Figure S14). The BO-IM4 undergoes C2-C3 bond decomposition 

(with an energy barrier of 11.6 kcal/mol from BO-IM2), to form a propionate radical and carbon 

dioxide (pre-BO-PD, Figure S15). Upon free optimization, pre-BO-PD decomposes to ferrous-

bicarbonate, ethylene, and two carbon dioxide molecules (BO-PD).  

The reaction path calculations were repeated using snapshots of the L-Arg conformations 

A and B from molecular dynamics, and similar results were obtained (Figure S16-S20).  

 

3.3 Electronic structure analysis of O2 activation and the ethylene-forming mechanism of EFE 

To explore how the different L-Arg conformations and interactions influence the 

electronic structure of the EFE Fe center that leads to ethylene formation vs. the hydroxylation 



mechanism, we performed a detailed molecular orbital analysis. 2OG is coordinated to the Fe 

center in an off-line mode;7,8 hence the orbital axes are labeled accordingly. The z-axis is directed 

along with the Fe-O1 bond (where O is part of C1 carboxylate of 2OG), the y-axis is along Fe-O2 

(the keto oxygen atom of 2OG), and the x-axis is Fe-O2 (Figure 7). The reactant complex with L-

Arg in conformation A (AO-RC1) is an Fe(III)-superoxo complex with a high-spin Fe(III) center 

(S=5/2) that is antiferromagnetically coupled to the superoxo anion radical (S = ½). The electronic 

configuration of AO-RC1 is ↿dyz ↿dxy ↿dxz ↿dz2 ↿dx2-y2 ⇂π*⊥ ⥮π*∣∣. The bonding between the iron and 

dioxygen originates from singlet coupling between the Fe dxz and the π*⊥  orbital of the O2, as 

seen in the natural orbitals (NO) and the spin natural orbitals (SNO) (Figure 7a). As the oxygen 

attacks C2 of 2OG, resulting in decarboxylation, two electrons from the σC1-C2 bond orbital of 2OG 

are transferred to the Fe-O bond orbitals. An 𝛼𝛼 electron is transferred to the π*⊥ orbital of the 

dioxygen, while a 𝛽𝛽 electron is transferred to the dxz orbital of Fe. The resulting electronic 

structure for the succinyl-peroxide intermediate (AO-IM1) is ↿dyz ↿dxy ⥮dxz ↿dz2 ↿dx2-y2 ⥮π*⊥ ⥮π*∣∣. 

The subsequent homolytic cleavage of the Op-Od bond in the succinyl-peroxide intermediate is 

effectively achieved by another two-electron transfer, this time from Fe (II) in a two-step process. 

The first electron is transferred from the dxz orbital of Fe to the σ*Op-Od orbital of dioxygen. This 

transfer results in the half-bond intermediate (AO-IM2). Then the second electron is transferred 

from the dx2-y2 orbital of Fe to the σ*Op-Od orbital of dioxygen to complete the Op-Od bond cleavage. 

This step yields the final intermediate from the oxygen activation mechanism - the off-line ferryl 

(AO-IM3) with an electronic configuration of ↿dyz ↿dxy ↿dxz ↿dz2 0dx2-y2. Upon rearrangement of ferryl 

to the in-line ferryl (AO-IM4), the electronic configuration shifts to ↿dyz ↿dxy ↿dxz ↿dx2-y2 0dz2. HAT 

then occurs through a 𝜎𝜎* transfer from the 𝜎𝜎CH orbital of C5 in L-Arg to the dz2 orbital of the ferryl, 



leading to an electronic structure of ↿dyz ↿dxy ↿dxz ↿dz2 ↿dx2-y2 in the Fe(III)-OH intermediate (AO-IM5) 

and a substrate based unpaired 𝛽𝛽 electron.  

 

Figure 7. Change in bonding character of the Fe-O bond shown using natural orbitals and spin natural 

Orbitals in Fe-OO-. upon changing the L-Arg conformation from A to B. The hydrogen atoms are hidden, 

and the orientation of the Fe center is rotated for clarity in depicting orbitals. 

 

 The electronic structure analysis of the Fe center in the reactant complex with L-Arg in 

conformation B (BO-RC1) shows a different electronic configuration of ↿dxy ↿dxz ↿dyz ↿dx2-y2 ↿dz2 ⥮π*⊥ 

⇂π*∣∣. Importantly, the unpaired 𝛽𝛽 electron of the superoxo anion radical is present in the π*∣∣ 

dioxygen orbital instead of the π*⊥ orbital as for AO-RC1. A previous QM calculation for a non-

heme quintet model system showed a switching of the dioxygen orbital with the unpaired 𝛽𝛽 

electron, as seen in the electronic configuration of AO-RC1 and BO-RC1, which are isoenergetic 



in the absence of a protein environment.50 Based on current calculations, we hypothesize that 

one possible reason for the unpaired 𝛽𝛽 electron switching in EFE can be the destabilization of the 

π*∣∣ dioxygen orbital by exchange repulsion with F283.  The side chain of F283 can be seen to 

come slightly closer towards Op for conformation B than for conformation A, which may 

potentially destabilize the π*∣∣ dioxygen orbital in conformation B (Figure S21 and S22). However, 

further calculations using restrained QM/MM MD (e.g., QM/MM Potential of Mean Force or 

QM/MM Metadynamics) that can comprehensively account for the flexibility around the active-

site of EFE  may be required to confirm this hypothesis. This finding may also explain why 

substituting residues in the hydrophobic region of the EFE active site completely abolishes the 

ethylene-forming reaction while retaining varying levels of hydroxylation activity7 – by potentially 

changing the hydrophobic interactions with respect to the O2 and disrupting the electronic 

structure changes that lead to ethylene formation. As the unpaired 𝛽𝛽 electron is present in the 

π*∣∣ dioxygen orbital, the Fe-O2 bond is formed by a singlet coupling between the Fe dx2-y2 and the 

π*∣∣ orbital of the dioxygen as seen in NO and SNO (Figure 7b). The Op-C1 bond that is present in 

BO-IM1, but not in AO-IM1, is perpendicular to the Fe-O bond and is formed with the overlap of 

the non-bonding π*⊥ orbital of dioxygen and a C1 orbital. The O2 attack on C2 of 2OG transfers 

two electrons from the σC1-C2 bond orbital of 2OG with one electron going to the π*∣∣ orbital of 

superoxo and the other electron to the dx2-y2 orbital of Fe, giving an electronic configuration of 

↿dxy ↿dxz ↿dyz ⥮dx2-y2 ↿dz2 ⥮π*⊥ ⥮π*∣∣ for BO-IM1. Subsequently, a half-bond ferric-bicarbonate 

intermediate (BO-IM2) is generated as a 𝛽𝛽 electron from the Fe dx2-y2 orbital is transferred to the 

σ*Op-Od orbital of dioxygen. In contrast to the standard O-O bond cleavage (from AO-IM2 to AO-

IM3), here the second electron required to complete breakage of the Op-Od bond is transferred 



from the C5 carboxylate of succinate (using the original 2OG numbering) to the σ*Op-Od orbital. 

Therefore, the resulting intermediate BO-IM3 is a ferric Fe(III)-bicarbonate intermediate with a 

radical on C5 carboxylate of succinate. The succinate radical becomes delocalized over the 

succinate carbons to elongate C2-C3 and C4-C5 bonds while slightly reducing the C3-C4 bond 

length in BO-IM4 before decomposing to form ferrous-bicarbonate, ethylene, and two molecules 

of carbon dioxide (BO-PD).   

The switching of the dioxygen orbital containing the unpaired 𝛽𝛽 electron seems to be a 

function of the L-Arg conformation in EFE·Fe(III)·OO.-·2OGoff-line·L-Arg. The location of the 

unpaired 𝛽𝛽 electron determines which O2 π* and Fe d-orbital constitute the 𝜎𝜎Fe-O bond. In the 

case of L-Arg conformation A, where the unpaired 𝛽𝛽 electron is present in the π*⊥ dioxygen 

orbital, the 𝜎𝜎Fe-O bond is formed by the dxz orbital of Fe and π*⊥ dioxygen orbital leaving π*∣∣ as a 

doubly occupied non-bonding orbital. For L-Arg conformation B, the unpaired 𝛽𝛽 electron is 

present in the π*∣∣ dioxygen orbital, and the 𝜎𝜎Fe-O bond is formed by the dx2-y2 orbital of Fe and 

π*∣∣ dioxygen orbital with π*⊥ as a doubly occupied non-bonding orbital. The C1 carboxylate 

approaches Op from the direction perpendicular to the Fe-O bond and thus requires a non-

bonding doubly occupied π*⊥ orbital to form the Op-C1 bond. BO-RC1 has a non-bonding doubly 

occupied π*⊥ orbital, and thus an Op-C1 bond is formed in BO-IM1 while the non-bonding doubly 

occupied orbital is π*∣∣ in AO-RC1 and hence an Op-C1 bond is not formed in AO-IM1. This result 

was confirmed by repeating the electronic structure analysis on two other snapshots (one for 

each of the two substrate conformations); the data are shown in Figure S23. Thus, the difference 

in the Fe-O2 bonding orbitals and the resulting non-bonding dioxygen orbital leads to the 



formation of a chemically different BO-IM1 intermediate with different orbital occupations, 

which separates the ethylene pathway from hydroxylation. 

 

3.4 Rearrangement between the coordination modes of 2OG prior to O2 binding 

The EFE·Mn·2OG crystal structure (PDB ID 5V2X) shows 2OG in monodentate coordination to Fe, 

whereas the EFE·Fe·NOG·L-Arg and EFE·Mn·2OG·L-Arg crystal structures (PDB ID 5LUN and 5V2Y) 

show bidentate off-line binding of 2OG.7,8 The crystal structures and QM/MM calculations on 

similar non-heme Fe 2OG-dependent enzymes like PHF8, KDM4A, AlkB, and AlkBH2 showed the 

2OG could exist in both off-line and in-line bidentate coordination to Fe.42,43,51-55 To explore the 

2OG coordination mode in EFE prior to O2 binding, we started by optimizing the five-coordinate 

EFE·Fe·2OG·L-Arg complex. The QM/MM optimized enzyme-substrate complex of EFE·Fe·2OGoff-

line·L-Arg (AO-ES) has the L-Arg in conformation A and 2OG in the off-line coordination mode 

(Figure S24). The torsion angle derived from NH189-Fe-O2-O1 can be used to differentiate the 

coordination modes of 2OG, with around 90° representing the off-line coordination mode and 

around 180° representing the in-line coordination mode. AO-ES has Fe-O1 and Fe-O2 bond 

lengths of 2.04 Å and 2.27 Å, respectively, and an NH189-Fe-O2-O1 torsion angle of 109.8o. In order 

to reveal the barrier for the transition from off-line to in-line 2OG coordination, we performed a 

scan of the potential energy surface by gradually rotating the dihedral angle NH189-Fe-O2-O1 from 

109.9o towards 180.0o to generate the in-line bound 2OG structure. The energy barrier for the 

rotation is 21.8 kcal/mol, and the in-line bound 2OG five-coordinate EFE enzyme-substrate 

complex (AI-ES) is higher in energy by 20.9 kcal/mol compared to the off-line bound complex 

(AO-ES). AI-ES has Fe-O1 and Fe-O2 bond lengths of 1.99 Å and 2.31 Å with a dihedral angle NH189-



Fe-O2-O1 of 168o (Figure S24). The much stronger stabilization of AO-ES with respect to AI-ES, by 

20.9 kcal/mol, suggests that the off-line coordination of 2OG to the Fe-center is highly favored 

over the in-line 2OG coordination before O2 binds to EFE. The energy barrier of the 

transformation from AO-ES to AI-ES is 21.8 kcal/mol. The calculations using conformation B of L-

Arg at the five-coordination stage show the same results (Figure S25). Even after O2 binding in 

EFE, the comparison of the QM/MM optimized structures energies show a trend similar to the 

AO-ES and AI-ES energies, the off-line 2OG binding mode in EFE is more stable by 22.6 kcal/mol 

as compared to the in-line 2OG binding mode. In contrast, similar QM/MM calculations in PHF8 

and AlkBH2 show the transition from off-line 2OG to in-line 2OG before O2 binding is 1.4 and 2.9 

kcal/mol, respectively, with the in-line coordinated 2OG slightly more stable than the off-line 

species.42,43 The preference for an off-line coordination mode in AO-ES of EFE can be due to the 

strong C1 carboxylate stabilization by R171, which is not maintained in the in-line coordination 

mode. QM/MM level analysis of an R171A variant shows an energy barrier for transforming AO-

ES to AI-ES of only 9.6 kcal/mol compared to 21.8 kcal/mol calculated for the wild-type protein. 

Importantly, the R171A variant makes the AI-ES slightly more stable than AO-ES  (by 2.95 

kcal/mol). This results in a dramatic change from the wild-type enzyme where the AO-ES was 

strongly stabilized by 20.9 kcal/mol versus AI-ES. Furthermore, EFE exhibits a significantly 

hydrophobic environment around the C1 carboxylate for the in-line coordinated 2OG, which is 

not the case for PHF8, AlkB, and AlkBH2. Thus, R171 stabilization in the off-line coordination 

mode and the presence of a highly hydrophobic environment in the in-line coordination mode of 

2OG might explain the preference for off-line coordination to the Fe center in EFE before O2 

binding. 



 

3.5 Dynamics of the EFE·Fe(III)·OO.-·2OG·L-Arg with 2OG in the in-line coordination mode 

The crystal structures of EFE·Fe·NOG·L-Arg and EFE·Mn·2OG·L-Arg (PDB ID 5LUN and 

5V2Y) and the results of 2OG rearrangement before O2 binding indicate the enzyme prefers to 

bind 2OG in the off-line mode in the presence of L-Arg.7,8 However, experiments on the non-

heme Fe and 2OG-dependent KDM2A show that binding nitric oxide (an analog of O2) can 

influence other binding modes of Fe center.56 We wanted to investigate if O2 binding by EFE leads 

to an in-line bound 2OG and then determine whether this species can produce ethylene. We 

carried out a 1 𝜇𝜇s MD simulation starting with the EFE·Fe(III)·OO.-·2OGin-line·Arg complex (Figure 

S26). Similar to the MD trajectory of the off-line bound 2OG intermediate, the in-line bound 2OG 

dynamics show L-Arg exists in both conformations A and B (Figure S27). In contrast to the 7.5-

fold preference for conformation B during off-line 2OG dynamics, this preference was less than 

two-fold during in-line 2OG dynamics – conformation A occurs in 36.7% of the trajectory and 

conformation B in 63.3%. Also, the switching between the L-Arg conformations is not as frequent 

as in the off-line bound 2OG dynamics. A hydrogen bond between 𝜂𝜂2 NH2 of the L-Arg 

guanidinium and the D191 carboxylate was present in 68% of the MD snapshots, and a hydrogen 

bond between the  𝜀𝜀 NH and D191 carboxylate was seen in 25% of the MD snapshots. The C5 

carboxylate, as found for the off-line bound 2OG dynamics, does not possess a strained torsion 

angle for the O3-C5-O4 and C3-C4-C5 planes (Figure S28). The C5 carboxylate exhibits a hydrogen 

bonding interaction with the R277 (90%). Shifting the 2OG coordination from off-line to in-line 

leads to a loss of the C1 carboxylate stabilization by R171, and the carboxylate becomes 

surrounded by a set of hydrophobic residues including F283, A281, V196, A198, and F250 (Figure 



S29). In contrast to the off-line bound 2OG dynamics, in the simulation with the in-line 2OG, the 

peptide bond relaxes to an average value of 186.1o, without much deviation, indicating the 

changes in the Fe center might affect the backbone orientations of D191 and Y192 (Figure S30) 

and again suggesting the twisted peptide bond is not critical to EFE catalysis. 

The overall dynamics of the EFE·Fe(III)·OO.-·2OGin-line·Arg complex also shows a notable 

difference from the dynamics of the reactant complex with off-line bound 2OG (Figure 8). PCA 

shows only the region containing 𝛽𝛽4, 𝛽𝛽5 and the loops connecting them (residues 80-93) show 

some flexibility while the motions in the regions 𝛽𝛽11, 𝛽𝛽15, and their loops are lost. Also, the 

region with 𝛽𝛽4, 𝛽𝛽5, and their loops move in the direction away from 𝛽𝛽11, which is opposite to 

the direction of motion in the off-line 2OG dynamics. DCCA of the dynamics shows the loss of 

correlated motions from the region of 𝛽𝛽11, 𝛽𝛽15, and their loops. Thus, the results highlight how 

the change in the coordination mode of the 2OG has the potential to influence the long-range 

correlated motions of EFE.  

 

Figure 8. The overall protein dynamics in the EFE·Fe(III)·OO.-·2OGin-line·L-Arg complex. (a) PCA shows a lack 

of motion in the regions containing residues 210-240 and 80-93 compared to what was found for the off-



line 2OG dynamics, whereas the dynamics are reduced with an altered direction of motion for residues 

290-305. The color gradient yellow to blue indicates the direction of motion, also highlighted by the red 

arrow. (b) DCCA shows loss of the correlated motions in the regions containing residues 290-305, 210-

240, and 80-93 in comparison to off-line 2OG dynamics. Positive values of correlation (light blue) indicate 

the region of protein moves together in the same direction. Negative values of correlation (pink) indicate 

the regions of protein move either in the same direction to each other or away from each other. 

 

3.6 Reaction mechanism from EFE·Fe(III)·OO.-·2OGin-line·L-Arg using two L-Arg conformations  

To explore whether the in-line coordination mode of 2OG affects ethylene formation for the two 

L-Arg conformations, structures of each substrate conformation were used from the dynamics 

for calculations of the potential energy surface. For one snapshot, the reactant complex 

EFE·Fe(III)·OO.-·2OGin-line·Arg with L-Arg in conformation A (A) and 2OG bound using the in-line (I) 

mode (AI-RC1) was QM/MM optimized (Figure 9). The reaction coordinate of the Od oxygen 

attack on the C2 atom of 2OG led to decarboxylation and formation of a far more stable succinyl-

peroxide intermediate (AI-IM1) than in the off-line mode with conformation A. The activation 

barrier for decarboxylation with in-line bound 2OG is higher at 15.2 kcal/mol as compared to 11.4 

kcal/mol for off-line bound 2OG with the same L-Arg conformation A. EDA shows the reason for 

higher energy required to cross the AI-TS1 is in part due to destabilization by the Fe-coordinating 

H268 (by 2.43 kcal/mol) on the AI-TS1 in comparison to the AI-RC1 (Figure S31). From AI-IM1, a 

half-bond intermediate (AI-IM2) is formed with a negligible barrier and quickly rearranges to give 

a ferryl intermediate (AI-IM3). Since the formation of a ferryl intermediate (AI-IM3) is from an 

in-line bound 2OG, no rearrangement is required, and this intermediate can directly proceed to 

L-Arg hydroxylation.  



 

Figure 9. The O2 activation mechanism of EFE with L-Arg in conformation A (A) and 2OG in the in-line (I) 

coordination mode. a) The proposed mechanistic pathway. b) Potential energy surface for the O2 

activation pathway. c) QM geometries of QM/MM optimized intermediates and transition states. The 

hydrogen atoms are hidden for clarity. Bond lengths are labeled in angstroms.  

 

The ferryl intermediate (AI-IM3) abstracts a hydrogen atom from the C5 methylene of L-Arg with 

an energy barrier of 12.0 kcal/mol to generate a ferric-hydroxyl intermediate (AI-IM4) (Figure 

S32). The HAT transition state (AI-TS3) is stabilized by 3.7 kcal/mol as compared to the off-line 

2OG bound snapshot’s HAT transition state (AO-TS3) with the same A conformation of the 

substrate. The conversion from 5C ferryl (AI-IM3) to 6C ferryl and then performing hydrogen 

atom abstraction involves an energy barrier of 17.8 kcal/mol (Figure S33) which is higher than 



direct hydrogen abstraction step from the 5C ferryl intermediate by 5.8 kcal/mol  - a more 

substantial difference than for off-line 2OG and L-Arg conformation A calculations.  

The ferric hydroxyl intermediate (AI-IM4) completes hydroxylation of the substrate via a rebound 

mechanism with an energy barrier of 2.0 kcal/mol.  

A snapshot from the dynamics for the reactant complex EFE·Fe(III)·OO.-·2OGin-line·Arg (BI-

RC1) with L-Arg in conformation B (B) and 2OG bound in in-line (I) mode was QM/MM optimized 

(Figure 10). From BI-RC1, the reaction coordinate for the Od attack on C2 of 2OG led to the 

formation of a succinyl-peroxide intermediate (BI-IM1). The energy barrier for the process was 

quite high, at 21.8 kcal/mol. EDA shows that, in contrast to the stabilizing role of R171 in the off-

line bound 2OG BO-TS1, R171 plays a highly destabilizing role (by 6.0 kcal/mol) in BI-TS1 with 

respect to BI-RC1 (Figure S34). Subsequently, the half-bond intermediate (BI-IM2) is formed with 

a very low barrier and quickly rearranges to give a ferryl intermediate (BI-IM3). Since L-Arg is in 

conformation B, which is not very energetically efficient for hydrogen abstraction, the energy 

barrier for the step is 22.1 kcal/mol (Figure S35). The conversion from 5C ferryl to 6C ferryl for 

this case, and the 6C ferryl (BI-IM3-6coord) performing the hydrogen abstraction step slightly 

reduces the barrier to 20.7 kcal/mol (Figure S36). The ferric hydroxyl intermediate (BI-IM4) 

obtained from HAT undergoes rebound to complete the hydroxylation of L-Arg with an energy 

barrier of 9.1 kcal/mol, which is a lot higher than with conformation A Thus, the calculations show 

the in-line bound 2OG cannot produce ethylene from either the A or B conformations of L-Arg. 

The two L-Arg conformations may undergo hydroxylation even though the process is not 

energetically efficient for conformation B.  



 

Figure 10. The O2 activation mechanism of EFE with L-Arg in conformation B (B) and 2OG in the in-line (I) 

coordination mode. a) The proposed mechanistic pathway. b) Potential energy surface for the O2 

activation pathway. c) QM geometries of QM/MM optimized intermediates and transition states. The 

hydrogen atoms are hidden for clarity. Bond lengths are labeled in angstroms.  

 

 We next examined the effect of L-Arg conformation on the electronic structure in the 

systems with in-line 2OG binding to assess whether they correlate with the off-line bound 2OG 

structures. Because the O2 and 2OG C1 carboxylate binding positions at the Fe center are 

swapped, the orbitals were relabeled accordingly. The z-axis is directed along with the Fe-O2 

bond, the y-axis is shown by Fe-O2 (where O is in the C2 keto group of 2OG), and the x-axis is 

along Fe-O1 (part of the C1 carboxylate of 2OG). The orbital analysis of the reactant with 

conformation A of L-Arg (AI-RC1) shows the unpaired 𝛽𝛽 electron present in the π*⊥ oxygen and 



an electronic configuration of ↿dyz ↿dxy ↿dxz ↿dz2 ↿dx2-y2 ⇂π*⊥ ⥮π*∣∣. The Fe-O2 bonding character 

originates from the singlet coupling between the Fe dxz and the π*⊥  orbital of the O2 (Figure S37), 

as seen in the off-line 2OG and L-Arg conformation A structure (AO-RC1).  The unpaired 𝛽𝛽 

electron changes to the π*∣∣ orbital of dioxygen in the in-line 2OG and L-Arg conformation B 

structure (BI-RC1). Thus, the electronic configuration of BI-RC1 is ↿dxy ↿dxz ↿dyz ↿dx2-y2 ↿dz2 ⥮π*⊥ ⇂π*∣∣, 

and the Fe-O2 bonding character for optimum overlap is obtained by a singlet coupling between 

the Fe dz2 and the π*∣∣ orbital of the oxygen (Figure S37). Despite the favorable electronic 

structure being present in BI-RC1, the half-bond ferric-bicarbonate intermediate (BO-IM2) is not 

generated. The reason for this difference is that the in-line binding mode of 2OG lacks C1 

carboxylate stabilization by R171, which is the second important factor (in addition to the 

electronic structure) that is responsible for the formation of BO-IM1 (Figure S29). While the C1 

carboxylate in the off-line coordination mode is stabilized by strong interaction with R171 at the 

active site, the C1 carboxylate associated with the in-line mode of 2OG is surrounded by a 

hydrophobic environment consisting of F283, A281, V196, and F250. The hydrophobic 

environment around the C1 carboxylate does not stabilize the C1 carboxylate in the active site to 

form the Op-C1 bond necessary to form the ferric-bicarbonate line intermediate. Thus, even 

though the switching of the oxygen orbital containing the unpaired 𝛽𝛽 electron is maintained for 

the in-line 2OG structure with conformation A and B of L-Arg, the absence of C1 carboxylate 

stabilization hinders the formation of the necessary intermediates to produce ethylene.  

 

4. Conclusions 



EFE utilizes a non-heme Fe center to catalyze dual reactions using 2OG, dioxygen, and L-

Arg. The hydroxylation of L-Arg follows the mechanism commonly observed in many other 2OG-

dependent oxygenases. In contrast, the decomposition of 2OG by cleaving three C-C bonds to 

produce ethylene and three molecules of CO2/bicarbonate is unique to EFE. We used a combined 

MD and QM/MM approach to explore the determinants for hydroxylation vs. ethylene 

production by EFE. The 1 µs MD of the catalytically important EFE·Fe(III)·OO.-·2OGoff-line·L-Arg 

intermediate, where 2OG is bound to Fe in an off-line mode, indicates L-Arg exists in two 

conformations, A and B. Conformation A has a shorter distance between C5 and the Fe center 

and was proposed to carry out hydroxylation, whereas conformation B with its considerably 

larger distance was suggested to have a role in ethylene formation. PCA and DCCA show 𝛽𝛽4, 𝛽𝛽5, 

𝛽𝛽11, and 𝛽𝛽15 along with their loops have high flexibility with anti-correlated motions in the 

EFE·Fe(III)·OO.-·2OGoff-line·L-Arg intermediate.  Using the two L-Arg conformation structures from 

MD, we further explored the role of the substrate conformations and its associated second 

sphere changes on the mechanism of EFE.  

The QM/MM reaction mechanism calculations show that when 2OG is bound in the off-

line mode, and L-Arg is present in conformation A, the attack by Fe-coordinated O2 on 2OG 

follows the standard O2 activation mechanism with the formation of an off-line ferryl species 

which rearranges to in-line ferryl potentially through a ferryl-flip mechanism and is responsible 

for L-Arg hydroxylation. In contrast, the O2 attack on 2OG using conformation B of L-Arg forms a 

half-bond ferric-bicarbonate intermediate that decomposes to ethylene, two CO2, and a ferrous-

bicarbonate species. To explore how this change in L-Arg conformation affects the mechanism, 

we analyzed the electronic structure of the Fe center for both reactions. Molecular orbital 



analysis shows the dioxygen orbital with the unpaired 𝛽𝛽 electron switches from the π*∣∣  to the 

π*⊥ orbital upon changing in L-Arg conformation. The switching of the dioxygen orbital containing 

the unpaired 𝛽𝛽 electron and the strong 2OG C1 carboxylate stabilization by Arg171 promotes the 

formation of the half-bond ferric-bicarbonate that decomposes to produce ethylene.  

QM/MM calculations on the five-coordinated enzyme-substrate complex of EFE show, in 

contrast to similar 2OG oxygenases like PHF8, AlkBH2, etc., that prior to O2 binding, the 2OG in 

EFE preferentially coordinates in the off-line mode. This preference for off-line coordination is 

likely to be due to the strong C1 carboxylate stabilization by R171 in the off-line mode and the 

unfavorable hydrophobic environment for the in-line coordinationed 2OG. To explore whether 

O2 binding in EFE leads to EFE·Fe(III)·OO.-·2OGin-line·L-Arg that produces ethylene, we performed 

1 µs MD of this species. PCA and DCCA show a loss in flexibility and correlated motions for regions 

containing residues 290-305, 210-240, and 80-93 in EFE·Fe(III)·OO.-·2OGinline·L-Arg. However, the 

change in the 2OG coordination mode does not affect the presence of two L-Arg conformations. 

Despite swapping the unpaired 𝛽𝛽 electron containing oxygen orbitals, ethylene generation does 

not seem feasible for the enzyme with in-line bound 2OG because the C1 carboxylate stabilization 

is lost – a feature that is important for the formation of the half-bond ferric-bicarbonate 

intermediate.  

The overall results identify a synergy between Fe(III)-OO-. orbital changes associated with 

the L-Arg conformation and the 2OG coordination mode associated with C1-carboxylate 

stabilization; the synergy distinguishes the ethylene forming pathway from the hydroxylation 

mechanism in EFE. This finding indicates one may be able to improve ethylene yield in EFE by 



stabilizing the off-line coordination mode of 2OG via modulating the motions in 𝛽𝛽4, 𝛽𝛽5, 𝛽𝛽11, and 

𝛽𝛽15 and by stabilizing conformation B of L-Arg by balancing R171 and E84 interactions.  
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