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Abstract

The non-heme Fe(ll) and 2-oxoglutarate (20G) dependent ethylene-forming enzyme
(EFE) catalyzes both ethylene generation and L-Arg hydroxylation. Despite experimental and
computational progress in understanding the mechanism of EFE, no EFE variant has been
optimized for ethylene production while simultaneously reducing the L-Arg hydroxylation
activity. In this study, we show that the two L-Arg binding conformations, associated with

different reactivity preferences in EFE, lead to differences in the intrinsic electric field (IntEF) of
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EFE. Importantly, we suggest that applying an external electric field (ExtEF) along the Fe-O bond
in the EFE-Fe(lll)-O0~20G:-L-Arg complex can switch the EFE reactivity between L-Arg
hydroxylation and ethylene generation. Furthermore, we explored how applying an ExtEF alters
the geometry, electronic structure of the key reaction intermediates, and the individual energy
contributions of second coordination sphere (SCS) residues through combined quantum
mechanics/molecular mechanics (QM/MM) calculations. Experimentally generated variant
forms of EFE with alanine substituted for SCS residues responsible for stabilizing the key
intermediates in the two reactions of EFE led to changes in enzyme activity, thus demonstrating
the key role of these residues. Overall, the results of applying an ExtEF indicate that making the
IntEF of EFE less negative and stabilizing the off-line binding of 20G is predicted to increase

ethylene generation while reducing L-Arg hydroxylation.

Introduction

Ethylene is among the most important organic chemicals and is an essential building
block in the production of plastics, textiles, antifreeze, PVC pipes, tires, etc.? Ethylene also
plays a vital role as a plant hormone, influencing their growth and development and initiating
fruit ripening.? Industrial ethylene synthesis by the thermal cracking of natural gas and
petroleum requires a high energy input, which involves burning fuels that release large
quantities of greenhouse gases with consequent adverse effects on the environment.*
Therefore, efforts have been directed toward finding new processes to produce ethylene
without generating adverse environmental effects. Interestingly, certain bacteria and fungi can

produce ethylene using the ethylene-forming enzyme (EFE).>® Intensive investigations of EFE
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from Pseudomonas syringae strain PK2 demonstrate that it is a non-heme Fe(ll) and 2-
oxoglutarate (20G) dependent enzyme that uses 20G, dioxygen, and L-arginine (L-Arg) as
substrates.”1* In the primary reaction, EFE catalyzes the decomposition of 20G to generate
ethylene plus two molecules of CO, and bicarbonate. The other reaction catalyzed by EFE is the
oxidative decarboxylation of 20G, forming succinate and CO,, coupled with C5 hydroxylation of
L-Arg to form a product that decomposes to guanidine and L-Al-pyrroline-5-carboxylate
(P5C).10.11 Although enzyme catalysis by EFE releases CO, during the reaction, this level of CO,
production is less than the amount of greenhouse gas released in the industrial processes, and
it can be further reduced by expressing EFE in a cyanobacterium which allows for light-driven
CO, fixation.1>-18

Previous experimental and computational studies of the reaction mechanism of EFE
have demonstrated that its two reactions diverge during the reaction of iron-bound superoxide
with 20G (Scheme 1).121%-21 As seen in other 20G-dependent enzymes, the L-Arg hydroxylation
pathway proceeds through an attack of superoxide on 20G, leading to decarboxylation and
forming a Fe(ll)-succinyl-peroxide intermediate.??2* The Fe(ll)-succinyl-peroxide intermediate
rearranges to form succinate and a ferryl intermediate, which initiates L-Arg hydroxylation
through hydrogen atom transfer (HAT) followed by rebound hydroxylation.!? In contrast, the
ethylene formation pathway involves dioxygen insertion into the C1-C2 bond of 20G, leading to
the formation of a computationally predicted and later experimentally trapped (bi)carbonate
intermediate, which is exclusively linked to ethylene production by EFE.131%-21 Recent
experiments suggested a radical coupling between the propanoate-3-yl and the Fe(lll)-

coordinated carbonate to generate 2-(1-carboxyethyl)carbonate, followed by a Grob-like
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fragmentation to produce ethylene (Scheme 1).13 Despite all the experimental and

in establishing the ethylene-forming and L-Arg hydroxylation

computational progress

mechanisms of EFE, increasing ethylene production while reducing the hydroxylation reaction
remains challenging. Multiple experiments to generate EFE variants showed that they either
suppress or do not increase ethylene production while maintaining different levels of L-Arg
hydroxylation reactivity.”®12142> Therefore, efforts toward identifying factors uniquely affecting
the ethylene and L-Arg hydroxylation reactions in EFE (Scheme 1) are vitally important to guide

the effective design of EFE variants with increased ethylene productivity.
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Scheme 1. Mechanisms and intermediates involved in the ethylene and L-Arg hydroxylation
reactions of EFE. The diverging intermediates for the two reactions are highlighted. The residue

numbers are obtained from the crystal structure geometry (PDB ID:5V2Y)’.

A crystallographic study on EFE first demonstrated that the substrate L-Arg could exist in
two conformations — A and B - which differ in the positioning of the guanidino group and the
C5-methylene where the hydroxylation occurs.® In our previous published study,?® we observed
that these distinct positions affect the subsequent reactions of the enzyme by using a long time
scale (1 ps) molecular dynamics and QM/MM calculations on wild-type (WT) EFE. Even though
the molecular dynamics simulations were started using the L-Arg conformation A,’ the
simulations predicted the conformational transition and some stability of L-Arg conformation B.
Moreover, the results indicated that nearby second coordination interactions were affected by
a change in L-Arg conformation. For example, the crucial stabilization of the C1 carboxylate of
20G by R171, which leads to the formation of the bicarbonate intermediate, is better in L-Arg
conformation B than in L-Arg conformation A. Our calculations on WT EFE supported the
hypothesis that, with off-line bound 20G (i.e., a conformation of 20G that positions the oxygen
binding site such that it does not point toward the L-Arg substrate, Scheme 1), the L-Arg
conformation A favors the L-Arg hydroxylation reaction, and L-Arg conformation B favors the
formation of ethylene.?C To date, there is no experimental evidence to indicate the formation of
an in-line EFE-Fe(lll)-00-"20G-L-Arg complex in EFE (i.e., a 20G conformation that causes the
bound superoxide to point toward L-Arg). The QM/MM studies on WT EFE also indicate that

off-line binding of 20G is preferred in EFE as the transformation from off-line to in-line 20G is
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energetically costly (21.8 kcal/mol)?° in contrast to the same process in histone demethylase
PHF8 (1.4 kcal/mol)?® and DNA demethylase AIkBH2 (2.9 kcal/mol).?” However, if in-line 20G
coordination is stabilized to exist in EFE, this conformation was predicted to only lead to

hydroxylation regardless of the L-Arg conformation.2°

Xue et al. indicated that the intrinsic electric field (IntEF) generated by the EFE protein
scaffold promotes the formation of the Fe(ll)-succinyl-peroxy carbonate intermediate,
ultimately leading to ethylene formation in EFE.® Along these lines, multiple studies have
predicted the importance of electrostatic effects in enzyme catalysis.?8-37 Extending this notion,
Shaik and co-workers have even utilized external electric fields (ExtEF) on several small model
complexes and enzymes to improve their reaction efficiencies and selectivities.3842 A
computational study predicted that an ExtEF applied along the reaction axis of Diels-Alder
reactions can catalyze/inhibit the rate and control its endo/exo selectivity;*? this prediction was
validated by Coote and colleagues in an experimental setup.?* Recently, the role of an IntEF on
the reactivity of a very similar 20G-dependent enzyme, TET2, has been revealed.*> Applying an
ExtEF to the non-heme 20G-dependent KDM4E enzyme was demonstrated to promote HAT
from the C-H group of the methylated arginine substrate.*® Several computational and
experimental reports have proposed that the IntEF of an enzyme provides a preorganized polar
environment that stabilizes the transition state (TS) during enzyme catalysis and influences the

mechanistic crossover in several enzymes and small molecule reactions.31:3247-51
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Figure 1. Two oppositely charged circular plates created with TITAN code are used to generate
a uniform ExtEF on EFE. The negative charge plate is shown in red color, and the positive charge
plate is shown in blue color. The direction of the ExtEF is along the Fe-O bond in all cases. The
inset figures show the EFE-Fe(lll)-O0~-20G-L-Arg complex with different 20G and L-Arg

conformations. The QM region is shown in balls and sticks.

In this study, we show that the IntEF along the Fe-O bond of EFE is predicted to differ
between the 20G/L-Arg binding modes that favor ethylene generation or L-Arg hydroxylation
reactions. We indicate that by applying an ExtEF along the Fe-O bond in the EFE-Fe(lll)-00-
20G:-L-Arg complex (Figure 1), we can switch between the two reaction mechanisms of EFE —
ethylene formation and L-Arg hydroxylation. Furthermore, we elucidate the structural,

electronic, and energetic characteristics of key reaction intermediates for both reactions and
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the individual energetic contributions of EFE residues that are involved in stabilizing reaction-
specific intermediates. We performed experimental studies in which key second coordination
sphere (SCS) residues that stabilize the key intermediates (IMs) of the two EFE reactions were
substituted with alanine; kinetic studies on several of these variants revealed changes in EFE
activity. The results provide mechanistic suggestions on how to switch between the ethylene

and L-Arg hydroxylation reactivity of EFE.

Methods

System Preparation:

A crystal structure of EFE in complex with L-Arg, 20G, and Mn, an analog of Fe (PDB ID: 5V2Y)’
was obtained from the RCSB protein data bank.>> The Mn ion in the crystal structure is modified
to iron (Fe) with an O, bonded end-on using Gauss View.>3 The Fe ion is ligated to two histidines
(H189 and H268) and one aspartate (D191) (all monodentate). In the case of EFE.FE(lIl)-O0°~
.20G 1. jine-L-Arg complex, 20G was in off-line bidentate coordination with Fe. Hydrogens were
added to the ionizable side chains of the protein based on their local environment using the
Chimera tool.>* The topology for 20G and 02 was obtained using the GAFF tool in
Antechamber.>> The Fe(lll) center parameters in its high-spin (HS) state (S=2, M=5) were
obtained using Metal Center Parameter builder (MCPB.py v3.0).°6 The force constant values for
bonds and angles in MCPB were derived at the B3LYP/6-31G* level of theory. The remaining
portion of the protein is modeled using the Amber FF14SB force field.>” The same procedure is

used to derive parameters for the EFE.FE(I11)-00°~.20Gi,.jine.L-Arg complex, where 20G is bound
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with in-line bidentate coordination to Fe. The protein systems are then solvated using TIP3P
water molecules up to 10 A from the farthest protein boundary and neutralized with counter
ions (Na*) using the leap module in Amber 16. The systems obtained were used for MD

simulations.

MD Simulations:

The MD simulations of the prepared systems were performed in the GPU version of the Amber
16 package.”® Periodic boundary conditions were employed in all the simulations. Initial
minimization of the systems involves relaxing only the solvent to remove bad water contact
with the enzyme by applying a restraint of 100 kcal mol! on the enzyme. The second
minimization involves relaxing the whole system, including the enzyme. In each of the above
steps, the system is minimized by 5000 steps of the steepest descent and 5000 steps of the
conjugate gradient methods. The system was then heated gently from 0 to 300k under NVT
ensemble using a Langevin thermostat>® with a collision frequency of 1 ps? for 250ps with a
small restraint of 50 kcal/mol on the enzyme. Further, the system is normalized under the NPT
ensemble for 1 ns at a temperature of 300 K and pressure of 1.0 atm using the Langevin
thermostat and Berendsen barostat,®° respectively. Following that, the system is equilibrated
for 3ns under the same conditions. A production simulation of 1000 ns with a timestep of 2 fs
was carried out from the equilibrated structure under an NPT ensemble with a target pressure
of 1 bar and constant pressure coupling of 2ps. SHAKE®! and Particle Mesh Ewald®? algorithms
were used to constrain the hydrogen bonds and calculate the long-range electrostatic forces,

respectively.
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QM/MM Setup:

The starting QM/MM optimized structures of four EFE-Fe(lll)-O0~-20G-L-Arg complexes were
taken from two MDs of two systems using combinations of two L-Arg and 20G conformations:
(a) L-Arg A and Off-line 20G (AO), (b) L-Arg B and Off-line 20G (BO), (c) L-Arg A and In-line 20G
(Al), and (d) L-Arg B and In-line 20G (BI). The WT EFE calculations for all the above snapshots
were already reported in our previous work.?® The IntEF measurements and the ExtEF plate
generation along the Fe-O bond were done with TITAN (Figure S1).%3 The distance between the
electric field plates is 93.6 A, and between the plates and the surface of the enzyme is 26 and
33.7 A from top and bottom, respectively. The protein retained a water solvation layer
maximum of 12 A from the protein surface. All water molecules further away from 12 A from
the protein were truncated. The QM/MM calculations under ExtEFs were performed using
ChemShell,%* combining TURBOMOLE®> for the QM part and DL_POLY®® for the MM part. The
setup for the QM/MM calculations was kept the same as for the WT EFE calculations?® as the
computational predictions from the WT study were validated by an experimental study on
EFE.X2 The non-heme Fe, the coordinating residues (H189, D191, and H268), 20G, dioxygen, and
the substrate L-Arg were included in the QM region (Figure 1). The calculations were performed
at the ground state (quintet spin state, S=2) of non-heme Fe enzymes.®” The unrestricted B3LYP
functional®® was used to represent the QM region as it has been used to accurately model the
reaction mechanism in studies of the WT EFE!®2! and several similar 20G-dependent

enzymes.26456%-72 A|| protein and water atoms beyond the QM region were included in the MM
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region, and the Amber FF14SB force field was used to represent them.>” The flexible region was
allowed to change its coordinates during optimizations and includes the QM part plus all the
MM atoms within 8 A from the QM part. The remaining part of the system (MM atoms which
are further away than 8 A from the QM part) was kept fixed. Although a study demonstrated
that usually moving atoms further than 6 A from the QM part should not considerably influence
the quality of the calculations,”® we should be cautious about the potential effects of not
optimizing a larger region, for example, such as differences in the geometries and energies of
the optimized structures, and different orientations of the SCS residues among others. QM/MM
boundaries were capped with a hydrogen link atom, and the effect of MM polarization on the
QM region was accounted for using an electrostatic embedding scheme.”* Geometry
optimizations were performed with the def2-SVP [QM(B1)/MM] basis set.”> From the QM/MM
optimized reactant complexes in the presence of an ExtEF, transition states were searched
along the reaction coordinate by a relaxed potential energy scan of step size 0.1 A. The reaction
coordinate tracked the decrease in distance of Oq4 (the distal atom of bound oxygen), the C,
carbon of 20G, and the increase in distance of the 0,-O4 bond. The potential energy surface
(PES) plots of the adiabatic scans of all the systems are given in the SI (Figure S8-S11). In order
to test the choice of the RC and explore the PES comprehensively, we also performed a test 2D
PES calculation. The first dimension was defined by the decrease in the distance between C,
and Ogy(rcl), and the second dimension explored the increase in the distance between O, and
Ogy(rc2). More details about the 2D PES calculations are presented in the Sl (Pages S12-S15).
The highest energy structure from the adiabatic scan was optimized using the DL-Find optimizer

without any restraints.”® The single-point energies were calculated to improve the energies
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using the large all-electron def2-TZVP7> [QM(B2)/MM)] basis set. The zero-point energy
calculations were performed for all geometries, and all final energies in the manuscript are
reported at the [QM(B2+ZPE)/MM] level of theory. Based on the nature of the intermediate
formed, the reaction specificity was determined, i.e., the Fe(ll)-succinyl-peroxide intermediate
and the Fe(ll)-succinyl-peroxy carbonate intermediate were used as indicators for the L-Arg
hydroxylation and ethylene reaction preference respectively.’®> The energy decomposition
analysis (EDA) was performed using a Fortran90 program developed by the Cisneros research
group.”’.78

Biological studies included site-directed mutagenesis, protein purification, and assays
for the production of ethylene and P5C. Several variant proteins were previously described,’
but three new variants were investigated using modified methods. More details are presented

in the SI.

Results and Discussions
Does the IntEF change in the different conformations of 20G and L-Arg?

We first calculated the IntEF along the Fe-O bond in the six reported reactant complexes
(RC) with different L-Arg conformations and 20G binding modes that led to L-Arg hydroxylation
and ethylene formation from our previous EFE calculations.?° The two RC structures containing
L-Arg in conformation A and off-line coordination of 20G (AO-RC), leading to hydroxylation of L-
Arg, have IntEF values along the Fe-O bond of -0.0333 and -0.0346 atomic units (au),
respectively. Two other RC structures with L-Arg in conformation B and off-line coordination of

20G (BO-RC), producing ethylene, have IntEF values of -0.0317 and -0.0319 au. Similarly, the
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snapshot with L-Arg in conformation A and in-line coordination of 20G (AI-RC) has an IntEF
value of -0.0352 au. In comparison, the RC with L-Arg in conformation B and in-line
coordination of 20G (BI-RC) has an IntEF of -0.0296 au. The IntEF analysis suggests that L-Arg
conformation B, associated with ethylene generation where 20G is bound off-line, leads to less
negative IntEF along the Fe-O bond in EFE compared to the L-Arg conformation A that is linked

to the hydroxylation reaction.

Can an ExtEF switch the ethylene and L-Arg hydroxylation reaction mechanisms of EFE?

With no ExtEF applied, the AO conformation of EFE favors the L-Arg hydroxylation
reaction pathway (AO-RC-noExtEF).2° We tested whether applying positive ExtEFs with different
intensities (+0.0025, +0.0050, +0.0075, and +0.010 au) or negative ExtEF (-0.0025, -0.0050, -
0.0075 and -0.010 au) along the Fe-O bond in AO-RC will change its reactivity from L-Arg
hydroxylation to ethylene formation (Figure 2). Indeed, the QM/MM reaction path calculations,
starting from AO-RC under the influence of all four positive ExtEFs, show that the AO reactivity
is predicted to switch to ethylene. The reaction now leads to the formation of a Fe(ll)-succinyl-
peroxy-carbonate intermediate (key intermediate for ethylene formation)®? instead of a Fe(ll)-
succinyl-peroxide intermediate seen in AO-RC-noExtEF (that leads to L-Arg hydroxylation).3
The ethylene-forming reactions are calculated to proceed with energy barriers between 8.5 and
9.8 kcal/mol at the different positive ExtEFs. The QM/MM calculations under the influence of
negative electric fields of -0.0025 and -0.0050 au show the formation of a Fe(ll)-succinyl-
peroxide intermediate, indicating that the L-Arg hydroxylation reaction pathway is preferred.

The reactions are calculated to proceed with energy barriers of 9.8 and 10.5 kcal/mol for the



Physical Chemistry Chemical Physics

AO-RC-0.0025 and AO-RC-0.0050 snapshots with respect to 11.4 kcal/mol in AO-RC-noExXtEF.%°
However, a further change of ExtEF to values of -0.0075 and -0.010 au is predicted to switch the
reactivity of AO from L-Arg hydroxylation to ethylene formation. The Fe(ll)-succinyl-peroxy
carbonate intermediate formation in the AO-RC-0.0075 and AO-RC-0.010 snapshots are
predicted to proceed with energy barriers of 8.8 and 5.8 kcal/mol, respectively. The spin
densities and charges for all stationary points are provided in the SI (Table S1-S16). Thus, the
QM/MM calculations of applying an ExtEF on AO-RC indicate that all magnitudes of a positive
ExtEF and negative values of 0.075 and 0.010 au along the Fe-O bond are predicted to switch

the catalyzed reaction selectivity from L-Arg hydroxylation to ethylene formation.
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Figure 2. Reaction selectivities and energy barriers with respect to the strength of

applied ExtEF along the Fe-O bond for different 20G and L-Arg conformations of EFE — AO, BO,

Page 14 of 34



Page 15 of 34

Physical Chemistry Chemical Physics

Al, and BI. The applied ExtEF is measured in atomic units (au). ExtEF with zero au corresponds

to the WT EFE without any applied ExtEF.

The BO-RC leads to ethylene formation without an ExtEF (BO-RC-noExtEF).2° The
QM/MM calculations with positive electric fields of +0.0025, +0.0050, +0.0075, and +0.010 au,
along the Fe-O bond, show that BO-RC is predicted to retain its preference for the ethylene
formation (Figure 2). The Fe(ll)-succinyl-peroxy carbonate intermediate is created with energy
barriers of 8.8, 7.9, 4.9, and 9.1 kcal/mol, respectively, in BO-RC+0.0025, BO-RC+0.0050, BO-
RC+0.0075, and BO-RC+0.010 reaction calculations. The energy barriers decrease with an
increase of the ExtEF strength in BO-RC complexes until the ExtEF of +0.010 au, when the
barrier rapidly increases. The basis of this interesting trend is unclear and requires further
exploration. We might speculate that after a particular threshold, i.e., after ExtEF of +0.0075,
additional effects quickly became dominant. When applying negative ExtEFs of -0.0025, -0.0050,
and -0.0075 au on BO-RC, there is no predicted change in reaction specificity. However,
increasing the intensity of a negative ExtEF to -0.010 au is calculated to switch the BO-RC
reaction specificity from ethylene formation to L-Arg hydroxylation. The Fe(ll)succinyl-peroxy
carbonate intermediate is generated with an energy barrier of 9.2, 10.9, and 10.6 kcal/mol in
BO-RC-0.0025, BO-RC-0.0050, and BO-RC-0.0075. For comparison, the Fe(ll)-succinyl-peroxide
intermediate in BO-RC-0.010 requires a 10.9 kcal/mol energy barrier. The spin densities and
charges for all stationary points are provided in the Sl (Table S17-S32). Thus, applying a positive

ExtEF to BO-RC is predicted to maintain the reaction preference towards the ethylene reaction,
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while applying a strong negative electric field with a value of -0.010 au could change the

reaction selectivity towards L-Arg hydroxylation.

To date, there is no experimental evidence to indicate the formation of an in-line
EFE-Fe(l1)-00-"20G:-L-Arg complex in EFE, and QM/MM studies on WT EFE have also indicated
that off-line binding of 20G is favored. Nevertheless, we wanted to explore the effects of ExtEF
on the in-line EFE-Fe(lll)-00-"20G:L-Arg complex from a theoretical/enzyme engineering
perspective. If EFE can be modified to stabilize an in-line binding of 20G, we wondered if it
could produce ethylene under the influence of external electric fields. The previous QM/MM
calculations on the Al and Bl RCs of WT EFE show that both RC conformations lead to L-Arg
hydroxylation without an ExtEF.2° We applied two positive electric fields of +0.0050 and +0.010
au and two negative electric fields of -0.0050 and -0.010 au on AI-RC and BI-RC to test if their
reaction paths can be changed toward the ethylene formation. The QM/MM calculations of the
four ExtEFs (+0.0050, +0.010, -0.050, and -0.010 au) on the AI-RC and BI-RC showed that both
species are predicted to still lead to the formation of the Fe(ll)-succinyl-peroxide intermediate,
indicating the reaction selectivity for L-Arg hydroxylation is maintained (Figure 2). However,
applying an ExtEF along the Fe-O bond in Al and Bl conformations shows a trend in the
calculated activation energy required for the decarboxylation reaction to form the Fe(ll)-
succinyl-peroxide intermediate. In the Al conformation, the energy barriers are 35.2, 17.3, 16.3,
and 6.2 kcal/mol upon applying ExtEFs of -0.010, -0.050, +0.0050, and +0.010 au, respectively,
in comparison to 15.2 kcal/mol without an ExtEF. Similarly, for the Bl conformation, the energy

barriers were 23.0, 21.4, 18.0, and 9.8 kcal/mol upon applying ExtEFs of -0.010, -0.050, +0.0050,
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and +0.010 au, respectively, in comparison to 21.8 kcal/mol without an ExtEF (Figure 2). The
spin densities and charges for all stationary points are provided in the Sl (Table S33-548). Thus,
the results of calculations using positive and negative ExtEFs indicate that the electrostatic
effects created by ExtEFs do not influence the reaction selectivity when the 20G is in-line
coordinated to Fe, irrespective of the L-Arg conformation. However, ExtEFs are predicted to
modulate the activation energy of the O, activation mechanism step in the L-Arg hydroxylation

reaction.

To further validate the results, we have included additional calculations with an
expanded QM region and tested if applying an external electric field changes the spin state
reactivity preference of the EFE-Fe(lll)-O0~ complex. The expanded QM calculations included
the two salt bridges formed between the 20G C1 carboxylate and R171 and the 20G C5
carboxylate and R277, and these computations were performed on the AO+0.0025 structure
that first switched towards L-Arg hydroxylation from ethylene (Figure S2). The calculations on
the AO+0.0025 structure with an expanded QM region show a transition state energy barrier of
10.8 kcal/mol at the [QM(B1+ZPE)/MM] level of theory compared to a barrier of 8.8 kcal/mol
for the smaller QM region calculation at the same level of theory. The calculations reproduced
the results of smaller QM region calculations with small differences in the geometries and
activation energy, suggesting that the currently used QM region represents the key chemical
changes in the system. To investigate the effect of applying an external electric field on the spin
state reactivities of the EFE-Fe(lll)-O0~ complex, we performed additional calculations with

septet and triplet spin states on the AO+0.0025 structure (that first switched towards ethylene
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from L-Arg hydroxylation). The calculations show that the triplet AO-RC+0.0025 is higher in
energy by 11.7 kcal/mol, while the septet AO-RC+0.0025 is slightly lower in energy by -1.9
kcal/mol in comparison to the quintet AO-RC+0.0025. However, both the septet and triplet spin
state calculations show larger activation barriers of 15.1 and 37.8 kcal/mol compared to the
quintet spin state barrier of 7.9 kcal/mol. These calculations performed under an ExtEF are in
agreement with the quintet spin state preference in WT EFE without an ExtEF!® and with other
20G-dependent oxygenases without an ExtEF.5%7273.80 |t js important to note that a reordering
of the spin states upon imposing an ExtEF could not be entirely excluded; however, the answer

to this question would require additional calculations.

How does the ExtEF influence the geometric and electronic structure of the RCs?

The change of reaction specificity from hydroxylation to ethylene formation in the AO
conformation happens at an ExtEF value of +0.0025 au. Therefore, we explored the changes in
the geometric and the electronic structure properties of the QM/MM optimized EFE-Fe(lll)-00-
:20G-L-Arg intermediate at an ExtEF of +0.0025 au (AO-RC+0.0025) with respect to the same
QM/MM optimized structure without any ExtEF (AO-RC-noExtEF) (Figure 3).29 An ExtEF of
+0.0025 au is predicted to lead to a slight reduction in the Fe-O bond length from 2.09 A in AO-
RC-noEXtEF to 2.06 A in AO-RC+0.0025. The ExtEF also slightly affects the distance between the
distal oxygen (Od) of the superoxo complex and C2 of 20G (2.38 A in AO-RC+0.0025 compared
to 2.33 A in AO-RC-noEXtEF) (Figure S$3).20 The spin densities on Fe, Od, and the proximal
oxygen (Op) are calculated to undergo very slight reductions from 4.19, -0.24, and -0.49,

respectively, in AO-RC-noEXtEF%° to 4.18, -0.21, -0.48 in AO-RC+0.0025 (Table S1).
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Figure 3. Spin density and Fe-O bond length variations as the ExtEF switches the reaction

preference. The values for the WT system, the AO-RC sample with an ExtEF+0.0025 au, and the

ExtEF =-0.010 au

+ve

BO-RC sample with an ExtEF-0.010 au are given in black, blue, and red, respectively.

For the EFE BO conformation, switching the reaction selectivity from ethylene formation
to L-Arg hydroxylation is predicted to occur at an ExtEF value of +0.010 au. The Fe-O bond
length is calculated to be reduced in BO-RC-0.010 to 2.03 A from the 2.07 A in BO-RC-noEXtEF.
The distance between Od and C2 of 20G is computed to increase to 2.71 A in BO-RC-0.010 from
the 2.32 A in BO-RC-noExtEF (Figure $3).2° The unpaired spin density on Fe reduces to 3.30 in
BO-RC-0.010 (Table S31) compared to 4.19 in BO-RC-noExtEF.?° Additionally, the unpaired
electron densities on Op and Od are reversed from the negative spin density values of -0.23 and
-0.49 in BO-RC-noEXtEF?° to the positive spin density values of 0.20 and 0.36 in BO-RC-0.010

(Table S31). Thus, the computational results indicate the ExtEF leads to fine changes in the spin

densities of Fe and O, and daffects the Fe-O bond and Od-C2 distances.

Effect of ExtEFs on the key Fe-O bonding orbitals of the RCs
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The Fe-O bonding in AO-RC-noExtEF, which leads to L-Arg hydroxylation, results from
the coupling between the Fe d,, and the O, t*, orbitals.?° In BO-RC-noExtEF (which leads to
ethylene production), the Fe-O bonding results from the coupling between the Fe d,2,2 and the
0, 1*, orbitals.?? In contrast to BO-RC-noExtEF and similarly to AO-RC-noExtEF, the Fe-O
bonding in AO-RC+0.0025, for ExtEF-induced ethylene generation, results from the coupling
between the Fe d,, and the O, m*, orbitals (Figure 4). In contrast, the calculated Fe-O bonding
in the ExtEF-induced L-Arg hydroxylation pathway BO-RC-0.010 is similar to that in the WT L-Arg
hydroxylation pathway (AO-RC-noExtEF);% i.e., orbitals in both cases result from the coupling
between the Fe d,, with the dioxygen n*, orbitals. The results indicate that the ExtEF can alter
the occupancy of the 8 electron between the it*, and nt*, dioxygen orbitals. Furthermore, the
analysis of the EFE reactivities with and without ExtEF?° indicates the ethylene-forming reaction
mechanism can proceed using a molecular orbital (MO) derived from the combination of a Fe d-
orbital (dy, or d’,?) with either the dioxygen n*, or n*, orbitals. However, the L-Arg
hydroxylation reaction in EFE is predicted to proceed only through the participation of the MO

that results from the overlap between the Fe d,, with the dioxygen nn* ; orbitals.
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Figure 4. The Fe-O bonding natural orbitals (NOs) and their occupation numbers as the
ExtEF values switch the reaction preference from L-Arg hydroxylation to ethylene production in
AO-RC+0.0025 and from ethylene generation to L-Arg hydroxylation in BO-RC-0.010. The

direction of the ExtEF is depicted by the arrow.

Additionally, applying a positive ExtEF along the Fe-O bond is calculated to lead to a
movement of electron density from the dioxygen-based d,, — n*, orbital to the Fe-based d,, +

r* | orbital. This shift is indicated by the increase in natural orbital (NO) occupation numbers
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from 1.20 in AO-RC-noExtEF2° to 1.22 in AO-RC+0.0025 for the Fe-based d,, + m*, orbital
(Figure 4 and Table S49) and reduction from 0.80 in AO-RC-noExtEF?° to 0.78 in AO-RC+0.0025
for the dioxygen-based d,, — t*, orbital. This trend is maintained as the intensity of the positive
ExtEF is increased (Table S49). In contrast, applying a negative ExtEF is calculated to lead to
electron movement from the Fe-based d,, + m*, orbital to the dioxygen-based d,, — m*, orbital.
The NO occupation number is decreased to 0.20 in BO-RC-0.010 for Fe-based d,, + t*, orbital
from 1.22 in BO-RC-noExtEF,%° and it increases to 1.80 in BO-RC-0.010 for the dioxygen-based
d,, — t*, orbital from 0.78 in BO-RC-noExtEF.2° The same trend is sustained as the intensity of
the negative ExtEF is increased (Table S49). Thus, applying positive ExtEFs is predicted to lead to
a slight movement of electron density from the dioxygen-based orbital to the Fe-based orbital,
and the opposite movement is observed from the Fe-based orbital to the dioxygen-based orbital

when applying negative ExtEFs.

Are ExtEF-induced changes in the individual energetic contributions from SCS residues
responsible for switching between the competing reactions?

We further analyzed whether the ExtEFs lead to changes in the nature of the SCS
residues that energetically stabilize the respective intermediates leading to either L-Arg
hydroxylation or ethylene production. For this aim, we performed EDA on the QM/MM
optimized structures of the respective RCs and IMs. For the AO snapshot, which favors the L-
Arg hydroxylation reaction in the absence of an ExtEF, the analysis indicates that R184 (-3.59
kcal/mol), E285 (-1.88), and K269 (-1.54) are among the primary residues contributing to the

stabilization of the Fe(ll)-succinyl-peroxide intermediate with respect to the reactant complex
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(Figure S4). Residues E84 (8.27), D91 (7.11), and R171 (5.90) are the primary side chains
contributing to the destabilization of the Fe(ll)-succinyl-peroxide intermediate (Figure S4). We
then performed EDA on the QM/MM optimized EFE BO-RC structures, which led to ethylene
production without any ExtEF. Residues R171 (-1.31) and D253 (-0.82) are the primary
intermediate stabilizing residues, while E84 (1.79), D91 (1.01), and R277 (0.34) are the primary
intermediate destabilizing residues with respect to the reactant complex (Figure S5). R171
stabilizes 20G binding through hydrogen bonding interactions with the C1 carboxylate.”82°
R171 also makes a m-1t stacking interaction with the substrate L-Arg.”29 E84 is present in the L-
Arg substrate binding pocket and makes a hydrogen bonding interaction with R171. D91 makes
a hydrogen bonding interaction with L-Arg, and R184 makes a hydrogen bonding interaction
with D91 to stabilize its orientation for interaction with L-Arg. D253, E285, and K269 are located
near the surface and might affect the EFE activities through longer-range interactions. The
importance of several of these residues has been experimentally demonstrated by prior site-
directed mutagenesis studies,” and extended to the full list of residues here (Table S50). In all
cases, alanine was used for the substitutions to maintain uniformity. For example, E84A, D91A,
R171A, D253A, and E285A variants of EFE lost essentially all capacity to form ethylene and
exhibited greatly reduced L-Arg hydroxylation activity. In contrast, the R184A and K269A
variants of EFE retained more than half of their ethylene formation and L-Arg hydroxylation
activities.” Computer simulations are in progress to identify favorable substitutions to replicate
the effect of ExtEF and to be further experimentally validated in future studies. The overall EDA
results indicate that the Fe(ll)-succinyl-peroxide intermediate in AO-noExtEF, used for L-Arg

hydroxylation, prefers higher magnitudes of individual energetic contributions, e.g., 8.27 from
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E84, 7.11 from D91, 5.90 from R171, and -3.59 from R184 (Figure S4). In contrast, the Fe(ll)-
succinyl-peroxycarbonate intermediate in BO-noExtEF favors lower magnitude residue
energetic contributions, e.g., 1.79 from E84, 1.01 from D91, -1.31 from R171, and -0.82 from

D253 (Figure S5).

A0+0.0025 BO-0.010

L 95 o

g*»«

Figure 5. Primary residues stabilizing (blue) and destabilizing (red) the ExtEF-induced Fe(ll)-
succinyl-peroxy carbonate intermediate (used for ethylene formation) with respect to the RC in
AO+0.0025 and Fe(ll)-succinyl-peroxide intermediate (used for L-Arg hydroxylation) with
respect to the RC in BO-0.010. Darker red and blue colors indicate a higher magnitude of

contributions.

The switching from L-Arg hydroxylation to ethylene production in the AO snapshot using
an ExtEF of +0.0025 au leads to a substantial decrease in the energetic magnitudes of most
residues compared to the AO-noExtEF (Figures 5, S5). For example, the energetic contribution

of E84 reduces from 8.27 to 1.60, D91 reduces from 7.11 to 1.96, R171 reduces from 5.90 to
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1.68, and R184 reduces (in absolute value) from -3.59 to -0.84. In contrast, the predicted switch
from ethylene production preference towards L-Arg hydroxylation in the BO snapshot using -
0.010 au ExtEF leads to a sharp increase in the energetic contributions from residues (Figures 5,
S6). The R171 and E84 contributions towards destabilizing the intermediate increase to 12.94
and 3.42 in BO-0.010 compared to -1.31 and 1.79 kcal/mol in BO-noExtEF. The magnitudes of
the residues contributing to the stabilization of the intermediate are also high in the ExtEF L-Arg
hydroxylation intermediate (Figure S4). Residues R171, E84, and D91 change their contributions
in both ExtEF-induced reactivity switches, suggesting that they might play a key role in
controlling the EFE reactivity for ethylene formation versus L-Arg hydroxylation. Our study
suggests that the ExtEF-led change of the energetic contributions from the SCS residues might
be the key factor for switching between the competing reactions of ethylene formation and L-
Arg hydroxylation in EFE. In other words, the ExtEF can remove the importance of the L-Arg

substrate's conformational state in EFE’s reactivities.

Conclusions

In this study, we suggest that applying an ExtEF along the Fe-O bond of the
EFE-Fe(lll)-0O0~-20G:-L-Arg complex can switch between the competing reactions of ethylene
formation or L-Arg hydroxylation. The results indicate that AO-RC, associated with L-Arg
hydroxylation reactivity,?® exhibits a more negative IntEF. In contrast, the ethylene-associated
BO-RC% is characterized by a less negative IntEF along the Fe-O bond. We predict that applying
a positive ExtEF (i.e., reducing the IntEF of EFE) along the Fe-O bond for the enzyme using an

off-line bound 20G coordination mode will lead to ethylene reaction preference irrespective of
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the L-Arg conformation. In contrast, an in-line coordinated 20G in EFE leads to L-Arg
hydroxylation for both the L-Arg conformations regardless of the magnitude and the sign of the
applied ExtEF.

Additionally, analysis indicates that applying an ExtEF affects the Fe-O bond lengths and
their spin densities. Upon application of ExtEFs, the nature of the bonding orbitals and their
reactivities are affected. Applying positive ExtEFs leads to the movement of electron density
from the dioxygen-based orbital to the Fe-based orbital. An opposite movement of electron
density from the Fe-based orbital to the dioxygen-based orbital is detected by applying
negative ExtEFs. The EDA results show that the stabilization of the Fe(ll)-succinyl-peroxy
carbonate intermediate in the ethylene reaction is related to lower magnitudes of energetic
contributions from SCS residues. In contrast, the Fe(ll)-succinyl-peroxide intermediate during L-
Arg hydroxylation requires higher magnitudes of energetic contributions from the SCS residues.
R171, E84, and D91 change the magnitude of their energy contributions drastically in the two
reactions and might modulate between the ethylene and L-Arg hydroxylation pathways.
Importantly site-directed mutagenesis studies where individual residues responsible for
stabilizing the key intermediates in the two reactions of EFE were substituted with alanine led
to changes in EFE activity, thus confirming their importance for catalysis.

The overall results further reveal the mechanistic strategy of EFE. It shows that when
20G is bound in an off-line coordination mode, released CO, during the O, attack on 20G can
be stabilized by R171 for the C1-C2 bond insertion mechanism.2° When this steric condition is
satisfied, the changes in the IntEF of EFE caused by the substrate L-Arg conformation or by the

applied ExtEF can prioritize either ethylene formation or L-Arg hydroxylation reactions. For the
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in-line 20G coordination mode, where the CO, is not stabilized in the active site,2 electrostatic
changes do not seem to change the preference for the L-Arg hydroxylation reaction. The
current study suggests that making the IntEF of EFE less negative and stabilizing the off-line
binding of 20G might increase the ethylene yield. This prediction suggests that the effects of an
ExtEF are multidimensional and multifaced - ExtEF polarizes the electronic structure in the QM
part of the molecule and also alternates and modulates the individual energy contributions of
residues in the SCS and remote regions of the enzyme. The combined effects of the SCS and the
QM parts afford synergy that can lead to a switch of reactivities. The results offer a strategy to
increase ethylene production by EFE by mimicking the electric field changes that lead to
ethylene reactivity via variations of residues in the SCS and beyond. The present study is a
proof-of-concept that demonstrates in silico, the feasibility of the approach to influence the

reactivity of the EFE by applying an ExtEF.

Supporting Information
The QM geometries of QM/MM optimized structures, spin densities, Mulliken charges,

supporting data on orbitals, and the EDA results are included in Supporting Information.
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