Downloaded via UNIV OF MEMPHIS on June 23, 2021 at 04:57:29 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL
CHEMISTRY

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JPCB

QM-Cluster Model Study of the Guaiacol Hydrogen Atom Transfer
and Oxygen Rebound with Cytochrome P450 Enzyme GcoA

Qianyi Cheng* and Nathan J. DeYonker™

Cite This: J. Phys. Chem. B 2021, 125, 3296-3306

I: I Read Online

ACCESS | m Metrics & More | Article Recommendations ‘ @ Supporting Information

ABSTRACT: The key step of the O-demethylation of guaiacol by
GcoA of the cytochrome P450-reductase pair was studied with
DFT using two 10-residue and three 1S-residue QM-cluster
models. For each model, two reaction pathways were examined,
beginning with a different guaiacol orientation. Based on this
study, His354, Phe349, Glu249, and Pro250 residues were found
to be important for keeping the heme in a planar geometry
throughout the reaction. Val241 and Gly24S5 residues were needed
in the QM-cluster models to provide the hydrophobic pocket for
an appropriate guaiacol pose in the reaction. The aromatic triad
Phe75, Phel69, and Phe395 may be necessary to facilitate guaiacol
migrating into the enzyme active site, but it does not qualitatively
affect kinetics and thermodynamics of the proposed mechanism.
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All QM-cluster models created by RINRUS agree very well with previous experimental work. This study provides details for better
understanding enzymatic O-demethylation of lignins to form catechol derivatives by GcoA.

B INTRODUCTION

Lignin, a class of complex organic polymers, is abundant in
nature, especially in plants. It is rigid and does not degrade easily,
so it is particularly important in the formation of wood and bark
cell walls for structural and nutrient and water transport
functions.” Chemically, lignin is hydrophobic, highly methy-
lated, and rich in aromatic subunits. Three forms of lignin
phenylpropanoids, p-hydroxyphenyl, guaiacyl, and syringyl, are
composed of three main monolignol monomers, p-coumaryl
alcohol, coniferyl alcohol, and sinapyl alcohol, respectively.”
Though lignin is rich in carbon, it is not easy to break down into
smaller fragments, and it is an under-utilized energy source.
Efficiently catabolizing lignin, modifying the structures, and
converting lignin into carbon and bioenergy sources has been an
active research topic.3’4

Enzymatic lignin O-demethylation can remove the —OCHj;
group and lead to more accessible phenolic hydroxyl groups and
further to various catechol derivatives. However, the reactions of
various lignins by different enzymes have not been fully
elucidated. The heterogeneity of lignins poses significant hurdles
to biolo§ical processing to produce fine chemicals and/or
biofuels.” Many enzymes that are known to demethylate lignin
have limited capability to work with diverse lignin-derived
substrates,® ! and substantial effort has been made to discover
novel, less-selective enzymes.’™'%'>71¢

The superfamily of cytochrome P450 enzymes present in
various organisms have been identified by their diverse chemical
reactivity, such as C—H hydroxylation, sulfoxidation, and C=C
epoxidation.'”~** Activation of substrates by Compound 1 of
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cytochrome P450 (Cpdl, the Fe=O—porphyrin moiety) have
short lifetimes that are difficult to characterize, thus many
theoretical studies have supported experimental observa-
tion.”>~** Cytochrome P450 has also been found to participate
in lignin degradation.*’~* Recently, a promising Amycolatopsis
cytochrome P450-reductase pair (GcoAB, a two component
P450 class composed of GcoA and GcoB) has been
discovered,*® which was shown by Beckham, McGeehan,
Houk, DuBois, et al,, to efliciently demethylate several lignin-
derived monomers,*” suggesting a broad substrate scope for
lignin degradation and valorization. The k,, of demethylation of
guaiacol by GcoA was measured to be 6.8 + 0.5 s7!at 25 °C,
identified as the rate limiting step in the coupled two-component
catalytic process.

A reaction mechanism for guaiacol O-demethylation was
proposed based on density functional theory (DFT) computa-
tions via optimization in the gas phase then single point energy
calculations using an implicit solvent model,”’ in which two
competitive pathways (paths A and B, outlined in Scheme 1 and
2) were explored using a QM-cluster model with only the Cpd1
(a porphyrin radical cation Fe'Y=0, as truncated heme),
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Scheme 1. Reaction Mechanism of 10-Residue Model and 15-
Residue Model in Path A“

©iOH | ™ (IOH
9 > :? 9
CHs _CH, O/CHz
- <H
o - o-H —_—
Ll '
—+||=e'v— _-+’|__-e|v_ *il:e'”*
|
S S S
Cys356 | Cys356 Cys356

“Here the Cpd1-oxo ligand abstracts H from the guaiacol and led to a
hemiacetal product.

Scheme 2. Reaction Mechanism of 10-Residue Model and 15-
Residue Model in Path B“
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“Here the Cpdl-oxo ligand abstracts H from guaiacol and led to a
hemiacetal product, different from ref 47, which led to the
unproductive acetal product.

guaiacol, and part of the side chain of Cys356 (60 atoms total).
The proposed mechanisms have different guaiacol orientations.
The conformation of path A is similar to the enzyme—substrate
form of the X-ray crystal structure, PDB ID: SNCB. In path B,
the hydroxyl group of guaiacol forms an intermolecular
hydrogen bond with the oxo ligand of the heme. Both substrate
poses were modeled by Beckham and collaborators via a 1 us
molecular dynamic (MD) simulation.*”

In both pathways, doublet and quartet spin multiplicities of
the model were considered (4 pathways in total).*” The first step
of hydrogen atom transfer (HAT) from the methoxy group of
the substrate to Fe==0 oxygen was found to be the rate-limiting
step. Among the four transition states (TSs) along four
pathways, TS1-b”> (path B with the model in the doublet
state) had the lowest free energy of activation, which is also
closest to the experimentally predicted rate constant k, (6.8 +
0.5 57" at 25 °C, ~16.3 kcal mol™"). The activation free energies
of the TS1-a%, TS1-a*, TS1-b% TS1-b* were reported as 27.6,
18.9, 17.4, and 17.7 kcal mol ™, respectively.47 With similar rate-
limiting activation free energies, TS1-a*, TS1-b% and TS1-b*
would be equally viable within the expected error of DFT
computation. However, in their MD simulation, the guaiacol
substrate mostly remained in the “path A” orientation,*’
suggesting that this pathway corresponds to the experimental
mechanism. Also, the product of path B has a cyclic
conformation which would not easily lead to the catechol, as
there are no water molecules in the active site to form a
hemiacetal that subsequently produces the experimentally
observed catechol product. Despite clear evidence of the path
A mechanism from both kinetic/crystallographic experiments
and MD simulations, the QM-cluster model results in the
original publication do not validate the experimentally proposed
mechanism.
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In a follow-up study of syringol degradation catalyzed by
Cpd1 performed by Beckham and coauthors, similar QM-cluster
models were employed.'"® The mechanism proposed in their
work is that syringol similarly binds to Cpd1 productively via the
substrate pose of path A. However, their QM-cluster model
results again suggest that other substrate orientations can lead to
undesired products via hydrogen atom transfer transition states
with lower activation free energies than pathway A, again not
consistent with experimental observation.

In another recent computational study of syringol degradation
by GcoA by de Visser and coauthors,** QM-cluster models (302
atoms) were manually built based on one of the X-ray crystal
structures reported by Beckham, McGeehan, Houk, DuBois et
al. (PDB: SOMU) with two ligand poses that also lead to two
products via different proposed mechanisms. de Visser and
coauthors found the two pathways to be competitive kinetically
and thermodynamically, but only the pathway with the methoxy
C—H of syringol pointing at Cpdl leads to the hemiacetal
product that can further produce a catechol. However, this path
was predicted to be rate-limiting with a higher activation free
energy (23.4 and 22.0 kcal mol™" for the quartet and doublet
spin states) than the earlier computations using guaiacol as
substrate. The QM-cluster models of de Visser and coauthors
thus indicate that demethylation of syringol would be slow,
validating the kinetic experiments of Beckham, McGeehan,
Houk, DuBois, et al. that show syringol can bind to the enzyme
but does not show catalytic demethylation. Interestingly, de
Visser and coauthors then created in silico mutants of the SOMU
X-ray crystal structure to suggest ways that the GcoA enzyme
could be engineered to preferentially create demethylation
products over acetal products.

In order to more appropriately validate experimental findings
from the previous work and to formulate atomic-level enzyme
models that allow exploration of structure—activity relationships
of lignin valorization with GcoAB, larger QM-cluster models are
necessary. Our group has employed Residue Interaction
Networks (RINs)*”*” to algorithmically generate QM-cluster
models. RINs have been used in the context of QM-cluster
modeling to study various enzymatic reactions.”' >* The in-
house software toolkit Residue Interaction Network-based ResidUe
Selector (RINRUS) is under development to simplify and
automate computational enzymology workflows. The size and
shape of the QM regions are very important to consider when
constructing models in computational enzymology®>*® but
general strategies have not been well characterized. Using the
RINRUS toolkit to study fluctuation of structure and reactivity
with respect to model size is an active area of research in our
group but beyond the scope of this work. Here, we constructed
QM-models of P450 GcoA by enumerating residue contacts and
created five new QM-cluster models to better understand the O-
demethylation reaction mechanism of guaiacol at the atomic-
level.

B COMPUTATIONAL METHODS

The X-ray crystal structure of the P450 GcoA (PDB ID: SNCB)
was used to construct the models for QM-cluster computations.
In SNCB, there is no oxygen atom above the Fe in the substrate
HEMSO01. By aligning the Cpd1 (the Fe=0-porphyrin moiety)
in the doublet spin state of the optimized DFT structure from ref
19 to the heme in SNCB, an oxygen atom was added for model
construction (0904, Figure 1a). Hydrogen atoms were added to
backbone and side chain heavy atoms of the enzyme using the
reduce program.”” Hydrogen atoms were also manually added to
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Figure 1. O-Demethylation of two guaiacol orientations was explored,
in part a where the orientation of guaiacol is the same as in the X-ray
crystal structure [PDB: SNCB (path A)], and in part b, where the
orientation of guaiacol allows hydrogen bonding between the substrate
hydroxyl group and the heme oxo (path B). The oxygen atom (red
sphere) is adopted from the doublet spin state of Cpdl from the
supporting material in ref 47.

the protoporphyrin IX (HEMSO01), and the cysteine residue
(Cys356) which was bond to the iron and guaiacol (JZ3502).
No protons were added to the carboxyl groups of HEMS01
providing a neutral radical heme and cysteinate complex. The
histidine residue (His354) close to one of the carboxylate groups
was doubly protonated. Next, the protonated PDB file was
processed by probe’® to generate the RIN based on noncovalent
interatomic contact interaction by rolling a spherical probe
(using the default radius = 0.25 A) over the van der Waals
surface of the molecule to detect different types of interactions.
Additionally, pose B of the substrate JZ3502 was generated by
replacing the hydroxyl group and hydrogen atom on the ring
next to the methoxy group so that 0904 is positioned between
the methoxy and hydroxyl group of JZ3502 (Figure 1b). Like in
the computations by Beckham, McGeehan, Houk, DuBois, et
al,*” two potential spin multiplicities of the models (doublet and
quartet) were considered. A list of residues used and frozen
atoms in each QM-cluster model is provided in Table 1.

The first set of QM-cluster models was constructed with a
“seed” composed of the active site substrates HEM501, JZ3502,
and 0904. In total, 36 residues (including two crystallographic
waters that interact with HEMS01 and are not close to O904)
were identified from chain A that directly interact with
HEMSO01, JZ3502, or O904 via either hydrogen bonds, atomic
overlaps (steric clashes), or van der Waals contacts (close
contacts).”® Based on the residues generated by a given RIN set,
either main chain, side chain, or entire residues were trimmed
and treated to fulfill atom valency in the model. Including the
three seed fragments (HEMS01, JZ3502 and 0904), the largest
possible “maximal” model contains 601 atoms, which is an
intractable size. In order to make the computations more
feasible, smaller sized models were built by including a set
number of residues with diminishing count of contacts with the
seed. According to the total counts of the atomic contacts, two
models were selected for this study: one model with 10 residues
(221 atoms; 12 C, and 2 Cj atoms were kept frozen) and the
other with 15 residues (282 atoms; 17 C, and 2 Cj atoms were
kept frozen), named model 1—10 and model 1—15 in short and
were used to explore the reaction mechanism of guaiacol O-
demethylation in GcoA. The 2D structure of the 1—-10 and 1—
15 QM-cluster models are shown in Figure 2, where the
trimming scheme is demonstrated in Table SI. In the 1-10
model, the important residue Cys356 (where the sulfur is bond
to Fe and considered as a “pin” holding the HEMS01) as
mentioned in ref 47 was included; while in the 1—15 model,
another important residue Gly24S (where the amide nitrogen
group is believed to coordinate with the oxygen atom of JZ3502)
was also included.

A third QM-cluster model was constructed by using only
substrate JZ3502 as the seed (Table 1), and a total of 15 residues
were identified in this RIN. The entire set of 15 residues was
used to construct the 2—15 model (271 atoms), with 14 C,, and
5 Cy atoms kept frozen. A fourth model was constructed that

Table 1. Residue and Trimming Information for the Various QM-Cluster Models of P450 GcoA Built in This Study”

model 1—10 model 1—15 model
PHE7S
ILES1 C,
PHE169
VAL241 C, C,
LEU244
GLY245 C,
ALA246 C, Cq
GLU249 C,
PRO250 C,
ILE292 CaCy C.Cy
ALA295
THR296 C,Cy C,Cy
PHE349 C, C,
HIS354 C, C,
ALA35S
CYS356 C, C,
PHE395
WAT689 X
HEMS01 X X
23502 X X
0904 X X

2—10 model 2—15 model 3—15 model
C, Cy C, Cy
C(l Cfl C(I
C, Cy C, Cy
Ce Cq Cu
C, C,
C, C, C,
C, C, C,
C, Cy C, Cy C, Cy
Cq Cu
C, Cy C,Cy C,Cy
Ca Crz Ca C/}
C,Cy C,Cy
X X X
X X X
X X X

#“C,” indicates frozen a-carbon atoms for that residue, “C,, C4” indicates frozen a- and f-carbons for that residue, and “X” indicates that the

specified non amino acid residue fragment is included in the model.
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Figure 2. 2D structure of the 1—-10 (a) and 1—15 (b) QM-cluster models based on PDB: SNCB. One proton on His354 is shifted to the heme. The 14
and 19 frozen carbon atoms in the 1—10 and 1—15 models are colored in red, respectively. The wavy lines indicate truncation of the residue at C,.
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Figure 3. 2D structure of the 2—10 (a) and 2—15 (b) QM-cluster models based on PDB: SNCB. The 12 and 19 frozen carbon atoms in the 2—10 and
2—15 models are colored in red, respectively. The 3—15 model is equivalent to the 2—15 model but with one extra C4 on Cys365 kept frozen. The

wavy lines indicate truncation of the residue at C,,.

includes all residues common to both 1—15 and 2—15 models.
Fortuitously, there are ten residues (Ile81, Val241, Gly245,
Ala246, 11e292, Thr296, Cys356, HEMS01, JZ3502, and 0904)
in this model, 2—10 with 195 atoms and 10 C, and 2 C4 atoms
kept frozen. A fifth 1S-residue model (3—15) was also
constructed with the exact same residues and number of
atoms as the 2—15 model but with the Cys356 C; atom frozen.
The 2D structure of the 2—10 and 2—15 QM-cluster models are
shown in Figure 3, where the trimming scheme is also
demonstrated in Table S2.

All quantum mechanical cluster model computations were
performed using the using the Gaussian16 program.”” Density
functional theory (DFT) with the hybrid B3LYP exchange-
correlation functional®”®’ was employed with the 6-31G(d’)
basis set for N, O, and S atoms,”*~** with the modified Hay and
Wadt basis set and LANL2DZ effective core potential
(ECP)65 7 on Fe and the 6-31G basis sets for C and H
atoms.”® QM-cluster models incorporated the Grimme D3
(Becke—Johnson) dispersion correction (GD3BJ)*””® and
implicit solvation via the conductor-like polarizable continuum
model (CPCM)”"”? using universal force field (UFF) atomic
radii, a nondefault electrostatic scaling factor of 1.2, and the
default parameters for water with an attenuated dielectric

3299

4. This dielectric constant value has been
previously determined as appropriate for simulating the less-
polarized environment within an enzyme active site.”>7*
Unscaled harmonic vibrational frequency calculations were
used to identify all stationary points as either minima (no
imaginary frequencies) or transition states (TSs, only one
imaginary frequency). TSs were located first for each elementary
step of the proposed mechanism; the reactants and products
were then located by following the intrinsic reaction coordinate
(IRC).”>”° It is important to note that our group uses the “freeze
code” scheme in Gaussianl6, where all Hessian elements are
zero when involving two frozen Cartesian coordinates. The
phenomenon where several small magnitude imaginary vibra-
tional frequencies appear in the thermochemical analysis does
not arise in our treatment of the Hessian matrix. Zero-point
energies (ZPE) and thermal enthalpy/free energy corrections
were computed at 1 atm and 298.15 K.

constant of &€ =

B RESULTS AND DISCUSSION

Mechanistic labels in our study obey the following scheme:
WX—Y-Z"; where W = R (reactant), TS (transition state), or P
(product); X = model number (1, 2, or 3); Y = no. of residues in

https://doi.org/10.1021/acs.jpcb.0c10761
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the model (10 or 15); Z = path A or B; n = spin multiplicity of
the QM-cluster model. The previously reported computations
suggested a two-step HAT mechanism, where a radical cation
guaiacol intermediate exists before facile conversion to hemi-
acetal product. This zwitterionic intermediate is possible via gas
phase geometry optimizations of the QM-cluster model
(corresponding to the computational method used by Beckham,
McGeehan, Houk, DuBois, et al.) but is not observed in our
computations where implicit solvation is accounted for
throughout.

The 1-10 and 1-15 Models. 3D overlays of optimized
reactants in the doublet (in green) and quartet (in magenta)
spin state from each model are aligned to the template from the
X-ray crystal structure (in yellow, where the initial position of
0904 is adopted from ref 47) and shown in Figures S1 and S2.
Important bond distances for the reactant, TS, and product in all
models via path A and B can be found in Tables S3 and S4.

The computed Fe—O bond distances (1.63—1.64 A) and Fe—
S bond distances (2.49—2.54 A) of the reactants in all QM-
cluster models show a double bond character as in the thiolate-
ligated oxoiron(IV) in cytochrome P450 Fe'V=0.""""’
Protonation of a carboxylate group of HEMS01 is energetically
favored compared to double protonation of His354, and this
protonation state is observed in all optimized reactants, TSs, and
products in the 1—10 and 1—15 models. The other carboxylate
group of HEMS501 is stabilized by the hydroxyl group of the
Thr296 side chain, and the Cpd1 stayed flat as seen in the heme
radical cation complex. In the X-ray crystal structure, Fe is
located in the center of the heme with square pyramidal
coordination, bonding to the four nitrogen atoms of the heme
and the S atom of Cys356. The heme is puckered in the X-ray
crystal structure, while in our computed 1-10 and 1-15
reactant models the Fe(IV) ion is octahedrally coordinated to
the more planar heme, the Cys356 S atom, as well as the oxo
ligand (0904). The Phe349 residue “below” the heme translates
up toward heme to form a better aromatic interaction with the
aromatic rich substrate. The interactions between the two
oxygen atoms of guaiacol and Val241 backbone carbonyl as well
as Gly24S amide nitrogen atom keep the substrate well
positioned in the active site. Along the reaction paths in each
of the models, large geometric changes in the T'S and product are
seen in the substrates (Tables S3 and S4).

The reaction mechanism via path A and B are shown in
Scheme 1 and 2, as well as Figures 4 and S which are illustrated

Figure 4. Guaiacol O-demethylation via path A. The figure shows the

path using the 1—15-A* model. The 1-10-A*, 1-10-A?, and 1—15-A>
models follow the same mechanism.

using the 1—15-A* and 1—15-B* model. In path A, a hydrogen
atom on the methoxy C—H group of guaiacol is transferred to
the oxo ligand, followed by the radical rebound'”*”*° of the
oxygen in Fe==0O—H to the newly formed CH, radical carbon of
guaiacol, forming a low energy hemiacetal product. This is seen
in the transition state and IRCs of both the quartet and doublet
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Figure S. Guaiacol O-demethylation via path B. The figure shows the
path using the 1-15-B* model. The 1-10-B*, 1-10-B?, and 1—15-B>
models follow the same mechanism.

spin state models. The hydrogen atom transfer mechanism is
also observed via path B. Even though the hydrogens from the
OH and CHj; group in guaiacol form two hydrogen bonds with
0904, the cyclic TSs of path B also lead to a low energy
hemiacetal product.

The free energy diagrams of 1-10-A** 1-10-B¥*1-15-
A** and 1-15-B** are shown in Figure 6 and tabulated in
Table SS. In the 1—10 models, R1—10-A? has the lowest free
energy, so it is set as the reference energy point (AG = 0.0 kcal
mol™"). The energy difference between R1—10-A% and R1—10-
A*is less than 1.0 kcal mol™". However, the path B (doublet and
quartet) reactant structures are thermodynamically unfavorable
compared to their path A counterparts by 5.2—13.2 kcal mol ™! in
model 1-10 and 6.5—15.6 kcal mol™ in model 1—15. In the
study by Beckham, McGeehan, Houk, DuBois, et al, the
reactant of the doublet spin state was only 0.2 kcal mol™" lower
in energy in their path A than the quartet spin state.*” The large
energy difference between the reactants in paths A and B in our
study better agrees with the observation in the earlier MD
simulations and the X-ray crystal structure of a “path A-like”
guaiacol orientation. The free energies of activation of the four
pathways are 10.6, 10.3, 20.0, and 20.0 kcal mol ™! for 1-10-A2,
1-10-A* 1-10-B% and 1-10-B% respectively. The free
energies of reaction are greatly exergonic, equal to —52.9,
—53.6, —45.1, and —49.7 kcal mol™! for the four models/spin
multiplicities, respectively. Considering both reactant energies
and free energies of activation, path A is clearly more
thermodynamically and kinetically favorable than path B, for
models with the Cpdl in either doublet or quartet spin
multiplicities.

For the 1—15 model, reactants in path A are still lower in free
energy than in path B, again with nearly isoenergetic R1—15-A>
and R1—15-A* structures. Here, R1—15-A*is defined as the free
energy baseline (AG = 0.0 kcal mol™"). For path B, reactants are
again higher in free energy than path A reactants. Interestingly,
the addition of S extra residues destabilizes the effective
activation free energies (AG* = 15.9 keal mol™ for TS1-15-
A*and 15.7 kcal mol ™" for TS1—15-A?), bringing the predicted
values in agreement with the experimentally observed kinetics
and earlier QM/MM studies with various functionals and basis
sets (19.5—21.8 kcal mol™).*"* The computed reaction free
energies (Figure 6) are again largely exergonic and two lower
energy products P1—15-A* and P1—15-A” lead to reaction free
energies of —56.1 and —55.7 kecal mol™, which also suggests
path A products are more thermodynamically favorable. The
inclusion of Gly24S in the 1—15 model (along with Val241,
which is in both 1—10 and 1—15 models) provides important
hydrophobic interactions between residue side chains and the
aromatic ring of the guaiacol substrate."’

The 2—10 and 2—-15 Models. The 2—10 and 2—15 P450
GcoA models differ from the 1—10 and 1—15 models by ranking
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residues in RINRUS that only interact with the guaiacol
substrate rather than residues that interact with either guaiacol
or the heme. 3D overlays of optimized reactants in the doublet
(in green) and quartet (in magenta) spin state from each model
are aligned to the template from the X-ray crystal structure (in
yellow and shown in Figures S3 and S4). Similar to the 1—10
and 1—15 models, the computed Fe—O bond distances (1.63 A)
and Fe—S bond distance (2.49—2.56 A) of the reactants are
found in all 2—10 and 2—15 models. The demethylation occurs
via hydrogen atom transfer from the H of guaiacol methoxy C—
H group to the 0904, and then the hydroxyl group comes off
from the Fe ion and bonds to the CH, radical on guaiacol
(Figures 7 and 8). The heme in the geometry optimized

e RS At e
s Y s R e

Figure 7. Guaiacol O-demethylation via path A. The figure shows the
path using the 2—15-A* model. The 2—10-A* 2—10-A%, and 2—15-A>
models follow the same mechanism.

B 5 %
ne-allhe- sl s

Figure 8. Guaiacol O-demethylation via path B. The figure shows the
path using the 2—15-B* model. The 2—10-B*, 2—10-B?, and 2—15-B>
models follow the same mechanism.

reactants, T'Ss, and product are puckered and slightly tilted. In
these models, there are no residues such as His354, Phe349,

3301

Glu249, and Pro250 “under” the heme to fully stabilize
carboxylic groups on the periphery of the heme. As the heme
is part of the seed in some of our models, we decided early on to
not artificially trim the carboxylic functional groups, as was done
by Beckham, McGeehan, Houk, DuBois, et al.; and the Cpd1-
cystinate complex is a neutral radical.

The free energy diagrams of 2—10-A**, 2—10-B**, 2—15-
A¥* and 2—15-B¥* are shown in Figure 9 and tabulated in
Table S6. Interestingly, the 2—10 model has the same 10
residues “above” the heme as those in the 1—15 model. The
overall kinetics and thermodynamics of these two models are
similar for paths A and B. The doublet and quartet spin 2—10-A
reactants, transition states, and products are isoenergetic to
within 1.2 kcal mol™, and the demethylation reaction is
extremely exergonic. Both spin multiplicities of the 2—10-B
pathway have reactants higher in free energy than 2—10-A
reactants, and transition state energies are 5.5 to 6.7 kcal mol™
higher in free energy than their path A counterparts.

The 2—15 model should be more reliable than models
previously discussed because it contains the triad of phenyl-
alanine residues (Phe7S, Phel69, Phe395), which were
hypothesized in ref 47 to play a crucial role in substrate
positioning. The free energy diagram (Figure 9, right) is similar
to that in the 1—10, 1—15, and 2—10 models. R2—15-A* has the
lowest free energy among the four reactants. The R2—15-A”
structure is nearly energetically degenerate at less than 0.5 kcal
mol " higher in energy, but the path B reactants are much higher
in free energy. Small free energy differences can be found in the
TSs and products in path A. The low barrier of 2—15-A* (12.6
kcal mol™') is closer to the quartet spin state hydroxylation
reaction predicted by Friesner et al. in a QM/MM study (11.7
kcal mol™');** while in path B both doublet and quartet spin
states have much higher activation free energies but lower
reaction energies. Therefore, path A is favored by both
computed kinetics and thermodynamics. The activation free
energy differences between the 1-10/1—15 and 2—10/2—15
could be the result of a cation radical versus neutral radical
character of the Cpdl-cystinate complex.
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The 3—15 Model. Among the residues that interact “below”
the heme, only the side chain of Cys356 is kept in the 2—15
model. There was concern about the relatively large geometric
changes seen in both heme and guaiacol in the 2—15 model
compared to the 1—15 model. We proposed that the heme
moiety may become less distorted if there were more constraints
on the Cys356 residue. A third 15-residue model (3—15) was
built equivalent to the 2—15 model but with both the C, and Cg
atoms of Cys356 frozen in their crystallographic positions. 3D
overlays of optimized reactants in the doublet (in green) and
quartet (in magenta) spin state from each model are aligned to
the template from the X-ray crystal structure (in yellow) and are
shown in Figure SS.

Though in the 3—15 model the heme is still slightly puckered
and tilted, it is slightly less so than in the geometry optimized
structures of model 2—15 (the aligned optimized reactants of
2—15 and 3—1S structures are shown in Figure S6). Overall, the
guaiacol substrate is more constrained, but critical bond lengths
in the reactants, TSs, and products are similar to those in the 2—
15 models (Figures 10 and 11).

The additional atomic constraint on Cys356 generates a
similar reaction free energy profile. The free energy diagram of
3—15-A/B is shown in Figure 12 and tabulated in Table S7.
R3—15-A*has been found to be the lowest energy reactant but is
only 0.7 kcal mol™" lower in energy than R3—15-A> Similar to

AR ANGR
o )

Figure 10. Guaiacol O-demethylation via path A. The figure shows the

path using the 3—15-A* model. The 3—15-A model follows the same
mechanism.
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Figure 11. Guaiacol O-demethylation via path B. The figure shows the

path using the 3—15-B* model. The 3—15-B model follows the same
mechanism.
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Figure 12. Free energy diagram of 3—15 models. Path via 3-15-A*in
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blue. Gibbs free energies are given in kcal mol ™%,
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the model 2—1S5 free energy diagram, both path B reactants are
thermodynamically disfavored by more than 9 kcal mol™'.
Unlike model 2—185, the TS3—15-A*is 0.1 kcal mol™ higher in
free energy than TS3—15-A% Calculated kinetics and
thermodynamics of the QM-cluster models indicate that path
A is more favored. All of the evidence supports the experimental
observation that guaiacol can be effectively demethylated by
GcoA. These results clearly agree with experimental observa-
tions and MD simulations of Beckham, McGeehan, Houk,
DuBois, et al., unlike the small QM-cluster models used by their
team.

B CONCLUSIONS

Two 10-residue models and three 15-residue models are built to
study the O-demethylation of guaiacol with cytochrome P450
GceoA. For each model, two reaction pathways are examined
beginning with a different guaiacol orientation. The reactants in
path A are always lower in energy than those in path B in all
models explored in this study. The conformation of guaiacol in
path A matches the MD simulation conducted by Beckham,
McGeehan, Houk, DuBois, et al. where the methoxy C—H is
pointing toward Cpd1 and the hydroxyl group is pointing away
from Cpd1. All models lead to the preferred hemiacetal product
which further leads to the final catechol product. Considering all
QM-cluster models of path A, the differences in free energy of
activation between the doublet and quartet spin state models are
often less than 1.0 kcal mol™’, and the relative free energies of
doublet/quartet reactant structures are always less than 2.0 kcal
mol™. Thus, facile spin crossover at all stages of the
demethylation reaction is possible.

Overall, including as many residues that interact with the QM-
cluster model “seed” as possible will improve the reliability of
proposed mechanisms. In this study, the GcoA P450 active site is
quite large, especially when including the heme as part of the
seed. The full RINRUS-derived 39-residue QM-cluster model
would account for the appropriate guaiacol binding pocket and
better enforce planarity of the heme, but at 601 atoms is
computationally intractable. Smaller models containing 10
amino acid residues around the seed are not quite satisfactory.
For example, the 1—10 model appears to give an under-
estimation of the path A free energy of activation. By adding
Gly245, Glu249, Pro250, and WAT689 to the model to generate
model 1—185, the computed free energies of activation are in very
good agreement with the experimentally determined activation
free energy of ~16.3 kcal mol ™, and the unproductive path B is
not kinetically favored. Gly24S, which is included in all models
except 1—10, was singled out as an important residue for posing
guaiacol in the hydrophobic pocket. The doubly protonated
His354 near one of the carboxylate groups may also be also
important for sustaining Fe"'=0 heme radical cation character
for the reaction.

The 2—10, 2—185, and 3—15 models have path A activation
free energies (12.6—13.7 kcal mol™") that are slightly lower than
experiment but are in good agreement considering factors
involved in accurately simulating experimental rate constants
with Density Functional Theory. Residues directly interacting
with the heme may be important for electronically and sterically
“pinning” the ligand in the active site and maintaining the proper
coordination chemistry of the Fe ion. Our final model (3—185), is
a variation of 2—15 with one extra frozen atom (Cj of Cys356).
The heme is slightly less puckered in model 3—15, but the
guaiacol-heme interactions appear to be better described. From
models 2—15 and 3—185, the mechanism of path B is shown to be

kinetically and thermodynamically implausible. This is a
substantially different result than that predicted by the
minimally sized QM-cluster model used in previous work,
which did not contain any of the crucial hydrogen bonding
between the active site residues and the guaiacol that would
stabilize the path A transition state and destabilize the path B
transition state. Previous computations of GcoA also show
additional intermediates along the proposed mechanism. These
intermediates exhibit unrealistic charge separation arising from
gas phase geometry optimization of QM-cluster models then
computing implicitly solvated single point energies at the gas
phase stationary points. These minima and connecting
transition states are not observed when the QM-cluster model
workflow incorporates implicit solvation into geometry
optimizations and harmonic vibrational frequency calculations.
Considering all the models explored in our study and comparing
to the models in ref 47, the small QM-cluster model employed
by Beckham, McGeehan, Houk, et al. does not fully preserve the
electronic structure of the reaction active site environment, as
many important residues are not present in their model.

Our study provides a strong case that computational design to
improve biodegradation processes can only proceed when based
on reliable enzyme models with a well-constructed QM region.
The RINRUS software toolkit provides automated construction
of QM-cluster models with a reproducible workflow. RINRUS
code is open-source but currently only available to readers by
request until protocols and case studies are introduced in
forthcoming publications. Once publicly released, RINRUS may
be greatly beneficial to the computational enzymology
community. For example, RINRUS-derived models could be
used to validate and accelerate bioengineering of GcoA P450 to
increase its catalytic prowess, or to perform high-throughput
computational assays of possible lignin substrates. Our
laboratories are still planning improvements to RINRUS, as
our investigation of GcoA P450 proves that QM-cluster
modelers must still take great care to identify “seed” residues
in the protein active site.
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