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Lignin Biodegradation by a Cytochrome P450 Enzyme:
A Computational Study into Syringol Activation by GcoA
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\

/Abstract: A recently characterized cytochrome P450 isozyme
GcoA activates lignin components through a selective O-de-
methylation or alternatively an acetal formation reaction.
These are important reactions in biotechnology and, be-
cause lignin is readily available; it being the main compo-
nent in plant cell walls. In this work we present a density
functional theory study on a large active site model of GcoA
to investigate syringol activation by an iron(IV)-oxo heme
cation radical oxidant (Compound |) leading to hemiacetal
and acetal products. Several substrate-binding positions

were tested and full energy landscapes calculated. The study
shows that substrate positioning determines the product
distributions. Thus, with the phenol group pointing away
from the heme, an O-demethylation is predicted, whereas
an initial hydrogen-atom abstraction of the weak phenolic
O-H group would trigger a pathway leading to ring-closure
to form acetal products. Predictions on how to engineer
P450 GcoA to get more selective product distributions are
given.

/

Introduction

Lignin is a complex biopolymer that makes up the cell walls
and tissues in plants as well as in some fungi. It is built up
from mainly aromatic and phenolic residues bridged by ether
and C—C bonds and has a highly branched structure that gives
it its chemical and physical strength and biological properties.
Several enzymes in nature can biodegrade lignin or parts
thereof, including the lignin peroxidases, which contain a
heme active site and utilize H,0, as an oxidant." Currently, the
agricultural and industrial sectors generate substantial
amounts of lignocellulose, much of which currently goes to
waste. However, lignocellulose has the potential to be convert-
ed into valuable materials or used as an energy source for liquid
fuels. Therefore, ongoing studies to find biotechnological ap-
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plications of lignin degrading enzymes are being conducted to
convert lignin into small aromatic compounds or drugs.”?
Recently, it was found that the cytochromes P450 can also
participate in lignin degradation pathways.” These P450 en-
zymes are heme monoxygenases that utilize molecular oxygen,
often as a means to hydroxylate aromatic or aliphatic sub-
strates, although dealkylation reactions have also been report-
ed™ In particular, the P450 isozyme CYP255A (GcoA) was
found to demethylate aromatic compounds such as those orig-
inating from lignin components, including guaiacol and vari-
ous alkoxybenzoates.” The work showed that engineered
GcoA isozymes with enlarged substrate binding pockets, for
example, through replacement of Phe,¢, by Ala, enhanced the
reactivity with these substrates. Furthermore, studies with a va-
riety of O-methoxy-aromatic compounds measured product
distributions as well as substrate binding affinities and con-
stants.” A combined experimental and computational study
looked into the mechanisms and possibilities of guaiacol acti-
vation by GcoA. Two pathways were considered, namely O-de-
methylation proposed to start with methoxy hydroxylation to
form hemiacetal and ring-closure to form acetal (Scheme 1),
whereby the former is expected to release formaldehyde to
give catechol. A minimal density functional theory (DFT) cluster
model was studied that did not consider the substrate-binding
pocket, but nevertheless gave insights into possible reaction
pathways. Recent computational studies by us showed that
the second coordination sphere has important functions in
substrate and oxidant positioning and hence affects regio- and
chemoselectivities of enzymatic reactions.” Since, the sub-
strate-binding pocket in GcoA is tight, with various m-stacking
interactions, we felt a more advanced computational study
that takes the effect of the protein into consideration would
give a better model and more insight into the details of the re-
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Scheme 1. Possible reaction products of guaiacol and syringol activation by
P450 GcoA.

action mechanism of GcoA enzymes, its substrate range and
selectivity.

Moreover, acetal-type structures and particularly cyclic ones
are common in biomaterials, including corticosteroids and
drug molecules like paroxetine. Hence, an enzyme that could
synthesize cyclic acetal-bound structures selectively would be
useful in biotechnology. Therefore, we studied the reaction
mechanism of the lignin fragment syringol (2,6-dimethoxyphe-
nol) activated by GcoA using a large active-site cluster model
of GcoA that includes much of the substrate-binding pocket.

The O-dealkylation of substrates by the P450s has been ob-
served for various isozymes and, for instance, is part of the bio-
degradation and metabolism of drug molecules in the liver.”
Computational studies established a mechanism that starts
with hydroxylation of the methyl group to form a hemiacetal-
like intermediate, which, in solution, upon addition of protons,
releases formaldehyde to complete the O-demethylation pro-
cess.” As such, the O-demethylation reaction shows similarities
with aliphatic hydroxylation by P450 enzymes that generally
proceeds via a stepwise mechanism with an initial hydrogen-
atom abstraction by Compound | (Cpdl; iron(lV)-oxo heme
cation radical intermediate) to form an iron(IV)-hydroxo com-
plex that rebounds its OH group to the substrate to form alco-
hol products."” Experimental support for this hypothesis came
from kinetic isotope effect (KIE) studies that established a large
change in the rate constant when the transferring hydrogen
atom was replaced with a deuterium atom."""

To gain insight into the lignin biodegradation pathways by
P450 isozymes, we investigated the mechanism of syringol ac-
tivation by a large GcoA model structure. In particular, we fo-
cused the work on the bifurcation pathways leading to O-me-
thoxy hydroxylation and acetal formation using two substrate-
binding orientations. The work shows that the protein environ-
ment is important: it sets up substrate approach, guides the
reaction in a certain direction and leads to different product
distributions with the different substrate orientations. As the
phenol O—H bond is the weakest bond in the substrate, sub-
strate activation preferentially takes place there, but is only
possible with a substrate-bound orientation that points the
phenol group in the direction of the heme. Overall competing
pathways to both products were identified and analyzed.
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Results

Focusing on lignin biodegradation by P450 isozymes, we creat-
ed a large active-site cluster model of GcoA with syringol
bound and studied substrate activation. Our model set-up fol-
lows previously reported procedures from our group,'? that
start from a deposited crystal structure from the protein data-
bank (pdb),"® and a detailed analysis of the co-factor and sub-
strate environment. Based on key local environmental interac-
tions from charged residues and hydrogen bonding and ste-
reochemical influences, we created an active site cluster model
of 302 atoms as shown in Scheme 2. The 50MU protein data-
bank file® was used for the model as it is a P450 monomer
structure of GcoA with syringol bound. The residues included
in our model are highlighted in Scheme 2. We took the heme
and kept all side chains except the propionate groups, which
were replaced by methyl. The axial cysteinate of the heme
(Cysss6) Was included as methylmercaptate and iron(lll)-heme
was replaced with iron(lV)-oxo heme cation radical, that is,
Compound | (Cpd l). The substrate-binding pocket was de-
scribed through the residues lleg, (as butane), Phe,, and
Phe;ys (as ethylbenzene). In addition, two elaborate protein
chains were included in the model; namely, the chain Val,,;-
Tyras-Leuyys-LeusuGlyus-Alaye-Metyy;-GInge-Gluy,  and
TrPaes-AsNyes-Alases-Thr,ee. The amino acid side chains pointing
away from the substrate binding pocket were replaced with

lle;-
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Scheme 2. a) DFT cluster model studied in this work. Wiggly lines identify
where covalent bonds were cut. b) Substrate orientations A and B.
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“Re, (2Re,)

AE+ZPE: 7.9 (6.2)

FeO: 1.649 (1.647)
FeS: 2.644 (2.645)

FeO: 1.662 (1.663)
FeS:2.581 (2.584)

“Reg (?Reg)

AE+ZPE: 0.7 (0.0)

Figure 1. UB3LYP/BS1 optimized geometries of “’Re, and “’Reg with bond lengths in angstroms. Singly occupied orbitals shown on the left-hand-side for
“Re, as an example. Relative energies (kcalmol™") are UB3LYP/BS2//UB3LYP/BS1 values with zero-point energy (ZPE) included.

Gly; namely, those of Tyr.,, Leu,s Met,;, Trp,e; and Asn,g,.
The complete model was calculated in the doublet and quartet
spin states. We decided to explore two different binding con-
formations of the substrate: model A, with one of the methoxy
groups pointing toward Cpdl, and model B, which has both
the phenol and one of the methoxy groups in close proximity
to Cpdl (bottom of Scheme 2). These structures were manually
created and are labelled as Re, and Reg, respectively.

DFT optimized geometries of the reactant complexes Re,
and Reg in the doublet and quartet spin states are given in
Figure 1. Both structures have close-lying doublet and quartet
spin state configurations with three unpaired electrons in the
orbitals labelled as w*,,, *,, and a,,. Thus, the metal 3d-orbi-
tals interact with orbitals on the ligands and give the following
five valence orbitals: 9,,,,, %, T*, 0%, and o*,, whereby the
z-axis is defined along the S-Fe-O axis and the xy-plane is in
the porphyrin plane with both axes through the Fe—N bonds.
The two o* orbitals are virtual in Cpd |, whereas the 6,,,, is
nonbonding and doubly occupied. The singly occupied molec-
ular orbitals of the Cpdl reactant structures are shown on the
left hand side of Figure 1 and represent the antibonding inter-
actions of the metal with the oxo group (m*,, and m*,,) and a
mixed porphyrin-axial ligand orbital labelled a,,.!"* In the quar-
tet spin state these three orbitals are ferromagnetically cou-
pled, while in the doublet spin state the two * orbitals are an-
tiferromagnetically coupled to the a,, electron.

As before,™ the doublet and quartet spin states of Cpdl are
close in energy, as can be seen from the pairs of energies for
“’Re, and *“’Reg. The structures Reg are the lowest in energy,
probably due to the additional hydrogen bonding of the
phenol group of the substrate with the oxo group of Cpdl that
gives these structures extra stability. Therefore, reactant config-
uration Reg has the substrate the strongest bound and hence
represents the more favourable binding orientation.
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Geometrically, there are differences between the reactant
complexes Re, and Reg, mainly due to the hydrogen bond of
the phenol group of the substrate to the oxo group in Reg.
Thus, in Re, the Fe—O distance is short (1.649 and 1.647 A for
the quartet and doublet spin states), while they are elongated
to 1.662/1.663 A for “Rey/’Rey as a result of the hydrogen-
bond interaction with the phenol group at 1.60 A. At the same
time, the Fe—S bond has shortened from about 2.64 A in Re,
to 2.58 A in Reg. Overall, the optimized geometries and elec-
tronic configuration matches previous studies well on Cpdl
models with either DFT cluster models or QM/MM.!"* ™!

Next we calculated the activation of syringol by Cpdl using
models Re, and Reg as starting points, whereby we give the
substrate binding orientation with A or B as a subscript after
the label. Details of the pathways explored with definition of
the structures are given in Scheme 3. Firstly, we tested hydrox-
ylation of the methoxy group of syringol for models A and B
and calculated the hydrogen-atom abstraction transition state
(TSua) from the methoxy C—H bond by Cpdl that leads to an
iron-hydroxo complex and substrate radical (IM1,,). Radical re-
bound via TS,, gives the hemiacetal product complex (Py,).
Due to substrate positioning, these pathways are possible for
both model A and model B. However, for substrate positioning
B, we also explored alternative pathways that involve the
phenol group of the substrate. Thus, for the substrate bound
in orientation B, we investigated hydrogen-atom abstraction
from the phenol group via transition-state TSypg to form the al-
ternative radical intermediate IM1ypg. In substrate orientation
A, the phenol group points away from Cpdl and hence O-H hy-
drogen-atom abstraction is not feasible in this orientation.
From the intermediate IM1,,; a second hydrogen-atom ab-
straction from the methoxy group of the substrate via transi-
tion-state TSy, was tested to give an iron(lll)-water complex
and a biradical on the substrate (IM2,,5). Of course, IM2,;,5 can

© 2020 The Authors. Published by Wiley-VCH GmbH
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Scheme 3. Reaction mechanism with definition of individual structures for syringol activation by GcoA.

also be formed from IM2,,5 by hydrogen-atom abstraction
from the phenol group in IM1,,5 via transition state TSysg.
The biradical via a ring-closure transition state (TS, ) leads to
the acetal product complex (P,g).

We first consider the substrate activation using model A,
where only aliphatic hydroxylation of the methoxy group is
possible. The calculated potential energy landscape for hydrox-
ylation of the methoxy group of syringol by a Cpdl model A of
GcoA is given in Figure 2. The hydrogen-atom abstraction bar-
riers (**TSya,) are relatively high in energy: 22.0 and 23.4 kcal
mol™" in the doublet and quartet spin states, respectively.
However, these values are relative to the more stable reactant
conformation “Re;, although relative to the reactant in the
same configuration, Re,, they are still 15.8 and 17.2 kcalmol™
in energy. The optimized geometries of the transition states
are given on the right hand side of Figure 2. Both structures
have a characteristic, almost linear O—H—C angle ranging from
174°-178°, which is typical for hydrogen atom abstraction
transition states." The transition states are product-like, with
larger C—H than O—H distances. Generally, product-like transi-
tion states correspond to higher reaction barriers than earlier
transition states,"® as confirmed from the relative energies.

The aliphatic hydrogen-atom abstraction transition states
*2TSuaa are characterized by a large imaginary frequency
i1221 cm™" in the quartet spin state and i864 cm™' in the dou-
blet spin state. The imaginary frequencies in the transition
states represent the C—H—O stretch vibration along the reac-
tion coordinate. The large values for the imaginary frequency
are typical of hydrogen-atom abstraction barriers and indicate
a large amount of tunnelling and that the reaction likely will
show a large kinetic isotope effect when the transferring hy-
drogen atom is replaced with deuterium.!”!
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After the transition states, the system relaxes to a radical in-
termediate (“’IM1y,,). On both spin-state surfaces an electron
transfer from the substrate into the a,, orbital takes place to
give an iron(lV)-hydroxo(heme) and substrate radical, whereby
the substrate has up-spin radical in the quartet and down-spin
in the doublet. Both w*,, and m*,, orbitals remain singly occu-
pied in the radical intermediates “’IM1, .

The radical intermediates in pathway A, that is, “’IM1,,,, are
characterized as local minima on the potential energy surface,
with real frequencies only. However, the radical rebound barri-
ers for both spin states were found to be very low in energy
(<1 kcalmol™) and hence could not be characterized. There-
fore, the radical intermediates will have a short lifetime and
quickly collapse to form alcohol products. Indeed, the exother-
micity from radical intermediates to products “PrHM is very
large. These short radical lifetimes of the intermediate com-
plexes also make a possible ring-closure to form the acetal
products for this substrate binding orientation unlikely and,
hence, the reaction will be highly selective in substrate-binding
position A. In previous work it was shown through valence
bond rationalization that the doublet spin radical rebound bar-
rier correlates with the ionization energy of the radical and the
electron affinity of the iron(IV)-hydroxo complex.'® 72" |n the
quartet spin state the radical rebound in addition has a term
for the electron excitation from the t*,, to ¢*,, orbital. We cal-
culated the ionization energy of the radical to be 166.4 kcal
mol~' and, with the reported electron affinity of the iron(IV)-
hydroxo species of 88.9 kcalmol™","? predict a negligible re-
bound barrier from valence bond principles and that conse-
quently, the rebound will be fast.

Subsequently, the substrate activation pathways with sub-
strate in binding position B were explored, and the results are

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 2. UB3LYP/BS2//UB3LYP/BS1 calculated potential energy surface for syringol activation by Cpdl model A of GcoA. Energies contain ZPE and are given
in kcalmol ™' relative to “Reg. Optimized geometries of the transition states give bond lengths in angstroms, angles in degrees and the imaginary frequency in

cm™.

presented in Figure 3. The lowest barriers were obtained for
phenolic hydrogen-atom abstraction, with a magnitude of
AE* +ZPE=0.9 and 1.6 kcalmol™ in the doublet and quartet
spin states, respectively. Recent work of ours on the P450 iso-
zyme responsible for the vancomycin biosynthesis in OxyB
showed that two sequential phenolic hydrogen-atom abstrac-
tion reactions can be performed by Cpdl and CpdIl (Compoun-
dll) to enable the aromatic cross-linking of glycopeptide
units.?” For the P450 OxyB system, the two hydrogen-atom
abstraction barriers were found to be very low in energy as

(@)
cho/@o% 174 “TSpas
/*TSunp\
@ 13 6 / HA,B \
o of \
—feo" 7

Cpdl + syringol

the phenolic O—H bonds are very weak. The values of the hy-
drogen-atom abstraction barriers in GcoA are also extremely
low in energy, in line with the OxyB results. However, both of
these sets of barriers are much lower in energy than those cal-
culated previously for the abstraction from aliphatic C—H
bonds." For instance, using the same computational methods
as used here, a hydrogen-atom abstraction barrier from the
benzylic position of ethylbenzene gave a value of 12.6 kcal
mol~', whereas 14.5 kcalmol~" was found for the C—H bond
cleavage in camphor."*® Our aliphatic hydrogen-atom abstrac-

(b) *TSuas (*TShag)

1897 (11536) cm"

CH: 1.210(1.324)
OH: 1.292(1.203)

ZCHO: 1697 (164°)
ZFe0C;127° (124°)

SubO-H: 1.209(1.209)
FeO-H: 1.149 (1.149)
ZOHO: 173° (173°)
ZFe00: 152°(152°)

42 (i32) cm™!

, FeO: 1688 (1.688)
* Fes: 2512 (2512)

Figure 3. UB3LYP/BS2//UB3LYP/BS1 calculated potential energy surface for syringol activation by Cpdl model B of GcoA. Energies contain ZPE and are given
in kcalmol™' relative to *Reg. Optimized geometries of the transition states give bond lengths in angstroms, angles in degrees and the imaginary frequency in

cm™.
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tion barriers from the methoxy group of syringol indeed have
values of that size with TSy, at 13.6 kcalmol ™' and *TSy, 5 at
17.4 kcalmol™'. For pathway A, the barrier height with respect
to Re, is similar, as expected because the same C—H bond is
broken and the same electron transfer takes place. However,
since the substrate-bound complex B is more stable, its hydro-
gen-atom abstraction barriers are lower in energy. Neverthe-
less, the **TSy, s and 2*TSy, 4 structures are strikingly different.
Although the substrate binding position A has the substrate in
an upright position, its transfer of a hydrogen atom takes
place at an almost linear angle O—H—C of 178° and 174° for
the quartet and doublet spin states, respectively. By contrast,
in the *’TSyag structures, the angles are slightly more bent
(169° and 165°) because the hydrogen bond from the phenol
group to the oxo gives the substrate approach less flexibility.
These differences in orientation also affect the C—H and O—H
distances in the transition states, as is seen in Figures 2 and 3.

After the aliphatic hydrogen-atom abstraction in the quartet
spin state, the system relaxes to a radical intermediate
(*IM1,,,), which is similar to that seen for the structure in
binding position A. However, due to additional hydrogen-
bonding interactions, “IM1y,5 is much lower in energy than
*IM1,44 ,: —5.0 kcalmol ™" with respect to “Reg. Furthermore, the
reaction is followed by an almost barrierless second hydrogen-
atom abstraction; namely, hydrogen-atom abstraction from the
phenol O—H group leads to *“IM2,,,; with large exothermicity.
A subsequent, also barrierless ring-closure step gives the acetal
products. In addition to this pathway, we attempted to calcu-
late the OH rebound from ‘IM1,,5 to form the hemiacetal
products. However, due to hydrogen-bonding interactions be-
tween the phenol group and the iron-hydroxo groups, the rad-
ical rebound is hampered. The constraint geometry scan for
the radical rebound from “IM1,,; therefore gave a barrier of at
least 13.7 kcalmol™". Previously, in nonheme iron halogenases
as well as in the P450 decarboxylase OleT and synthetic model
complexes, we identified hydrogen bonds to an iron-hydroxo
intermediate that prevented radical rebound and guided the
mechanism to a side reaction."®?" Consequently, substrate
positioning in GcoA enzymes is very important and determines
the reaction mechanism, whereby substrate binding orienta-
tion B can lead to acetal products, while we do not see those
products resulting from substrate binding position A. On the
doublet spin-state surface no radical intermediate (IM1,,5)
could be identified and its geometry optimization fell to 2IM2,
directly. Similar to the high-spin, this intermediate reverted to
the acetal product in a barrierless fashion.

Finally, we tested phenol activation by our GcoA Cpdl
model. Phenolic hydrogen-atom abstraction is possible in sub-
strate binding position B and happens through a very small
transition state with an imaginary frequency of only i42
(i32) cm ™" for *TSypg ((TSypp), respectively. Analysis of the imag-
inary frequency gives a clear hydrogen-transfer mode, al-
though part of the substrate displaces as well. Similar to the
aliphatic transition states, the O—H—O angle around the trans-
ferring hydrogen atom is almost linear: 173° in both spin
states. The transition states are relatively central, with slightly
shorter FeO—H distances than phenolic H—O distances.
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After the phenolic hydrogen-atom abstraction, the system
relaxes to a radical intermediate (*IM1y,5). These structures
are much lower in energy than reactants by 14.8 (15.2) kcal
mol™" in the doublet (quartet) spin states. As such, these radi-
cal intermediates will be quickly formed. Since, no OH rebound
is possible after phenolic hydrogen-atom abstraction, we ex-
plored a second hydrogen-atom abstraction from the methoxy
CH; group. On the doublet spin state, the barrier (*TSyayp) is
negligible and the system transfers to the iron(lll)-water com-
plex (IM2,,;) with an exothermicity of more than 10 kcal
mol~'. A geometry scan for the quartet spin pathway identified
a small barrier (*TS,,5) about 2.1 kcalmol™ above “IM1,5 (see
the Supporting Information, Figure S7). As this is a low-barrier
transition state that is located close to a local minimum, our TS
search failed to converge and the optimization fell back to the
intermediate. As discussed above, the iron(lll)-water complexes
*2IM2,,,5 quickly close the acetal ring to form the **Pr, g prod-
ucts without much of a barrier.

Overall, the mechanism for substrate activation in binding
position B shows that sequentially two hydrogen atoms are
abstracted from the substrate, the first one from the phenol
O—H group and second one from a methoxy C—H group. The
first reaction barrier is rate-determining, with the subsequent
barriers being too small to be fully characterized. Therefore,
the acetal formation will be a highly efficient and fast process
and much faster than the substrate-binding and product-re-
lease steps in the protein. Consequently, the results on syringol
activation by a large GcoA model shows that different prod-
ucts are predicted from substrate binding positions A and B.

Discussion

The work described here is focused on syringol activation by a
lignin activating P450 isozyme; namely, GcoA. A large active
site model of 302 atoms was considered that contains the
heme active site and a large part of the substrate binding
pocket with the substrate in two specific binding poses. The
mechanism of substrate activation leading to hemiacetal and
acetal products for the two binding poses was investigated. In
substrate binding position A a rate-determining hydrogen-
atom abstraction leads to methoxy hydroxylation efficiently,
see Scheme 4. By contrast, in binding pose B the weak phenol-
ic O—H bond points toward the heme and therefore can be ab-
stracted by Cpdl easily. In particular, the phenolic O—H group
has a much lower barrier for hydrogen-atom abstraction than
the aliphatic C—H abstraction from the methoxy group. How-
ever, this hydrogen atom can be abstracted in a subsequent
step and lead to ring-closure to form acetal products. As such,
the two substrate binding poses (Scheme 4) lead to different
product distributions for syringol activation by GcoA. To under-
stand the key factors that determine substrate activation, we
analyzed the structures in more detail.

Firstly, we calculated the various C—H and O—H bond dissoci-
ation energies (BDE1s) of syringol substrate (SubH) using Equa-
tion (1). The BDE1 values were estimated from the difference
in energy of the individually calculated species in the reaction;
that is, we calculated the substrate, a hydrogen atom and the

© 2020 The Authors. Published by Wiley-VCH GmbH
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Scheme 4. Products obtained for substrate activation by GcoA through sub-
strate orientation A and B.

substrate with one hydrogen atom removed from either the
phenol or methoxy groups (Sub’). The reaction energy for
Equation (1) was then evaluated for hydrogen-atom abstrac-
tion from the phenol group of syringol (BDE1,,) and for hy-
drogen-atom abstraction from the C—H group of the methoxy
unit (BDE1.,), see Figure 4. At the UB3LYP/6-3114++G** level
of theory, we find a BDE1, ,=76.7 kcalmol™' and a BDE1. =
93.4 kcalmol™', see Figure 4. Therefore, the phenolic O—H
bond is considerably weaker than the aliphatic C—H bond of
the substrate and it should be easier to abstract the phenolic
hydrogen atom than the methoxy hydrogen atom. Indeed, the
potential energy landscape in Figure 3 for pathway B shows
that the phenolic hydrogen-atom abstraction has a much
lower barrier than the one for aliphatic C—H abstraction, in line
with the large differences in BDE values.

Sub-H — Sub’ + H" -+ BDET¢,- (1)

76.7 o) 95.8
BDE1o4 BDE2¢ 4
- 5

For a small model complex of Cpdl representing
[Fe"(O)(Por*)SCH;], porphyrin without side chains, we calcu-
lated the BDE,y from Equation (2) as the energy difference
between [Fe"(OH)(Por)(SCH,)] and Cpdl and an isolated hydro-
gen atom and obtained a value of BDEq,q =87.4 kcalmol ™. In
previous work, a slightly smaller model with thiolate rather
than SCH;™ as axial ligand was used, which gave a BDEq,q =
88.9 kcalmol™" in the gas-phase.'”?? Therefore, the change in
axial ligand from thiolate to methylmercaptate has little effect
on the BDE,q, values. The energy differences in Figure 1 and 2
between the reactant complexes and IM1,, and IM1,;, should
be equal to the difference in energy between the C—H/O-H
bonds broken and formed. The difference in energy between
BDE1oy and BDEc,y is —10.7 kcalmol™, which is close in
energy to the exothermicity to form IM1,,; from reactants.
Hence, the potential energy landscape in Figure 3 for the hy-
drogen-atom abstraction follows the strengths of the C—H and
O—H bonds that are broken and formed.

Similar to the phenol hydrogen atom abstraction pathway,
we evaluated the difference in the bond strengths that are
formed and broken for hydrogen atom abstraction from the
methoxy group [Eq.(1)]. Thus, the difference in energy be-
tween BDETcy and BDEg,g is +6.0 kcalmol™". The energy dif-
ference between Re, and 2IM1,,, is —1.9 kcalmol ™' (Figure 2),
while that between ’Re; and ’IM1,,; is —5.7 kcalmol™
(Figure 3). These driving forces are, therefore, somewhat lower
in energy than what would have been predicted based on the
difference in bond dissociation energy of the bonds that are
broken and formed. To understand these differences better, we
display in Figure 5 the optimized geometries of “’IM1,,, and
*?IM1,5. The IM1,,, radical intermediates have the substrate
hydrogen bonded to the peptide carbonyl of Val,,;, the amide
of Gly.,s, while the methoxy group hydrogen bonds to the car-
boxylate of Glu,,. All of these interactions are well over 1.7 A
in length and, hence, there is only a small stabilization effect
with respect to the thermodynamic bond energy differences
due to hydrogen-bonding interactions. By contrast, in the
IM1,,, structures, the phenol OH group is close to the iron(IV)-
hydroxo, at a distance of 1.418 (1.591) A in the quartet (dou-
blet) spin state. This is a strong hydrogen-bonding interaction

HsC HsC
E C)‘Ci-in %
o) \ — 0
\H O\QHZ H3C\ v O\(;Hz
k o}
L. Q J BDE,
BDE1cy o BDE2o.44 e
H ~CH,
934 . 79.1 HC
o}
o\c/o
Hz

Figure 4. UB3LYP/6-311++G** calculated bond dissociation and formation energies (kcalmol™') including ZPE corrections in the substrate syringol.

Chem. Eur. J. 2020, 26, 13093 - 13102 www.chemeurj.org

13099

© 2020 The Authors. Published by Wiley-VCH GmbH


http://www.chemeurj.org

Chemistry
Europe

European Chemical
Societies Publishing

Full Paper
doi.org/10.1002/chem.202002203

Chemistry—A European Journal

Glyzss
1.960 (1.848)
1.769 (1.771] 2.322 (2.562)

Val,,, ‘\} ™, §}_Q Gluyy,

P\ |

“IM1 4 0 (1M1 40.)

Val,,

Thraeg

2.264/(1.955)

1.783 (1.798)

UM 14405 (1M1 44 5)

Figure 5. Optimized geometries of *’IM1y, , and “’IM1,,,5 as obtained at UB3LYP/BS1 with bond lengths in Angstroms.

that will stabilize these radical intermediates considerably.
Indeed, the stabilization energy is much more exothermic than
the difference in bond strength of the bond that is broken and
formed implicates. The hydrogen-bonding interactions of the
protein and the iron-hydroxo species, therefore, stabilize the
radical intermediates and make the reaction more exothermic.
Therefore, the first hydrogen-atom abstraction barriers follow
the thermodynamics of the individual hydrogen-atom abstrac-
tion processes.

[Fe(Por)(SCH;)]O—H — Cpdl + H* + BDE¢,q (2)

Subsequently, we calculated the phenolic O—H bond
strength and the methoxy aliphatic C—H bond strength from
the radicals as BDE2,_,, and BDE2. ,, also shown in Figure 4.
Values of BDE2, ,=79.1 kcalmol™ and BDE2.,=95.8 kcal
mol™" were calculated. This implies that the second hydrogen-
atom abstraction requires a similar energy to break as the first
hydrogen-atom abstraction. To predict the reaction energy for
the second hydrogen-atom abstraction step, we calculated the
BDE2,,..; for the conversion of an iron(lll)-water(heme) complex
into an iron(lV)-hydroxo(heme) and a hydrogen atom, and ob-
tained a value of 87.5 kcalmol™'. Based on the difference in
energy between BDE2,, and BDE2,,., the aliphatic hydrogen-
atom abstraction should be followed by an exothermic second
hydrogen-atom abstraction from the phenol group by
—8.4 kcalmol ™', whereas initial phenol activation should be fol-
lowed by an endothermic aliphatic hydrogen-atom abstraction
with an energy of 8.3 kcalmol™' (difference in energy between
BDE2._,, and BDE2,.,). As a matter of fact, the reaction energy
from “IM1,s to ‘IM2,, is highly exothermic (by 18.1 kcal
mol™), in line with the difference in energy of the BDE values.
Moreover, it explains why the second barrier has a negligible
hydrogen-atom abstraction barrier. The energy difference be-
tween %IM1,, and IM2,, is —11.0 kcalmol~', which is some-
what lower than the energy predicted based on BDE values
and shows that the product is highly stabilized through local
hydrogen bonds.

The biradical system was calculated in the triplet and open
shell singlet spin states and the energy to close the ring to
form acetal products gave a BDE,. of 47.7 kcalmol™'. However,
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several hydrogen bonds are lost between the bound water
molecule and the product complex upon ring-closure, so that
the stabilization energy for the ring-closure is much lower than
this. Therefore, an energy difference of AE+ZPE=28.5 kcal
mol ™" is calculated between “IM2,,,5 and *Pr, g, in line with the
energy difference required to close the acetal ring and the
cost of breaking several short hydrogen bonds.

From the calculations it is clear that when the phenol group
of the substrate is accessible by Cpdl, a hydrogen-atom ab-
straction from the O—H group will take place because its O—H
bond is much weaker than aliphatic C—H bonds such as those
of the methoxy group. If hemiacetal is the preferred product,
however, the substrate should be positioned with the phenol
group pointing away from Cpdl, while at the same time the
methoxy group points to Cpdl.

To gain insight into probable product distributions based on
substrate positioning in the enzyme, we analyzed the substrate
binding pocket in more detail. Figure 6 displays the active site
structure and key residues in the substrate binding pocket of
GcoA. The substrate binding pocket is aligned with mostly aro-
matic and aliphatic amino acid residues including Phe,;, lleg,,
Phe e, Valy, LeUy,, Alays and Phe,ys. Therefore, few polar in-
teractions are available to position the substrate in a specific
orientation. Probably, substrate positioning in GcoA enzymes is
not important as long as the lignin degradation pathways pro-
ceed, and the selectivity of the enzyme seems limited.

To make GcoA more substrate- and regio-selective, we de-
cided to create two in silico mutants, whereby an additional
hydroxyl group in the substrate binding pocket was included
that could position the substrate better and tighter. To this
end, we took the 50MU pdb file, removed the substrate, and
created the Gly245Ser and Ala295Ser mutants. Subsequently,
using Autodock,”” syringol was docked into the substrate
binding pocket. The lowest energy syringol bound conforma-
tion of the two mutants is shown in Figure 6. As can be seen,
the Gly245Ser mutant gives a hydrogen bond between the
Ser,,s and phenolic O—H group of the substrate. This positions
the methoxy group close to the heme and the phenol group
away from the heme. We predict that the Gly245Ser mutant,
therefore, will give predominantly methoxy hydroxylation or
O-demethylation products. In contrast, the Ala295Ser mutant

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 6. Extract of the substrate-bound GcoA structure as taken from the 50MU pdb file and two predicted mutants, namely Gly245Ser and Ala295Ser that

position substrate differently.

has the substrate bound with a hydrogen bond between Ser,g;
and the oxygen atom of one of the methoxy groups. This
structure has the other methoxy group and the phenol group
both pointing towards the heme and are likely positioned to
convert substrate into acetal products.

The GcoA wild-type structure, however, has a tight and
closed substrate binding pocket in which the substrate is
locked in by bulky aromatic residues such as those of Pheys,
Phe,s and Phes,s. Therefore, GcoA should only be able to bind
relatively small substrates such as syringol. Actually, experimen-
tal studies showed only activity with lignin monomers, which
indicates that the substrate binding pocket is closed and only
accessible to small substrates. In particular, slow guaiacol and
even slower syringol activation by GcoA was observed.”™ Fur-
thermore, mutations of Phe,s, by Ala enabled syringol activa-
tion with better turnover numbers, but only O-demethylation
products were obtained. Clearly, substrate binding in wild-type
GcoA positions the substrate with the phenol group away
from the heme centre and drives the reaction via pathway A
to give predominantly methoxy hydroxylation followed by de-
formylation. Based on the structural analysis in this work, it is
clear that acetal products from syringol activation in GcoA will
require further mutations to position the substrate better and
enhance its selectivity. This could also be done by opening the
substrate binding pocket so that longer lignin molecules or
components can be inserted into the heme active site, which
will enable its oxidation.

Conclusions

A computational study has been presented on lignin activation
by the cytochrome P450 isozyme GcoA. We tested several sub-
strate-binding orientations and spin-state structures. The work
shows that syringol activation should predominantly lead to
acetal products through two sequential hydrogen-atom ab-
straction steps from the phenol and methoxy groups, followed
by radical coupling to close the acetal ring. We then analyzed
P450 structures and give suggestions on how to engineer the
P450 and give higher contribution of hemiacetal and acetal

Chem. Eur. J. 2020, 26, 13093 - 13102 www.chemeurj.org

13101

products. Overall, the work shows that the P450s are efficient
oxidants and should be able to activate and degrade lignin
molecules easily. The fact that this does not happen regularly
in nature reflects the point that the substrate binding pocket
is accessible to small substrates only and that it will require
some protein engineering to enable it to bind large lignin
strands.

Experimental Section

Computational methods: The calculations reported in this work
were done using density functional theory methods as implement-
ed in Gaussian 09 software package.”” In general, the unrestricted
B3LYP hybrid density functional method®” was employed in com-
bination with a basis set containing an LANL2DZ + ECP on iron and
6-31G* on the rest of the atoms (basis set BS1).%' Full geometry
optimization and frequencies were run for all structures at UB3LYP/
BS1 in the gas-phase. Subsequent single-point calculations with
the conductor-like polarizable continuum model (CPCM) were per-
formed with a dielectric constant mimicking ethylphenylether,?”
and a triple-C quality basis set (basis set BS2): LACV3P + with ECP
on iron and 6-311+G* on the rest of the atoms. In previous work
we extensively tested and benchmarked models and methods for
P450 reaction mechanisms and well reproduced experimental
structures and rate constants.”® These studies showed that the
electronic configuration of Cpdl and the general reaction mecha-
nisms are little affected by the choice of the density functional
method or basis set, and most methods predict close-lying doublet
and quartet spin configurations with similar hydrogen atom ab-
straction barriers.

Acknowledgements

The Punjab Education Endowment Fund (PEEF) in Pakistan is
acknowledged for a PhD scholarship to H.S.A.

Conflict of interest

The authors declare no conflict of interest.

© 2020 The Authors. Published by Wiley-VCH GmbH


http://www.chemeurj.org

Chemistry—A European Journal

Full Paper

doi.org/10.1002/chem.202002203

Chemistry

Europe

Keywords: cyclization -

density functional calculations -

enzyme mechanisms - hydroxylation - reaction mechanisms

[1

[4]

[7]

[8]

[10]

[11]

[12]

[13]

Chem. Eur. J. 2020, 26, 13093 - 13102

a) M. Ahmad, J. N. Roberts, E. M. Hardiman, R. Singh, L. D. Eltis, T. D. H.
Bugg, Biochemistry 2011, 50, 5096-5107; b) A. O. Falade, U. U. Nwodo,
B. C. Iweriebor, E. Green, L.V. Mabinya, A.l. Oko, MicrobiologyOpen
2017, 6, e00394; c) M. E. Brown, M. C. Y. Chang, Curr. Opin. Chem. Biol.
2015, 19, 1-7; d) X. Li, Y. Zheng, Biotechnol. Prog. 2020, 36, €2922.

a) R. S. Granja-Travez, G. F. Persinoti, F. M. Squina, T. D. H. Bugg, Appl. Mi-
crobiol. Biotechnol. 2020, 104, 3305-3320; b) S. L. Timofeevski, G. Nie,
N. S. Reading, S.D. Aust, Arch. Biochem. Biophys. 2000, 373, 147 -153.
a) H. Ichinose, Biotechnol. Appl. Biochem. 2013, 60, 71-81; b) J. Garcia-
Hidalgo, K. Ravi, L.-L. Kuré, G. Lidén, M. Gorwa-Grauslund, AMB Expr.
2019, https://doi.org/10.1186/513568-019-0759-8; ) H. Park, G. Park, W.
Jeon, J.-O. Ahn, Y-H. Yang, K--Y. Choi, Biotechnol. Adv. 2020, 40, 107504.
a) M. Sono, M. P. Roach, E. D. Coulter, J. H. Dawson, Chem. Rev. 1996, 96,
2841-2888; b) Handbook of Porphyrin Science (Eds.: K. M. Kadish, K. M.
Smith, R. Guilard), World Scientific Publishing, New Jersey, 2010; c) Iron-
containing enzymes: Versatile catalysts of hydroxylation reaction in nature
(Eds.: S.P. deVisser, D. Kumar), RSC Publishing, Cambridge, 2011;
d) P. R. Ortiz de Montellano, Chem. Rev. 2010, 170, 932-948; e) B. Meuni-
er, S.P. deVisser, S. Shaik, Chem. Rev. 2004, 104, 3947-3980; f)X.
Huang, J. T. Groves, Chem. Rev. 2018, 118, 2491-2553; g) H. M. Girvan,
A. W. Munro, Curr. Opin. Chem. Biol. 2016, 31, 136-145; h) I. G. Denisov,
T.M. Makris, S.G. Sligar, I. Schlichting, Chem. Rev. 2005, 105, 2253-
2277; ) M. T. Green, Curr. Opin. Chem. Biol. 2009, 13, 84-88.

a) C. Nakano, S. Horinouchi, Y. Ohnishi, J. Biol. Chem. 2011, 286, 27980 -
27987; b) M. M. Machovina, S. J. B. Mallinson, B. C. Knott, A. W. Meyers,
M. Garcia-Borras, L. Bu, J. E. Gado, A. Oliver, G. P. Schmidt, D. J. Hinchen,
F. Crowley, C.W. Johnson, E.L. Neidle, C. M. Payne, K. N. Houk, G.T.
Beckham, J. E. McGeehan, J. L. DuBois, Proc. Natl. Acad. Sci. USA 2019,
116, 13970-13976.

S.J.B. Mallinson, M. M. Machovina, R.L. Silveira, M. Garcia-Borras, N.
Gallup, C. W. Johnson, M. D. Allen, M. S. Skaf, M. F. Crowley, E. L. Neidle,
K. N. Houk, G.T. Beckham, J. L. DuBois, J. E. McGeehan, Nat. Commun.
2018, 9, 2487 -2499.

a) A. Timmins, M. Saint-André, S.P. de Visser, J. Am. Chem. Soc. 2017,
139, 9855-9866; b) M. Pickl, S. Kurakin, F. G. Cantu Reinhard, P. Schmid,
A. Pocheim, C. K. Winkler, W. Kroutil, S. P. de Visser, K. Faber, ACS Catal.
2019, 9, 565-577; ¢) S. P. de Visser, Chem. Eur. J. 2020, 26, 5308-5327.
a) V. M. Kramlinger, M. Alvarado Rojas, T. Kanamori, F. P. Guengerich, J.
Biol. Chem. 2015, 290, 20200-20210; b) M. N. Podgorski, T. Coleman,
R.R. Chao, J.J. De Voss, J. B. Bruning, S. G. Bell, J. Inorg. Biochem. 2020,
203, 110913; ¢)D. Li, Y. Wang, K. Han, Coord. Chem. Rev. 2012, 256,
1137-1150; d) N. Taxak, B. Patel, P. V. Bharatam, Inorg. Chem. 2013, 52,
5097 -5109.

a) P. Schyman, D. Usharani, Y. Wang, S. Shaik, J. Phys. Chem. B 2010, 114,
7078-7089; b)J. Olah, A.J. Mulholland, J. N. Harvey, Proc. Natl. Acad.
Sci. USA 2011, 108, 6050-6055; c)P. Rydberg, U. Ryde, L. Olsen, J.
Chem. Theory Comput. 2008, 4, 1369-1377; d) D. Li, Y. Wang, C. Yang, K.
Han, Dalton Trans. 2009, 291 -297.

a) F. Ogliaro, N. Harris, S. Cohen, M. Filatov, S. P. de Visser, S. Shaik, J. Am.
Chem. Soc. 2000, 122, 8977-8989; b)K. Yoshizawa, T. Kamachi, Y.
Shiota, J. Am. Chem. Soc. 2001, 123, 9806-9816; c) L. Olsen, P. Rydberg,
T.H. Rod, U. Ryde, J. Med. Chem. 2006, 49, 6489-6499; d) X.-X. Li, V.
Postils, W. Sun, A.S. Faponle, M. Sola, Y. Wang, W. Nam, S. P. de Visser,
Chem. Eur. J. 2017, 23, 6406 -6418.

a) J. T. Groves, G. E. Avaria-Neisser, K. M. Fish, M. Imachi, R. L. Kuczkowski,
J. Am. Chem. Soc. 1986, 108, 3837 -3838; b) J. Rittle, M. T. Green, Science
2010, 330, 933-937; c) A. Takahashi, T. Kurahashi, H. Fujii, Inorg. Chem.
2011, 50, 6922 -6928.

a) M. G. Quesne, T. Borowski, S.P. de Visser, Chem. Eur. J. 2016, 22,
2562-2581; b) S. Ghafoor, A. Mansha, S.P. de Visser, J. Am. Chem. Soc.
2019, 741, 20278-20292; c) Y-T. Lin, A. Stanczak, Y. Manchey, G. D. Stra-
ganz, S. P. de Visser, Chem. Eur. J. 2020, 26, 2233 -2242.

H. M. Berman, J. Westbrook, Z. Feng, G. Gilliland, T. N. Bhat, H. Weissig,
1. N. Shindyalov, P. E. Bourne, Nucl. Acids Res. 2000, 28, 235-242.

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]
[24]

[25]

[26]

[27]
[28]

a) A. Ghosh, Acc. Chem. Res. 1998, 31, 189-198; b) M. T. Green, J. Am.
Chem. Soc. 1999, 121, 7939-7940; ¢)S.P. de Visser, S. Shaik, P.K.
Sharma, D. Kumar, W. Thiel, J. Am. Chem. Soc. 2003, 125, 15779-15788;
d) C. M. Bathelt, J. Zurek, A. J. Mulholland, J. N. Harvey, J. Am. Chem. Soc.
2005, 727, 12900-12908; e) M. Radon, E. Broclawik, K. Pierloot, J. Chem.
Theory Comput. 2011, 7, 898-908; f) R. Lonsdale, J. Oldh, A.J. Mulhol-
land, J. N. Harvey, J. Am. Chem. Soc. 2011, 133, 15464 -15474; g) M. G.
Quesne, D. Senthilnathan, D. Singh, D. Kumar, P. Maldivi, A. B. Sorokin,
S. P. de Visser, ACS Catal. 2016, 6, 2230-2243.

a) S. Shaik, D. Kumar, S. P. de Visser, A. Altun, W. Thiel, Chem. Rev. 2005,
105, 2279-2328; b)C.S. Porro, M. J. Sutcliffe, S.P. de Visser, J. Phys.
Chem. A 2009, 113, 11635-11642; c) F. G. Cantu Reinhard, Y.-T. Lin, A.
Stanczak, S. P. de Visser, Molecules 2020, 25, 2675.

a) S. Shaik, D. Kumar, S. P. de Visser, J. Am. Chem. Soc. 2008, 130, 10128 -
10140; b)S. Shaik, S. Cohen, Y. Wang, H. Chen, D. Kumar, W. Thiel,
Chem. Rev. 2010, 110, 949-1017; ) R. Latifi, M. Bagherzadeh, S.P. de
Visser, Chem. Eur. J. 2009, 15, 6651-6662; d) S. P. de Visser, J. Am. Chem.
Soc. 2010, 7132, 1087 -1097.

a) L. Ji, A. S. Faponle, M. G. Quesne, M. A. Sainna, J. Zhang, A. Franke, D.
Kumar, R. van Eldik, W. Liu, S. P. de Visser, Chem. Eur. J. 2015, 21, 9083 -
9092; b) P. Barman, P. Upadhyay, A.S. Faponle, J. Kumar, S.S. Nag, D.
Kumar, C. V. Sastri, S. P. de Visser, Angew. Chem. Int. Ed. 2016, 55, 11091 -
11095; Angew. Chem. 2016, 128, 11257-11261; c) F. G. Cantu Reinhard,
P. Barman, G. Mukherjee, J. Kumar, D. Kumar, D. Kumar, C. V. Sastri, S. P.
de Visser, J. Am. Chem. Soc. 2017, 139, 18328 -18338.

a) S. Shaik, S. Cohen, S. P. de Visser, P. K. Sharma, D. Kumar, S. Kozuch, F.
Ogliaro, D. Danovich, Eur. J. Inorg. Chem. 2004, 207-226; b) A.S. Fa-
ponle, M. G. Quesne, S.P. de Visser, Chem. Eur. J. 2016, 22, 5478 -5483.
S. P. de Visser, L. S. Tan, J. Am. Chem. Soc. 2008, 130, 12961 -12974.

H.S. Ali, R. H. Henchman, S.P. de Visser, Org. Biomol. Chem. 2020, 18,
4610-4618.

a) A. Timmins, N.J. Fowler, J. Warwicker, G. D. Straganz, S.P. de Visser,
Front. Chem. 2018, 6, 513; b) R. Latifi, M. A. Sainna, E. V. Rybak-Akimova,
S. P. de Visser, Chem. Eur. J. 2013, 19, 4058 —4068.

F. Ogliaro, S.P. de Visser, S. Cohen, J. Kaneti, S. Shaik, ChemBioChem
2001, 2, 848-851.

O. Trott, A. J. Olson, J. Comput. Chem. 2010, 31, 455-461.

Gaussian 09, Revision D.01, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E.
Scuseria, M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone, B. Men-
nucci, G. A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H.P. Hratchian,
A. F. Izmayloy, J. Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara,
K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O.
Kitao, H. Nakai, T. Vreven, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro,
M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroveroy, T. Keith,
R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, S.S.
lyengar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene, J. E. Knox,
J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R.E. Strat-
mann, O. Yazyey, A.J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, R. L.
Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador, J. J. Dan-
nenberg, S. Dapprich, A. D. Daniels, O. Farkas, J. B. Foresman, J. V. Ortiz,
J. Cioslowski, D. J. Fox, Gaussian, Inc., Wallingford CT, 2010.

a) A. D. Becke, J. Chem. Phys. 1993, 98, 5648-5652; b) C. Lee, W. Yang,
R. G. Parr, Phys. Rev. B 1988, 37, 785-789.

a) P. J. Hay, W. R. Wadt, J. Chem. Phys. 1985, 82, 270-283; b) W. J. Hehre,
R. Ditchfield, J. A. Pople, J. Chem. Phys. 1972, 56, 2257 -2261.

J. Tomasi, B. Mennucci, R. Cammi, Chem. Rev. 2005, 105, 2999 -3009.

a) F. G. Cantu Reinhard, A.S. Faponle, S.P. de Visser, J. Phys. Chem. A
2016, 120, 9805-9814; b)K. Cheaib, M. Q. E. Mubarak, K. Sénéchal-
David, C. Herrero, R. Guillot, M. Clémancey, J.-M. Latour, S. P. de Visser,
J.-P. Mahy, F. Banse, F. Avenier, Angew. Chem. Int. Ed. 2019, 58, 854 -858;
Angew. Chem. 2019, 131, 864-868; c) P. Barman, F. G. Cantu Reinhard,
U. K. Bagha, D. Kumar, C. V. Sastri, S.P. de Visser, Angew. Chem. Int. Ed.
2019, 58, 10639-10643; Angew. Chem. 2019, 131, 10749-10753.

Manuscript received: May 4, 2020

Accepted manuscript online: July 2, 2020

Version of record online: September 16, 2020

www.chemeurj.org

13102

© 2020 The Authors. Published by Wiley-VCH GmbH

European Chemical
Societies Publishing


https://doi.org/10.1021/bi101892z
https://doi.org/10.1021/bi101892z
https://doi.org/10.1021/bi101892z
https://doi.org/10.1002/mbo3.394
https://doi.org/10.1002/mbo3.394
https://doi.org/10.1007/s00253-019-10318-y
https://doi.org/10.1007/s00253-019-10318-y
https://doi.org/10.1007/s00253-019-10318-y
https://doi.org/10.1007/s00253-019-10318-y
https://doi.org/10.1006/abbi.1999.1562
https://doi.org/10.1006/abbi.1999.1562
https://doi.org/10.1006/abbi.1999.1562
https://doi.org/10.1002/bab.1061
https://doi.org/10.1002/bab.1061
https://doi.org/10.1002/bab.1061
https://doi.org/10.1186/s13568-019-0759-8
https://doi.org/10.1016/j.biotechadv.2020.107504
https://doi.org/10.1021/cr9500500
https://doi.org/10.1021/cr9500500
https://doi.org/10.1021/cr9500500
https://doi.org/10.1021/cr9500500
https://doi.org/10.1021/cr9002193
https://doi.org/10.1021/cr9002193
https://doi.org/10.1021/cr9002193
https://doi.org/10.1021/cr020443g
https://doi.org/10.1021/cr020443g
https://doi.org/10.1021/cr020443g
https://doi.org/10.1021/acs.chemrev.7b00373
https://doi.org/10.1021/acs.chemrev.7b00373
https://doi.org/10.1021/acs.chemrev.7b00373
https://doi.org/10.1016/j.cbpa.2016.02.018
https://doi.org/10.1016/j.cbpa.2016.02.018
https://doi.org/10.1016/j.cbpa.2016.02.018
https://doi.org/10.1021/cr0307143
https://doi.org/10.1021/cr0307143
https://doi.org/10.1021/cr0307143
https://doi.org/10.1016/j.cbpa.2009.02.028
https://doi.org/10.1016/j.cbpa.2009.02.028
https://doi.org/10.1016/j.cbpa.2009.02.028
https://doi.org/10.1074/jbc.M111.265652
https://doi.org/10.1074/jbc.M111.265652
https://doi.org/10.1074/jbc.M111.265652
https://doi.org/10.1073/pnas.1820001116
https://doi.org/10.1073/pnas.1820001116
https://doi.org/10.1073/pnas.1820001116
https://doi.org/10.1073/pnas.1820001116
https://doi.org/10.1021/jacs.7b02839
https://doi.org/10.1021/jacs.7b02839
https://doi.org/10.1021/jacs.7b02839
https://doi.org/10.1021/jacs.7b02839
https://doi.org/10.1021/acscatal.8b03733
https://doi.org/10.1021/acscatal.8b03733
https://doi.org/10.1021/acscatal.8b03733
https://doi.org/10.1021/acscatal.8b03733
https://doi.org/10.1002/chem.201905119
https://doi.org/10.1002/chem.201905119
https://doi.org/10.1002/chem.201905119
https://doi.org/10.1074/jbc.M115.665331
https://doi.org/10.1074/jbc.M115.665331
https://doi.org/10.1074/jbc.M115.665331
https://doi.org/10.1074/jbc.M115.665331
https://doi.org/10.1016/j.jinorgbio.2019.110913
https://doi.org/10.1016/j.jinorgbio.2019.110913
https://doi.org/10.1016/j.ccr.2012.01.016
https://doi.org/10.1016/j.ccr.2012.01.016
https://doi.org/10.1016/j.ccr.2012.01.016
https://doi.org/10.1016/j.ccr.2012.01.016
https://doi.org/10.1021/ic400010d
https://doi.org/10.1021/ic400010d
https://doi.org/10.1021/ic400010d
https://doi.org/10.1021/ic400010d
https://doi.org/10.1021/jp1008994
https://doi.org/10.1021/jp1008994
https://doi.org/10.1021/jp1008994
https://doi.org/10.1021/jp1008994
https://doi.org/10.1021/ct800101v
https://doi.org/10.1021/ct800101v
https://doi.org/10.1021/ct800101v
https://doi.org/10.1021/ct800101v
https://doi.org/10.1039/B810767J
https://doi.org/10.1039/B810767J
https://doi.org/10.1039/B810767J
https://doi.org/10.1021/ja991878x
https://doi.org/10.1021/ja991878x
https://doi.org/10.1021/ja991878x
https://doi.org/10.1021/ja991878x
https://doi.org/10.1021/ja010593t
https://doi.org/10.1021/ja010593t
https://doi.org/10.1021/ja010593t
https://doi.org/10.1021/jm060551l
https://doi.org/10.1021/jm060551l
https://doi.org/10.1021/jm060551l
https://doi.org/10.1002/chem.201700363
https://doi.org/10.1002/chem.201700363
https://doi.org/10.1002/chem.201700363
https://doi.org/10.1021/ja00273a053
https://doi.org/10.1021/ja00273a053
https://doi.org/10.1021/ja00273a053
https://doi.org/10.1126/science.1193478
https://doi.org/10.1126/science.1193478
https://doi.org/10.1126/science.1193478
https://doi.org/10.1126/science.1193478
https://doi.org/10.1021/ic102564e
https://doi.org/10.1021/ic102564e
https://doi.org/10.1021/ic102564e
https://doi.org/10.1021/ic102564e
https://doi.org/10.1002/chem.201503802
https://doi.org/10.1002/chem.201503802
https://doi.org/10.1002/chem.201503802
https://doi.org/10.1002/chem.201503802
https://doi.org/10.1021/jacs.9b10526
https://doi.org/10.1021/jacs.9b10526
https://doi.org/10.1021/jacs.9b10526
https://doi.org/10.1021/jacs.9b10526
https://doi.org/10.1002/chem.201903783
https://doi.org/10.1002/chem.201903783
https://doi.org/10.1002/chem.201903783
https://doi.org/10.1093/nar/28.1.235
https://doi.org/10.1093/nar/28.1.235
https://doi.org/10.1093/nar/28.1.235
https://doi.org/10.1021/ar950033x
https://doi.org/10.1021/ar950033x
https://doi.org/10.1021/ar950033x
https://doi.org/10.1021/ja991541v
https://doi.org/10.1021/ja991541v
https://doi.org/10.1021/ja991541v
https://doi.org/10.1021/ja991541v
https://doi.org/10.1021/ja0520924
https://doi.org/10.1021/ja0520924
https://doi.org/10.1021/ja0520924
https://doi.org/10.1021/ja0520924
https://doi.org/10.1021/ja203157u
https://doi.org/10.1021/ja203157u
https://doi.org/10.1021/ja203157u
https://doi.org/10.1021/acscatal.5b02720
https://doi.org/10.1021/acscatal.5b02720
https://doi.org/10.1021/acscatal.5b02720
https://doi.org/10.1021/cr030722j
https://doi.org/10.1021/cr030722j
https://doi.org/10.1021/cr030722j
https://doi.org/10.1021/cr030722j
https://doi.org/10.1021/jp9023926
https://doi.org/10.1021/jp9023926
https://doi.org/10.1021/jp9023926
https://doi.org/10.1021/jp9023926
https://doi.org/10.3390/molecules25112675
https://doi.org/10.1021/ja8019615
https://doi.org/10.1021/ja8019615
https://doi.org/10.1021/ja8019615
https://doi.org/10.1021/cr900121s
https://doi.org/10.1021/cr900121s
https://doi.org/10.1021/cr900121s
https://doi.org/10.1002/chem.200900211
https://doi.org/10.1002/chem.200900211
https://doi.org/10.1002/chem.200900211
https://doi.org/10.1021/ja908340j
https://doi.org/10.1021/ja908340j
https://doi.org/10.1021/ja908340j
https://doi.org/10.1021/ja908340j
https://doi.org/10.1002/chem.201500329
https://doi.org/10.1002/chem.201500329
https://doi.org/10.1002/chem.201500329
https://doi.org/10.1002/anie.201604412
https://doi.org/10.1002/anie.201604412
https://doi.org/10.1002/anie.201604412
https://doi.org/10.1002/ange.201604412
https://doi.org/10.1002/ange.201604412
https://doi.org/10.1002/ange.201604412
https://doi.org/10.1021/jacs.7b10033
https://doi.org/10.1021/jacs.7b10033
https://doi.org/10.1021/jacs.7b10033
https://doi.org/10.1002/ejic.200300448
https://doi.org/10.1002/ejic.200300448
https://doi.org/10.1002/ejic.200300448
https://doi.org/10.1002/chem.201600739
https://doi.org/10.1002/chem.201600739
https://doi.org/10.1002/chem.201600739
https://doi.org/10.1021/ja8010995
https://doi.org/10.1021/ja8010995
https://doi.org/10.1021/ja8010995
https://doi.org/10.1039/D0OB01023E
https://doi.org/10.1039/D0OB01023E
https://doi.org/10.1039/D0OB01023E
https://doi.org/10.1039/D0OB01023E
https://doi.org/10.1002/chem.201202811
https://doi.org/10.1002/chem.201202811
https://doi.org/10.1002/chem.201202811
https://doi.org/10.1002/1439-7633(20011105)2:11%3C848::AID-CBIC848%3E3.0.CO;2-0
https://doi.org/10.1002/1439-7633(20011105)2:11%3C848::AID-CBIC848%3E3.0.CO;2-0
https://doi.org/10.1002/1439-7633(20011105)2:11%3C848::AID-CBIC848%3E3.0.CO;2-0
https://doi.org/10.1002/1439-7633(20011105)2:11%3C848::AID-CBIC848%3E3.0.CO;2-0
https://doi.org/10.1063/1.464913
https://doi.org/10.1063/1.464913
https://doi.org/10.1063/1.464913
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1063/1.448799
https://doi.org/10.1063/1.448799
https://doi.org/10.1063/1.448799
https://doi.org/10.1063/1.1677527
https://doi.org/10.1063/1.1677527
https://doi.org/10.1063/1.1677527
https://doi.org/10.1021/cr9904009
https://doi.org/10.1021/cr9904009
https://doi.org/10.1021/cr9904009
https://doi.org/10.1021/acs.jpca.6b09765
https://doi.org/10.1021/acs.jpca.6b09765
https://doi.org/10.1021/acs.jpca.6b09765
https://doi.org/10.1021/acs.jpca.6b09765
https://doi.org/10.1002/anie.201812724
https://doi.org/10.1002/anie.201812724
https://doi.org/10.1002/anie.201812724
https://doi.org/10.1002/ange.201812724
https://doi.org/10.1002/ange.201812724
https://doi.org/10.1002/ange.201812724
https://doi.org/10.1002/anie.201905416
https://doi.org/10.1002/anie.201905416
https://doi.org/10.1002/anie.201905416
https://doi.org/10.1002/anie.201905416
https://doi.org/10.1002/ange.201905416
https://doi.org/10.1002/ange.201905416
https://doi.org/10.1002/ange.201905416
http://www.chemeurj.org

