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Abstract

An improved understanding of P450 structure is relevant to the development of
biomimetic catalysts and inhibitors for controlled CH-bond activation, an outstanding
challenge of synthetic chemistry. Motivated by the experimental findings of an un-
usually short Fe-S bond of 2.18 A for the wild type (WT) OleT P450 decarboxylase
relative to a cys-pocket mutant form (A369P), a computational model that captures
the effect of the thiolate axial ligand on the iron-sulfur distance is presented. With
computational efficiency and streamlined analysis in mind, this model combines a clus-
ter representation of the enzyme — 40-110 atoms, depending on the heme and ligand
truncation level — with a density functional theory (DFT) description of the electronic
structure, and is calibrated against experimental data. The optimized Fe-S distances
show a difference of 0.25 A between the low and high spin states, in agreement with the

crystallographic structures of the OleT WT and mutant forms. We speculate that this



difference is attributable to the packing of the ligand; the mutant is bulkier due to an
alanine-to-proline replacement, meaning it is excluded from the energetically-favored
low-spin minimum because of steric constraints. The presence of pure spin-state pairs
and the intersection of the low /high spin states for the enzyme model is indicative of
the limitations of single-reference electronic structure methods in such systems, and
emphasizes the significance of using the proper state when modeling the hydrogen atom
transfer (HAT) reaction catalyzed by OleT. At the same time, the correct characteri-
zation of both the short and the long Fe-S bonds within a small DFT-based model of
42 atoms paves the way for quantum dynamics modeling of the HAT step that initiates

the OleT decarboxylation reaction.

1 Introduction

Theoretical studies of large molecular systems increasingly rely on electronic structure cal-
culations for exploration of transition states and reaction intermediates, which are often
inaccessible by experimental methods.'™ Computational studies of this type are frequently
based on state-of-the-art multiscale — in space, time and theoretical rigor — simulations involv-
ing thousands of atoms described within a hybrid quantum mechanics/molecular mechanics
(QM/MM) scheme. Within these approaches, the QM region itself can be treated at various
levels of theory, ranging from the robust and efficient density functional theory (DFT)?® for
a few dozen to a hundred atoms to a more intensive coupled cluster® description of a few
atoms within the active site, implemented via quantum embedding methods.”® In this work
we describe an alternative to the above approach, in which a practical electronic structure
method (DFT) is used to develop a truncated molecular cluster model that is composed of
a “small” number (~ 100) of atoms but is still representative of the full enzymatic system.
These models are usually developed in conjunction with experimental data; the effect of long-
range interactions can be incorporated through the experimental geometry of the selected

atoms and molecular charge, while the choice of the density functional can be guided by



reproducing thermodynamic data, such as the temperature-dependent reaction rate, kinetic
isotope effect (KIE), or the activation energy of a chemical process. Despite employing more
conventional electronic structure methods, molecular cluster models remain useful tools for
less conventional quantum dynamics studies of large systems, in which the impact of nu-
clear quantum effects on chemical reactivity can be elucidated.?!' These small models can
also be readily adapted to new systems in conjunction with experiments.!? Moreover, recent
developments such as the rate constant expressions for the proton-coupled electron trans-
fer reactions for the KIE in lipoxygenase,'* a qualitative quantum rate model for hydrogen
atom transfer (HAT) in soybean lipoxygenase, 4 and a measured KIE used as ‘evidence for a
Marcus-like model of hydride tunneling’,'® serve to highlight the role these various theoret-
ical approaches can play in giving insight into the processes in extended molecular systems
alongside state-of-the-art large-scale atomistic simulations.

Controlled C-H bond activation is an outstanding challenge for synthetic chemistry, and
enzymes often serve as a prototype for the “bio-inspired” design of small molecule cata-
lysts. Cytochrome P450 enzymes (CYPs) often assume a central role due to their ability
to perform efficient HAT on extremely challenging substrates. Despite over a half-century
of intensive study, a number of fundamental questions remain regarding the mechanism for
CYP-catalyzed HAT, and in particular, the factors that tune oxidative proficiency of the
central ferryl-intermediate - an Fe(IV)-oxo m—cation radical species known as Compound I
(CYP-1)'6 in this process. It is often thought that the chemical properties of this species
can be ‘tuned’ by the thiolate axial ligand in a process often termed the “push” effect,!” 2!
which is particularly relevant for HAT (Fig. 1).

Although the “push” effect was described as a means to rationalize the difference in
reactivity between cysteine and histidine-ligated heme enzymes many decades ago, direct
reactivity data on CYP ferryl intermediates has been elusive until recently,!%2224 largely
due to the highly transient nature of these fleeting species. Therefore, a large body of

work has relied on inferring how structural/electronic changes on more readily accessible



redox states (ferric/ferrous) can be used as a predictive marker for ferryl reactivity. Of
particular interest is the potential role that the cysteine-pocket architecture (composed of
several potential hydrogen bond donors to the thiolate ligand) can serve to attenuate ferryl
reactivity, as best evidenced through the differences in oxidative proficiencies in the thiolate-
ligated chloroperoxidase (CPO) and CYPs.' Experiments from one of our groups have
shown that the ferryl intermediates in CYPs that incorporate H,O, as a terminal oxidant (a
small subgroup of CYPs known as the CYP152 family) are amenable to transient kinetics
studies.? In particular, the CYP152 decarboxylase known as OleT is a convenient scaffold
to probe how the cys-pocket microenvironment can tune ferryl reactivity. Recently we have
investigated the cys-pocket variant A369P OleT structure, which differs from its wild-type
(WT) counterpart in that it contains a mutation which replaces alanine with proline at
a position adjacent to the cys-thiolate. This in turn has both structural (increased Fe-S
bond length and varied hydrogen bonding network) and electronic (high-spin stabilization)
ramifications, as measured by various crystallographic and spectroscopic techniques that
are described elsewhere?.

Theoretical efforts to characterize CYPs have been numerous, and a full survey is beyond
the scope of this work (the interested reader is directed to Refs?®?" among many others).
However, we note that a plethora of computational approaches have been applied to these
systems, ranging from electronic structure characterizations of truncated small-model repre-
sentations of the enzymatic active sites to full-scale molecular dynamics and hybrid QM /MM
calculations simulating entire steps in the catalytic cycle.?® From an electronic structure
(ES) perspective, the B3LYP density functional method®**3% paired with modestly sized
basis sets has been a common approach in numerous studies of metalloenzymes.3! One such
application with particular relevance to this work has been the theoretical investigation of
the “push effect” by various axial ligands on the formation and reactivity of key intermediate
species. Indeed, the chemical properties of this ligand in OleT have been correlated to both

the length of the iron-oxo bond and overall activation energy for the transfer step of the
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Figure 1: (a) Hydrogen atom transfer from the C3 position by Compound I that initiates
decarboxylation in the cytochrome P450 OleT (b) active-site structure of ferric substrate-
bound OleT. Compound I indicated in panel (a) is also referred to as 'Cpd I’ in text.



hydrogen abstraction process, emphasizing its apparent importance within the enzymatic
complex.

The objectives of this work are to provide a theoretical explanation for the short (2.18
A) and long (2.45 A) Fe-S bond lengths observed in the ferric state of the active site in
OleT WT and its mutant A369P, respectively (which are new experimental findings from
one of our groups), and to develop a simple computational model which captures these two
structures. This simplicity is essential for the subsequent theoretical modeling and analysis of
the temperature-dependent kinetic isotope effect of the hydrogen abstraction from fatty acid
substrates catalyzed by the WT enzyme. As is often the case in computational chemistry,
we strive for a computational model which balances numerical efficiency with predictive
power. Achieving such a balance is especially challenging for OleT (and large transition metal
systems in general) due to its complex electronic structure consisting of nearly-degenerate
doublet and quartet states. Such systems are best treated with multi-reference methods,
although their unfavorable scaling drastically limits the overall computable system size.
With this in mind, the cluster model developed here combines a cost-efficient DF'T approach
with an atomistic representation of the enzyme derived from experimental crystal structures
of the WT and A369P forms of the OleT species, truncated at various levels (Fig. 2). This
model reproduces key electronic and geometric features of the full enzymes via a tunable
Fe-S bond stretch and — thanks to its modest size of 42 atoms — is amenable to higher levels
of electronic structure theory, thus paving the way for theoretical investigation of the HAT
step for OleT decarboxylation.

The remainder of the paper is organized as follows: the electronic structure method in
the context of prior work is described in Section 2, the molecular models, results and analysis

are presented in Section 3, and Section 4 concludes.
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Figure 2: Geometries of the OleT enzyme: (a) the wild type ‘WT’ and (b) the mutant
A369P. The location of the mutated proline is specified by a circle in the latter, and the Fe-S
distances are 2.18 A and 2.45 A respectively. The ligand, denoted as -X, is truncated in
our models to X:=S-Cys (c¢) and X:=S-CHj3 (d). The carboxyl groups on the porphyrin ring
have also been removed in (d).



2 Computational Models and Methods

In general, prior theoretical studies of OleT have been centered on model systems that can
be decomposed into three principal components: the ferryl porphyrin radical cation PorFe®*,
the axial ligand -X, and — depending on the HAT reaction step — the oxo- (hydroxy-) group
=0 (-OH). Since one of the aims of this work is to generate a minimal representation of
Compound I that is compatible with high-level ES theory, we briefly summarize several oxo-
containing structures with -X represented by thiols, as computed by Shaik et al.,? Green et

al.,?® Kamachi and Yoshizawa,?* de Visser et al.,3 and Harvey et al.3%37 in Table 1.

Table 1: Geometric data for the CYP OleT computed for the doublet and quartet spin
states, with the values for the latter given in parentheses as appropriate. RB3LYP stands
for the restricted open-shell BSLYP method.

Ref. | -X1ID [FeX (A) | Fe=0O (A) | Comments

27 ]-SH [ 2.581 (2.600) | 1.651 (1.648) [ BSLYP/ECP+LACVP-6-31G

2 |-SH | 2.620 (2.669) | 1.658 (1.655) | RB3LYP/ECP+LACVP-6-311+G*
2. | -SCys | 2.690 (2.698) | 1.643 (1.642) | RB3LYP/ECP+LACVP-6-31G
2 | -SCHj; | 2.764 (2.826) | 1.643 (1.648) | RB3LYP/ECP+LACVP-6-31G
52 | -SCHj3 | 2.909 (2.946) | 1.643 (1.643) | RB3LYP/ECP+LACVP-6-311+G*
8 | -SCH; | 2.69 1.65 UB3LYP/6-311+G //6-311+G*

3 | -SCHj | 2.694 (2.686) | 1.644 (1.644) | B3LYP/TZV-D95

% | -SCHj | 2.539 (2.557) | 1.631 (1.630) | UB3LYP/SVP “Model A”

% | -SCH; | 2.63 1.65 UB3LYP/LACV3P-6-31G*

7 | -SCHj | 2.55 (2.55) | 1.65 RB3LYP/LACVP-6-31G (QM/MM I)

These structures largely agree upon optimal Fe-S and Fe=0 bond lengths of 2.6-2.7 A
and 1.65 A respectively, although the newer QM /MM study by de Visser et al.?® predicts
shorter values for both of these quantities. Interestingly, these results conflict somewhat
with recent spectroscopic measurements by Green et al.,'® which yield average bond lengths
of 2.4 A for Fe-S and 1.67 A for Fe=0 in CYP450 complexes.

Given the overwhelming prevalence of density functional-based approaches in the litera-
ture and the demonstrated importance of the axial thiolate ligand to the electronic properties
of the enzyme, we opt to use both restricted and unrestricted DFT calculations (performed

using the QChem-5.3% package visualized in IQmol,? and with Spartan184°) to probe the
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effect of the ligand identity on the electronic properties of the system. To this end, we take
the experimental crystal structure for the cationic apoenzyme (Por-Fet-X) and sequentially
prune the -X group, resulting in three substituents considered for the molecular model: the
full thiolate (“full”), the cysteine residue (cys), and a methyl-capped sulfur (-SCHj). For the
latter, the carboxyl groups on the porphyrin ring have been removed as well. This process
is similar in its implementation to the truncation of the QM region in the QM /MM simu-
lations of similar CYP450 structures by Harvey et al.;3” we note that this study concludes
that the overall characteristics of their resting state models are independent of the size of
the QM region, which is encouraging for our own “smallest workable model” mindset. Fur-
thermore, the positive charge on the porphyrin ring (which is seen even in solvent) reduces
the hydrogen-abstraction barrier towards the range consistent with experiments.*! Note that
this description of the apoenzyme as a charged species results in a pair of triplet/quintet
spin states, as opposed to the doublet/quartet pair seen in the full enzyme. This is a conse-
quence of the removal of the environment surrounding the heme center, which would carry
a balancing negative charge in nature. The ES for these models is then examined in gas
phase employing the B3LYP functional — which has been demonstrated to be adequate to
describe small organic molecules,*?>#* the hydrogen abstraction reaction FeOt + Hy,* and
the heme center of CYP450 structures?® — paired with 6-31G* and 6-31+G** basis sets for
both the triplet (low-spin) and quintet (high-spin) states. The D3 dispersion correction?” is
included into calculations with the larger basis. Solvent models were also briefly considered
but ultimately omitted, as they had minimal impact on the system properties relative to
the gas phase calculations. This aligns with the conclusions in Ref.,*! where the observed
solvent effect on the 7-hole on the porphyrin ring of the heme was small compared to the
solvent effect on the charged substituents explored by the authors.

First we examine the high/low-spin states for the WT OleT and A369P mutant with
the full thiolate ligand (106 and 110 atoms), both at the experimental geometry and with

the ligand fully relaxed. Optimizations are performed at the B3LYP/6-31G* level for the



hydrogen atoms in each case, and the ligand when appropriate; for the latter, the single
point energy is also computed at the B3LYP-D3/6-31+G** level. The spin gaps, the Fe-
S bond length and the shortest S...H hydrogen bond distance are listed in Table 2. The
experimental Fe-S distance is significantly shorter for the native enzyme (2.18 A) compared to
the A369P mutant (2.45 A). Based on the geometry of the relaxed ligand, the short and long
Fe-S distances are consistent with the low and high spin states, respectively, for both species
even though the ligands drift away from the porphyrin ring within the truncated molecular
model. Nevertheless, A369P is still characterized by a shorter S---H bond regardless of
the spin state: approximately 2.8 vs 3.6 and 2.5 vs 2.2 A for the optimized and relaxed
geometries, respectively. The energies of the quintet state are lower than that of the triplet
state in each case, though for the WT OleT this gap is quite small in two out of three
calculations, pointing to the limitation of the chosen ES method.

Next, we turn to further truncation of the model, focusing on the WT OleT system. At
the cheaper B3LYP/6-31G* level of theory the quintet is consistently found to be the ground
state by approximately 1.5-2.5 kJ/mol. Increasing the size of the basis and incorporating
dispersion corrections changes the ordering, although the spin splitting still falls within
~3 kJ/mol, as seen in Table 3. Based on these minimal changes in the spin gaps, we
argue that -SCHj is an adequate stand-in for the full thiolate group, though in this case
the exact ordering is beyond the accuracy achievable with DFT. Note that the (S?) values
are consistent across the models, but the spin-contamination — somewhat pronounced for the
triplet state ((S?) = 2.17) — indicates that a fully accurate description of these states requires
a multireference method. Within single-reference DFT, however, one can further analyze the

enzyme spin states by comparing the restricted and unrestricted orbital descriptions.
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Table 2: Properties of the spin states for the native (WT) and mutant (A369P) OleT enzyme
(charge +1). Optimization of the hydrogen and ligand atoms are performed at B3LYP/6-
31G* level; the BSLYP-D3/6-314G** energies are single point calculations at the geometry
with the optimized ligand. Unrestricted Kohn-Sham orbitals are used in all cases. The
low /high spin (2 vs 4 unpaired electrons) energy gap is denoted A;= Es—E,. The distances

are listed in A .

| method || 6-31G* exp | 6-31G* opt | D3/6-31+G** |

system Fe-S S---H| Fe-S S---H| Fe-S S.--H

WT triplet 2.180 2.515 | 2.206 3.647 | 2.206  3.647

WT quintet 2.180 2.514 | 2.437 3.527 | 2.437 3.527
A, [kJ/mol] 1.88 17.07 2.69

A369P triplet || 2.452 2.193 | 2.198 2.851 | 2.198 2.851

A369P quintet || 2.452 2.195 | 2.431 2.740 | 2.431 2.740
A, [kJ/mol] 30.89 20.62 11.60

Table 3: The energy gaps between the triplet and quintet spin states for three molecular
models of the WT OleT (charge +1). The molecular models, labeled CHs, Cys and ‘full’, are
shown in Fig. 2(d,c,a). Positions of the heavy atoms are taken at the experimental geometry
(Fe-S=2.18 A.); positions of the hydrogen atoms are optimized at the B3LYP /6-31G* level.
The B3LYP-D3/6-31+G** energies are single point calculations. Unrestricted Kohn-Sham
orbitals are used in all cases. The low/high (triplet/quintet) spin gap is Ay=Fy— FEj.

method B3LYP/6-31G* B3LYP-D3/6-31+G**
(%) As (%) Ay
model 2¢  4e [kJ/mol] | 2¢ 4de  [kJ/mol]
CHs 2.17 6.07 2.23 2.15 6.07 0.15
Cys 2.17 6.07 1.96 2.14 6.07 -2.36
full 2.17 6.07 1.88 2.14 6.07 -3.15
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3 Results and Discussion

In light of the wide range of reported Fe-S distances (e.g. Table 1), we first compute the
energy profile of the Fe-S stretch using the methyl-capped ligand model. The positions of
the heavy atoms on the ring are taken at the experimental geometry of OleT, while the
Fe-S bond length is scanned and the positions of the -CH3 atoms optimized. The energies
as a function of the Fe-S stretch, computed at the B3LYP-D3 level of theory with two
sizes of basis set, are shown in Fig. 3. The smaller basis set is again taken to be 6-31G*,
while the larger basis adds diffuse functions on the nonmetal atoms and adopts the m6-31G
functions*®Y for the iron center. The restricted open-shell Kohn-Sham densities converge to
two energetically-separated sets of triplet (low-spin) and quintet (high-spin) states, shown in
Fig. 3(a). In the low-spin cases, the spin density is localized on S and Fe in the low-energy
state, and additionally distributed across the porphyrin ring in the high-energy state (see
panels (a) and (b) of Fig. 4). These two states are separated in energy by approximately
30 kJ/mol near their minima (Fe-S = 2.2 A), and the curves are essentially parallel (Fig.
3(b)). The high-spin states are separated by approximately 38 kJ/mol near the low-energy
minimum at Fe-S = 2.4 A, and the energy splitting between the low-energy triplet and
quintet states at their respective minima is ~ 15 kJ/mol. For completeness, we note that
a similar four-state energy splitting is seen in the model Cpd I enzyme of Shaik et al.,3%5°
where the ground state is composed of a degenerate doublet/quartet pair corresponding to
a structure with an unpaired electron in the porphyrin ring and the higher-energy state is
a degenerate doublet/quartet pair with an unpaired electron allotted to the sulfur atom.
In contrast to the present work, however, that model (still using the -SCHj3 axial ligand)
displays a very small low/high energy splitting (<2.1 kJ/mol) between the triplet states and
an elongated Fe-S bond (2.7-2.9 A).

We have also observed two triplet states in the unrestricted calculations, characterized by
(S?) ~ 2.4 and (S?) ~ 2.2. The former, which is lower in energy by ~ 28 kJ/mol, is shown as

the low-lying black curve with circles Fig. 3(b). The low-spin curves exhibit minima at ~ 2.25
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Figure 3: Model enzyme (hemet-SCHj): (a) the energy profiles as functions of Fe-S dis-
tance for the triplet and quintet states obtained with restricted B3LYP-D3/6-31G*. (b)
Unrestricted calculations using B3LYP-D3/6-31G* and B3LYP-D3/m6-31G(6-31+G*); the
latter composite basis is labeled as ‘large’ in the legend. The curves in both panels are
shifted by the same energy value to place the lowest minimum in (b) at zero kJ/mol. The
spin states in (b) are labeled by the number of unpaired electrons.
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A, and their high-spin counterparts exhibit minima at a stretched distance of ~ 2.4 — 2.55
A for both sizes of basis used. This is consistent with many experimental measurements —
including those of Makris, whose crystal structures are used here — falling into ‘short” and
‘long’ Fe-S bond categories (e.g. Ref.'?). In our case the native and mutant forms of OleT
are experimentally characterized by the Fe-S distances of 2.18 A and 2.45 A | respectively.
Within the single determinant ES theory, the positions of these minima correlate with the
low- and high-spin states, their energy curves crossing around 2.5 A. Both the low- and
high-spin structures obtained from the unrestricted calculations display an ‘intermediate’
character, as seen in Fig. 4(c,d); the similarity of the spin density distributions between
these cases illustrates spin-state mixing and a breakdown of the single-reference description.
Overall, the energy profile of the unrestricted calculation correlates with the low-energy pure
triplet and quintet profile quite well. Thus, within this ES model, the difference in the Fe-S
bond lengths measured for the WT enzyme and the A369P mutant can be attributed to the
packing of their ligands, the latter of which replaces alanine with a bulkier proline residue.
This results in the A369P structure falling into the quintet minimum of 2.45 A instead of
the measured 2.18 A for the WT. Hydrogen bonding between the ligand and the sulfur atom
— expected to be stronger in the mutant than the WT structure, based on S-H distances®! —
may also contribute to the stabilization of the high-spin/longer Fe-S enzyme geometry.

The significance of the short vs long Fe-S bond lies in its impact on the energetics of
hydrogen abstraction by Cpd I, sketched in Fig. 1. As discussed in Ref.,!? a shorter Fe-S
bond results in greater electron donation from the ligand into the Fe 7* antibonding orbitals,
which in turn yields a slightly longer (NO.OlA) and weaker Fe=0 bond. This then correlates
with more efficient HAT in the hydrogen abstraction step of the OleT enzymatic cycle (see
Fig. 1). Within our DFT description we observe a similar trend. As seen in Table 4, the
O-optimized Fe-O bond for both the truncated and full WT structures is ~ 0.01(0.05) A
longer than that of their A369P counterparts in the low(high) spin state. Furthermore, the

difference in Fe-O values between the WT and A369P forms in their energetically favored
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Figure 4: Spin density computed at the RB3LYP/6-31G* level for the (a) low and (b) high
energy triplet states, and using UB3LYP/6-31G* for the (c) triplet and (d) quintet states.
Positions of CHj are optimized using Fe-S=2.2 A for the triplet and Fe-S=2.5 A for the
quintet at the UB3LYP/6-31G* level. The porphyrin positions are frozen at the experimental
geometry of the OleT WT.
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states is on the order of 0.005-0.01A in both models. Therefore, we expect that HAT
facilitated by A369P will be characterized by a higher activation energy and proceed less
efficiently than via WT OleT. Optimized Cartesian coordinates for Cpd I, along with those

for the apoenzyme models, are given in SI.

4 Conclusions

In summary, we have presented a theoretical model of the OleT apoenzyme and its A369P
mutant derived from experimental crystal structures based on the DFT/B3LYP electronic
structure method. This model, composed of a central iron atom ligated by a hydrated
porphyrin ring and an axial -SCHj3 group, exhibits a triplet/quintet spin gap comparable
(i.e. within the accuracy of the method) to that obtained for a similar structure with the
full axial ligand; we thus argue that the electronic structure of the enzyme is adequately
captured by a smaller and more computationally practical model. Subsequent calculations
mapping the Fe-S stretching coordinate show a four-state splitting of the enzyme into low-
and high-energy triplet/quintet states — a result corroborated by other computational studies
of similar systems.

Using the location of the energy minima along this stretching motion, we then identify the
low-spin, low-energy state (Fe-S & 2.25 A) as the one preferred by the wild-type apoenzyme,
and the high-spin, low energy state (Fe-S ~ 2.5 A) as the one preferred by the A369P mutant,
based on comparison to experimental data (OleTg.g = 2.18 A, A369Pp..g = 2.45 A) These
results further validate our minimal model, as it is capable of capturing the experimentally-
measured low- vs. high-spin preference of the WT and A369P species, respectively, by simply
elongating the Fe-S bond.

Given the relative energies of the triplet and quintet states, we suggest that the proclivity
of the mutant to a lengthened Fe-S bond is due to the bulkiness of its ligand, which substitutes

proline in place of alanine as the sulfur-adjacent residue and thereby prohibits relaxation

16



into the triplet minimum. It is also possible that the shortened S-H distances in the mutant
produce stronger hydrogen bonding than is found in the wild-type, which would further
stabilize this elongated Fe-S configuration, although this effect cannot be captured using the
truncated model.

Finally, the Compound I structure corresponding to the WT OleT is characterized by a
slightly longer (and therefore weaker) Fe=0O bond than that of the mutant, according to the
distances computed for both the full and the methyl-capped ligands across both spin states.
The native enzyme is thus expected to be more proficient at the hydrogen atom transfer
step of the OleT decarboxylation reaction than its A369P counterpart. With respect to the
computational model itself, while the system truncation and reliance on the DFT methods
limit the accuracy of the electronic structure analysis, the efficiency of the model paves the
way for future quantum dynamics studies and modeling of HAT and associated KIE for the

OleT decarboxylation reaction.

Table 4: The optimal Fe=0 distances in A for the -SCH; model and for the full ligand
(heme truncated to porphyrin) at the experimental geometry of the enzyme computed at
the B3LYP-D3/6-31G* level. The spin gap, given in kJ/mol, is defined as A= Ey—F,. The
lowest-energy Fe-O distance for each model is set in bold face.

| model | CHs \ full ligand |
enzyme | Fe=0 2e | Fe=0 4e | A, | Fe=0 2e | Fe=0 4e | A,
WT 1.651 1.714 -2.6 1.656 1.698 -2.4
A369P 1.635 1.647 3.6 1.642 1.647 9.7

5 Supporting Information

Wild-type and A369P mutant enzyme structures as .xyz files, and additional tabulated

electronic structure properties.
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