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V.o The Apparently Unreactive Substrate Facilitates the
4 Electron Transfer for Dioxygen Activation in Rieske

Dioxygenases

Katja-Sophia Csizi, " Lina Eckert,” Christoph Brunken,”® Thomas B. Hofstetter,* and

Markus Reiher*™

Abstract: Rieske dioxygenases belong to the non-heme iron
family of oxygenases and catalyze important cis-dihydroxyla-
tion as well as O-/N-dealkylation and oxidative cyclization
reactions for a wide range of substrates. The lack of substrate
coordination at the non-heme ferrous iron center, however,
makes it particularly challenging to delineate the role of the
substrate for productive O, activation. Here, we studied the
role of the substrate in the key elementary reaction leading to
O, activation from a theoretical perspective by systematically
considering (i) the 6-coordinate to 5-coordinate conversion of
the non-heme Fe' upon abstraction of a water ligand, (ii)
binding of O,, and (iii) transfer of an electron from the Rieske
cluster. We systematically evaluated the spin-state-dependent
reaction energies and structural effects at the active site for
all combinations of the three elementary processes in the

presence and absence of substrate using naphthalene
dioxygenase as a prototypical Rieske dioxygenase. We find
that reaction energies for the generation of a coordination
vacancy at the non-heme Fe" center through thermoneutral
H,O reorientation and exothermic O, binding prior to Rieske
cluster oxidation are largely insensitive to the presence of
naphthalene and do not lead to formation of any of the
known reactive Fe-oxygen species. By contrast, the role of the
substrate becomes evident after Rieske cluster oxidation and
exclusively for the 6-coordinate non-heme Fe" sites in that
the additional electron is found at the substrate instead of at
the iron and oxygen atoms. Our results imply an allosteric
control of the substrate on Rieske dioxygenase reactivity to
happen prior to changes at the non-heme Fe" in agreement
with a strategy that avoids unproductive O, activation. )

Introduction

Dioxygen activation by mononuclear non-heme iron oxygen-
ases is a central element in metabolic reactions in biology."™¥
The range of biological functions associated with non-heme
oxygenases include, for instance, natural product biosynthesis
in a-ketoglutarate-dependent oxygenases,>'® repair of methyl
lesions in DNA by oxoglutarate-dependent oxygenases,'” and
biodegradation of recalcitrant aromatic pollutants by Rieske
dioxygenases and catechol dioxygenases.""'*'® Mononuclear
non-heme iron enzymes all share the structural motif in which
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the catalytically active iron species is anchored in the 2-His-1-
Carboxylate facial triad with up to three iron coordination sites
being available for binding exogeneous ligands such as
solvents, the substrate and the co-substrate dioxygen.?'”
Mechanistic investigations on the versatile chemistry of this
class of enzymes revealed how substrate and cosubstrate
interact with non-heme iron to generate high-valent iron
species.'"'??%%32 Despite these works, the path to dioxygen
activation of Rieske dioxygenases (RDOs) remains somewhat
elusive.?*® RDOs are the primary oxygenases responsible for
the hydroxylation of aromatic hydrocarbons,"***3” hence
making them particularly relevant for bacterial metabolism of
xenobiotic compounds. In contrast to other mononuclear non-
heme iron oxygenases, however, substrates of RDOs are held in
substrate pockets in the proximity of the active site but lack any
bonding to the non-heme iron center.”**** Nevertheless,
coordination and activation of O, at the non-heme iron center
only proceeds in the presence of the substrate suggesting
some allosteric control of substrate binding. Assigning a
sequence of molecular events that lead to O, coordination and
activation for substrate hydroxylation in RDOs is therefore
particularly challenging.®20-22243040-42

Reduction equivalents for O, activation in RDOs are
provided by long-range electron transfer from an NADH
reductase’>’*! through a Rieske [2Fe-2S] ferredoxin to the
Rieske cluster of the oxygenase component in the «;f;
hexameric enzyme.'”?** |n their resting state, RDOs exhibit a
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reduced non-heme Fe center which is linked through an
aspartate residue to the reduced Rieske cluster (i.e., its Fe'-Fe"
form) of an adjacent a-subunit of the oxygenase (Figure 1).1**”
O, activation and initial steps of substrate hydroxylation result
from the interplay of three main processes: (i) changes of the
coordination polyhedron of the non-heme iron species from 6-
coordinate to 5-coordinate (‘6C’ to ‘5C’) through the release of a
water ligand to generate a coordination vacancy (Figure 1,
I — I, (i) O, binding at the non-heme Fe" site, and (iii) electron
transfer from the Rieske cluster to non-heme Fe (Il — IlI). None
of the three processes appears to require an interaction of the
active site species with the substrate, yet they only occur in the
presence of the substrate.”*® Moreover, the substrate is
typically located in an average distance of 4.5-5.0 A to the non-
heme Fe center, and hence, too far away to exert direct
electronic effects on the active-site chemistry.

The two current mechanistic hypotheses for O, activation
and substrate hydroxylation by RDOs both reveal ambiguities
regarding the sequence and mechanism of O, binding and
electron transfer from the Rieske cluster. The so-called native O,
reaction proceeds through a high-spin Fe"-superoxo species®™
that attacks the substrate and leads to an Fe"-OH substrate
epoxide through formation of an Fe"-peroxo-aryl radical. The
reaction is driven by a proton-coupled electron transfer
concomitant with Rieske cluster oxidation, followed by O-O
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bond cleavage, and ultimately, dihydroxylation.®¥ By contrast,
the so-called peroxide shunt mechanism implies Rieske cluster
oxidation prior to generation of a reactive Fe"-hydroperoxy
intermediate,?'***® or alternatively, its rearrangement to an
HO—Fe""=0 species that enables substrate attack.'"*'37°0-2
While these mechanistic conclusions were drawn from studies
of various RDOs and substrates,!"'%?'323349505334 cqntributions
of substrate interactions at the active site to O, activation
remain largely elusive. Naphthalene- and benzoate-dioxyge-
nases, for example, do not exhibit specific interactions in the
hydrophobic substrate binding pocket whereas nitrobenzene-
and carbazole-dioxygenases bind the substrate through H-
bonding with amino acid residues.***® However, these inter-
actions poorly affect any of the O, activation processes
introduced above. It is reported that spontaneous release of
one water ligand is induced upon substrate binding to open up
the six-fold coordination environment and create a coordina-
tively unsaturated site.#?°-22243040-42) Thijs reaction was hypothe-
sized as a consequence of steric hindrance between substrate
and water molecule." Furthermore, the requirement of a
reduced Rieske cluster implies that its redox state and the
affinity of the mononuclear iron center for O, coordination and
substrate binding are coupled. ENDOR spectroscopy showed
that the oxidation state of the Rieske cluster modulates the
relative orientation of substrate and metal center by a distal

HiSN\ /OHz

2
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Figure 1. Catalytic cycle of naphthalene 1,2-dioxygenase and its native substrate, naphthalene, used as as model for oxygenations catalyzed by Rieske
dioxygenases. The transition from [Fe,S,]™ to [Fe,S,]> in reaction Il — Il denotes the electron transfer from the Rieske cluster to the non-heme Fe. Iron
oxidation states are omitted for the sake of simplicity. Note that the Fe-peroxo species (IV) shown for NDO is one of several proposed reactive Fe—O, species

of RDOs responsible for aromatic hydroxylation reactions (see text).?**”
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shift of about 0.5 A, coupled to conformational changes at one
histidine ligand to open the site for dioxygen to
enter.['1213236414548515758) Thase observations all imply a tight
control of O, activation and reactivity®* by the enzyme
whereas the role of enzyme-substrate interactions on the
sequence of these processes at the non-heme Fe of RDOs
remains unclear. Our work aims at characterizing the role of the
substrate in the elementary steps leading to O, activation in
Rieske dioxygenases from a theoretical perspective. Our
quantum chemical model approach allows us to dissect various
structural effects on these processes. Based on tailored
structural models, we present a systematic evaluation of all
possible elementary reaction sequences of the non-heme
coordination environment and active-site chemistry of RDOs.
With naphthalene dioxygenase, NDO, as a prototypical RDO, we
assess the contribution of its native substrate, naphthalene,
onto the reaction energies of (i) the release of a H,0 ligand, (ii)
coordination of O, at the non-heme Fe', and (iii) transfer of an
electron by Rieske cluster oxidation. To this end, each of the
reactions leading from species | to lll in Figure 1 was evaluated
in the absence and presence of the substrate. The chosen
model is intentionally local and fully quantum mechanical to
study the generic chemistry of substrate-modulated O, activa-
tion in RDOs. We account for a protein environment through
the comparison of two structural models that represent the
limiting cases of complete rigidity vs. absence of any structural
constraints. To address the electron transfer from the proximate
Rieske domain and changes of spin state during transition
metal catalysis,”* we follow a combined approach, in which we
pre-sample the reaction space with Density Functional Theory
(DFT) and apply coupled cluster reference calculations for
critical steps. Finally, we qualitatively evaluate the underlying
wave function with CASSCF calculations for selected steps
where we expect a potential multiconfigurational character.

Methodology
Computational Methodology

DFT calculations were carried out with the TURBOMOLE suite of
programs, version 7.2.0.°" DFT structure optimizations applied
the Perdew-Becke-Ernzerhof PBE®? and corresponding hybrid
PBE0"**¥ density functionals and a Ahlrichs def2-TZVP basis
set® The resolution-of-the-identity density-fitting technique
was exploited for all PBE calculations.®®®” For the Rieske cluster,
in which two high-spin iron sites couple antiferromagnetically
to yield an open-shell singlet state, a broken-symmetry DFT
approach was applied by converging to the high spin solution
and then flipping electrons at a local site. Grimme's D3
dispersion correction was invoked in all DFT calculations.'*®*”
We applied the orbital perturbation protocol” for open-shell
singlet structures to make sure that the lowest-energy was
found in the Kohn-Sham DFT calculations as we observed that
standard self-consistent-field convergence yielded local minima
that are higher in energy in the space of the molecular orbital
coefficients.
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Coupled cluster single-point calculations in a def2-TZVP
basis were carried out with Orca 4.2.0""7? for PBE and PBEQ
minimum structures on dioxygen coordination and electron
transfer steps in the reaction network. The domain-based local-
pair natural orbitals variant including perturbatively connected
triple excitations, DLPNO-CCSD(T), was chosen.”>’ The default
NormalPNO convergence criteria were selected (see the
Supporting Information for a comparison to tighter thresholds).
We evaluated the multiconfigurational character of the wave
function for selected complexes with Density Matrix Renormal-
ization Group (DMRG) and CASSCF methods. CASSCF and
DMRG calculations were carried out with OpenMolcas”>’® and
the QCMagquis DMRG program,””’® respectively, in combination
with the automated active-space selection protocol”*? imple-
mented in autoCAS.™ Two-electron integrals were approxi-
mated by Cholesky decomposition.®¥ The ANO-RCC-MB and
ANO-RCC-VDZ basis sets were chosen for all atoms.®

We report electronic energy differences in kJ mol™' at zero
Kelvin as an approximation to reaction enthalpies. This choice
avoids the approximate description of translational and vibra-
tional entropy contributions in the condensed phase. All
charges and spin populations were obtained from Lowdin
population analyses.® Bond orders were taken from Wiberg
bond order analyses.®” Structures were visualized with PymoL
1.8.2.58

Structural Models

The reactions studied are all sequences of elementary steps
leading from 1 to Il in Figure 1. They compromise (i) substrate
binding, (ii) 6-to-5 coordination number conversion at the non-
heme Fe site through release of a water molecule, (iii) electron
transfer to the non-heme Fe site by Rieske cluster oxidation,
and ultimately, (iv) coordination of dioxygen to the metal
center. Since the substrate-driven activation of O, has been
observed for all RDOs, we considered their shared structural
motif, that is the mononuclear-non-heme active-site complex, a
suitable minimal structural model. In this model, all residues in
the first coordination sphere were included. For NDO, this
comprised His,og, Hisy; and Aspsg,, which together form the
well-known facial triad. Additionally, we incorporated the
substrate naphthalene, two solvent-derived H,O ligands, and
Asn,y,, which is hydrogen bonded to one H,O ligand. The
resulting structure is shown in Figure 2 (left). We extracted this
initial structure from the crystal structure of NDO with bound
naphthalene (PDB-ID: 107G"®). A model for the Rieske cluster
(see Figure 2, right) was only required to obtain information on
ionization energies and electron affinities and was considered
separately. We dissected the electron transfer from the redox-
active Rieske site to the non-heme Fe' site in two separate
structural models: First, reduction of the non-heme iron active
site was modeled by adding an electron to the active-site
model, that is by increasing the number of electrons of this
system. Second, oxidation of the Rieske cluster through
ionization was evaluated. Only if the ionization energy of the
Rieske cluster was smaller than the electron affinity of the non-

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202103937

His2608

His213

Asp362

Figure 2. Models for the active site (left) and Rieske domain (right) of naphthalene 1,2-dioxygenase (NDO) extracted from the crystal structure with PDB-
ID:107G.2# All terminal bonds were saturated with hydrogen atoms prior to structure optimization. Atoms marked with an asterisk were kept frozen in the
structure optimization of the constrained model. The atoms marked by an ellipse were subsequently frozen in the relaxed model. Color code: gray: carbon,

red: oxygen, white: hydrogen, blue: nitrogen, yellow: sulfur, orange: iron.

heme Fe site, did we assume the electron transfer to occur
spontaneously. By virtue of this approach, we can explicitly
compare the electron affinity of each compound to a fixed
ionization potential of the Rieske cluster and hence define a
point at which an electron transfer step is thermodynamically
favored (apart from the fact that a better estimate for the Rieske
cluster ionization potential can be easily taken into account).
Two structure model classes define the limiting cases of (i) a
structurally constrained and of a (ii) fully relaxed system. The
first class of models was obtained by freezing all terminal bonds
in the aforementioned active-site model through Cartesian
constraints according to the X-ray crystallography data (Fig-
ure 2). In the second class of models, all coordinates are fully
relaxed apart from a single coordinate in the side chain that
needed to be fixed to maintain structural integrity (atoms in
Figure 2 marked by an ellipse). This fully relaxed model is
designed to exhibit the generic reactivity of the active site
where the steering structural constraints of the protein are
switched off. It can be expected that the constrained model
accounts for structural restraints of the protein backbone in a
too restrictive manner, whereas the unconstrained model is too
flexible. The true behavior is expected to lie in between these
two limiting cases and structural effects can be captured from
comparison of the fully relaxed and constrained model.

For both structure model classes, we generated the same
reaction sequences that are spanned by all relevant elementary
reaction steps. Evaluation of the corresponding reaction
energies was then carried out twice, that is with and without
the substrate naphthalene close to the active site. In total, this
approach resulted in 24 intermediate structures for each class,
as shown in Figure 3. For each structure, we considered various
spin states. To probe for the effect of the specific choice of the
exchange-correlation energy functional, we evaluated all spin
states and reactions for two DFT functionals, PBE and PBEO.
Energies and bond lengths refer to PBE-optimized structures
unless stated otherwise. To probe for the effect of known
limitations of contemporary DFT, we also provide ab-initio data
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from coupled cluster calculations on a selected subset of
elementary reactions for which, according to the DFT calcu-
lations, the substrate naphthalene may play a critical role for O,
coordination and electron transfer. We specifically carried out
CASSCF calculations on selected compounds for a qualitative
characterization of the underlying wave function. We excerpt
key results in our discussion and refer to the Supporting
Information for the complete dataset including a spin state
discussion and all optimized structures (see sections S3, S4, S9,
and S10 in the Supporting Information).

Our overall approach is conceptualized in Figure 3, where
we introduce the following short-hand notation: 1 refers to a 6-
coordinate (6 C) iron species. 2 is a 5C iron species with a water
ligand bound to the Asn,, residue, whereas 3 is a 5C iron
species with the water ligand completely removed. A tilde (™)
denotes the presence of the substrate naphthalene. Superscript
r indicates a one-electron reduction, superscript 02 refers to
the presence of an O, molecule in the active site. In the
following, we first evaluate the structural similarity between
optimized structures of model structures and the corresponding
experimental crystal structures, namely the substrate-free 6C
site 1 (PDB-ID: 1NDO) and the substrate-bound 5C iron site 2
(PDB-ID: 107G). Second, we compare characteristic bond
lengths between the non-heme Fe" center and the respective
H,0 ligands to available spectroscopic data for NDO.** Finally,
we assess whether reaction energies for 6-to-5 coordination
number conversion and substrate binding obtained with the
constrained and fully relaxed model follow the same overall
trends. Afterwards, we select one model for the evaluation of
O, binding and electron transfer.

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 3. Schematic representation of elementary reactions for O, activation by NDO. Color code of reaction arrows: green: naphthalene binding; blue: water
reorientation or abstraction, red: dioxygen addition; orange: one-electron reduction. Species that qualify for cis-dihydroxylation are circled in green spheres.
The starting point of the network is circled in a gray sphere. The structures of possible intermediates that are formed depending on the sequence of dioxygen
binding and reduction (in between orange and red arrows) are not explicitly shown for the sake of brevity. Note that we also consider water reorientation
instead of water abstraction on the 6-to-5 coordination conversion pathway (denoted ~H,0). Oxidation states on iron are omitted for simplicity and are
discussed in the text. The side-on coordination mode of O, is shown for the sake of simplicity and does not necessarily reflect the actual mode in the

optimized structures (see text for details).

Results and Discussion
Validation of the Structural Models

Superpositions of the substrate-free 6C iron species 1 and
substrate-bound 5C iron species 2 with the corresponding
crystal structures are shown in Figures 4 and S1 of the SI. We
calculated the root mean square deviation (RMSD) between
optimized structures of our fully relaxed and constrained
models (see also Figure S2 in the Supporting Information). The
constrained model closely resembles the crystal structure with
RMSD values of 0.65A and 326A for 1 and 2 of the
unconstrained model, respectively. Overall, we find that
structure optimizations preserve the overall active site structure
of NDO. The higher RMSD for 2 is due to additional degrees of
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freedom for the substrate in the fully relaxed model. Despite
the lack of structural constraints in this model, the substrate
remains in close proximity of the active site with a distance of
4.5 A between the iron atom and the closest-lying carbon atom
of naphthalene in agreement with the crystal structure for
which this distance is 4.3 A (Figure 4). This distance increases
slightly to 4.6 A in the constrained model. In the optimized
structure of compound 1, the interatomic distances between
the iron site and the oxygen atom of the axially and equatorially
bound water molecules are in the range of 2.2-2.4 A for both
structure model classes and for both DFT functionals, respec-
tively (Table 1). With the sum of covalent radii being 2.2 A, we
consider both water ligands being covalently bound to the
metal center. Ohta et al.*” observed an elongation of the axial
Fe—O,.er bONd as soon as the Rieske cluster was reduced and

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 4. Superposition of the crystal structure (PDB-ID: 107G) with the PBE-D3/def2-TZVP optimized structures of the constrained (blue) and fully relaxed
(orange) models of compound 2. The structures were aligned at the iron center and the terminal carbon atoms of Asn,y, and His,,;. The crystal structure
depicts only one solvent molecule that is bound to the metal center. The second-closest solvent molecule is visualized by a green sphere.

Table 1. Selected PBE-D3/def2-TZVP and PBEO-D3/def2-TZVP (in parentheses) inter-atomic distances in A of the metal center to the oxygen atom of the
water ligands and ligating H,0 molecules in compounds 1, 1%, and to one carbon atom of naphthalene in compounde 2, respectively, in A. The subscripts ax
and eq refer to the axially and the equatorially coordinated water ligand, respectively, where the latter one establishes a hydrogen bond to the second-

sphere Asn,,. Subscript NPY denotes naphthalene.

1 1" 2

Fe—Oa0-ax FeAO(HZO—-Eq) Fe—O0-ay FeAO(HZO——eq) Fe—Cinpy)
fully relaxed 24 (2.2) 2.2 (2.4) 3.5(3.5) 22(22) 4.5 (4.5)
constrained 2.3 (2.3) 2.3(2.2) 3.2 (3.1) 2.3 (2.3) 4.6 (4.5)

hence was ready to transfer an electron to the non-heme Fe
center. After electron transfer, the resulting species corresponds
to intermediate 1" in our notation. We find that the Fe—O, e
bond elongates to 3.2 A and 3.5 A in the constrained and fully
relaxed model in 17, respectively, upon addition of an electron
(Table 1). The mean absolute deviation (MAD) in calculated
interatomic distances for 1, 1" and 2 between the two density
functionals PBE and PBEO is only 0.07 A, where PBE bond
lengths are slightly shorter compared to PBEO.

Six-to-Five Coordinate Conversion and Substrate Binding

The release of a solvent ligand and the ensuing 6C to 5C
reduction in coordination number at the non-heme Fe'" center
appears to be initiated by the presence of the substrate in the
active site pocket. 202224304042 Hawever, crystallographic and
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spectroscopic data do not provide direct evidence for the
correlation of these molecular events. Here, we split the 6C to
5C conversion into separate steps of substrate binding and
water abstraction as shown in Figure 5, which shows a subset
of oxidized species in the reaction network in Figure 3. In
agreement with previous work,” we find that the non-heme
Fe" center in the high-spin quintet state is the most stable spin
state for all structures displayed in Figure5 (see data in
Figure S3 in the SI). This observation is in agreement with
previous work from Bassan et al® and holds true for both
classes of structures. As introduced in Figure 3, we evaluated
two processes for the abstraction of the axial water ligand: One
in which the abstraction of H,O is guided by the Asn,y, residue
that keeps the ligand in the second coordination sphere
through hydrogen bonding (reaction 1—2) vs. complete
abstraction of H,0O yielding species 3.

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 5. PBE-D3/def2-TZVP (PBE0O-D3/def2-TZVP in parentheses) electronic energy differences of the reaction network associated with the 6C to 5C
conversion at the non-heme Fe' center in NDO. The slash notation refers to the two model classes: constrained/fully relaxed. All energies are given in kJ
mol™". All horizontal arrows refer to solvent reorientation or dissociation and diagonal arrows are associated with substrate binding. Red and green numbers

indicate an overall endothermic and exothermic reactions, respectively.

Water Reorientation versus Water Abstraction

We examined the dissociation of the two water molecules
(colored in blue and turquoise in Figure5) coordinated
equatorially and axially in a distorted octahedral environment
of species 1. Regardless of which ligand dissociates, the
remaining H,O ligand occupies the equatorial position, (con-
sequently, the ligands can be considered interchangeable)
which is stabilized by a hydrogen bond to the Asn,y, residue.
This step renders the axial coordination position vacant and
directed towards the substrate (Figure5). This finding is
supported by the analysis of substrate binding in NDO in the
presence of nitric oxide as non-reactive O, surrogate at the
non-heme Fe center, indicating that O, and one solvent
molecule bind at the active site®™® Our finding of water
dissociation that is assisted by hydrogen bonding to Asn,,
stands in contrast to the generally accepted mechanistic
hypothesis for NDO activation. Compared to full abstraction,
hydrogen bond enhanced dissociation is almost thermoneutral
with reaction energies of 4.9 kimol™' without substrate and
8.7 kJmol™' with substrate in the constraint model. The
reactions are even fully exothermic by —21 and —30 kJmol™'
(without and with substrate, respectively) in the relaxed model
(with PBEO, 8.4 and 14.1 in the constrained model, respectively).
Hence, 2 and 2 likely bind dioxygen while formation of 3 and 3
is endothermic by more than 45 kJ mol™". As 5C species 2 and 2
are formed in an overall exothermic reaction, 3 and 3 will not
be considered in further steps. The reorientation of one first-
shell water ligand towards the second shell is also supported by
several different NDO crystal structures (107H and 107G,
TUUW,®" 1EG9®?) that show one solvent molecule coordinated
to the non-heme iron center at a distance of 2.1-2.3 A and a
second one in the second coordination sphere at a distance of
4.1-4.2 A. The reaction energies in Figure 5 show that the PBEO
hybrid density functional delivers reaction energies of the water
reorientation steps (1—2 and 1—2) that are less than a factor
of two (8.4 vs. 4.9 kimol™" and 14 vs. 8.7 kimol™', respectively)
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higher than those obtained with PBE. The reaction energies for
the formation of 2 and 2 are therefore not high enough to
prevent a spontaneous reaction under standard conditions.
Evaluation of the activation barriers for elementary steps of
reactions 1—2 and 1—2 further show a flat energy profile with
reaction barriers sufficiently low for the reaction to occur
spontaneously (see also Figure S4 in the Supporting Informa-
tion).

Effect of the Substrate

We compared the upper and lower thread of the reaction
mechanism in Figure 5 to assess the role of the substrate in the
active site pocket on the 6C to 5C change in coordination
number. Water ligand reorientation in the presence of
naphthalene (1—2) is energetically equivalent to the substrate-
free reaction (1—2). This finding contrasts previous hypotheses
that substrate binding facilitates the release of one solvent
molecule.®**" Substrate binding itself is exothermic by more
than —30kJmol™" for the constrained system and —45 to
—71 kJmol™" for the fully relaxed one, depending on whether
the substrate is added to species 1, 2, or 3. The substrate
interaction with the active site can be ascribed to dispersive
attraction as 85% of the reaction energy are recovered by
summing up all pairwise dispersion interactions that include
substrate atoms (Table S1 in the Supporting Information). Even
though a vacant coordination site has been established at the
non-heme Fe center, naphthalene remains at 4.8 A distance and
does not coordinate to the Fe atom, as it is, e.g., the case for
extradiol dioxygenases, where the substrate covalently binds to
the metal site. This behavior is typical for RDOs. Note also that
the dispersion enhanced substrate binding in our model is an
artifact because we neglect the dispersion energies that
stabilize naphthalene before it approaches its binding pocket,
because we consider the substrate to emerge from a disper-
sion-free environment (i.e,, in vacuo). The data presented in
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Table 1 and Figure 5 for coordination changes at the non-heme
Fe site, water reorientation, and substrate binding reveal
identical interpretations for the fully relaxed and constraint
model classes in the two elementary steps discussed above. The
subsequent discussion will therefore be based on the con-
strained model class.

Dioxygen Coordination

Dioxygen coordination at the non-heme Fe" center is closely
tied to the ensuing electron transfer from the Rieske cluster.
Previous studies on NDO®? and BZDO®¥ suggest that O,
binding is thermoneutral or even endothermic also due to
entropic losses related to O, binding. Here, we now systemati-
cally evaluate energy and structural aspects with regard to the
sequence of O, binding and Rieske cluster oxidation in the
presence and absence of the substrate naphthalene. We also
extend the relevant range of spin configurations considered by
evaluating spin states from S=0 up to S=6. For dioxygen-free
compounds, the expected spin state range is spanned by the
typical d-configuration of Fe", Fe" or, after reduction, by the
unlikely Fe' species. For species that contain an O, molecule,
this range is extended by all possible combinations of ferro-
and antiferromagnetic coupling of d-configurations at the Fe
site with either *0, or '0,. We take the sum of covalent radii of
iron and oxygen being 2.2 A as a threshold for the covalent
bond assignment.®2%¥

Dioxygen Coordination Prior to Electron Transfer from the
Rieske Cluster

The iron-oxygen species for all oxidized species containing O,,
namely 192 2%, 12, and 2°% may be either of ferrous-oxo- (Fe'-
0,), ferric-superoxo-(Fe"-057), or Fe"-peroxo-(Fe"-02")-type
with a high-spin iron center stabilized by the 2-His-1-carbox-
ylate facial triad.*%%**"]

For the 6C structures 1°% and 1°* without and with
substrate, respectively, we found the high-spin septet state to
be the ground state for both density functionals in agreement
with experimental observations.*" For the 5C structures 2°? and
292, however, we encounter the known limitations of pure
density functionals such as the PBE density functional with
respect to characterizing open-shell species®® (Table S4 in the
Supporting Information). PBE-optimized structures adopt a
singlet state with no unpaired electrons at the non-heme Fe"
center and O,, whereas PBEO-optimized structures converge
towards the high-spin septet states as expected®*® (Table S5
in the Supporting Information). The singlet (S=0) ground state
for PBE-optimized structures of 2°> and 2°% would correspond
to a change of total spin, because unbound O, adopts a triplet
spin state in its ground state and the resting non-heme Fe site
is a ferrous site in a quintet state (see above). Although high-
spin states are systematically favored by the admixture of exact
exchange to the DFT functional,®®*® which is zero even with
PBE, we find small energy gaps between the low-spin singlet
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state and the high-spin septet state for PBE with 7.7 kimol™" for
2°2 and 29.5 kJmol ™" for 2°2. Conversely for PBEO, the septet
state is stabilized by —156.3 kimol™" for 2°% but only by
—1.2kJmol™" for 2% In view of the recurring high-spin motif
within RDOs stabilized by the facial triad, we focus our
subsequent discussion on data obtained for PBEO-optimized
structures that point towards more reasonable ground state
spin states. The complete set of results is compiled in section S4
of the Supporting Information. CCSD(T)/def2-TZVP single-point
calculations were carried for on all ground state structures
obtained from PBEO structure optimizations. For a detailed
discussion of spin configuration, spin populations, Fe—O and
O—O0 interatomic distances and spin state energetics of the
discussed compounds, we refer to Tables S5 and S6 in the
Supporting Information.

Figure 6 summarizes our findings of dioxygen coordination
at 6C and C non-heme Fe" species. Electronic energy differences
for the displayed reactions (1/2— 1°%/2°% and 1/2—1°%/2°%) are
almost thermoneutral throughout (within a range of —11.7 to
—154kimol™"). All trends of DFT reaction energies are
reproduced in the coupled cluster calculations and they slightly
underestimate PBEO reaction energies by 2-7 kJmol™' (numbers
in parentheses in Figure 6). Both 6C non-heme Fe" sites 1°? and
1°2 clearly do not exhibit activated O, species: Fe—O distances
displayed in Figure 6 for 1°% and 1°% are 46 A and 4.9 A,
respectively, indicating the complete lack of bonding between
O, and the Fe site. Instead, O, remains in the vicinity of the
axial solvent ligand (Figure 6). By contrast, the 5C species
present an open unsaturated site at the octahedral polyhedron
capable of coordinating O,. Still, we find that in the absence of
the substrate naphthalene in species 2°%, O, remains at a
distance of 3.5 A from the non-heme Fe' center. In this case,
the Wiberg bond order of zero highlights the lack of an Fe—O
bond. The septet-triplet spin splittings are 117.0 and 72.6 kJ
mol~" for 2°2 and 2% (Table S5 in the Supporting Information)
which implies that antiferromagnetic coupling between the
non-heme Fe" site and O, is unlikely to occur. Only in the
presence of naphthalene (2°) we observed Fe—O and 0-O
bond lengths of 2.2 A and 1.3 A, respectively, in good agree-
ment with the sum of covalent radii. In 2% the spin excess
population is 4.08 (4.64) on Fe and 1.53 (1.15) on O, for PBEO
(Coupled cluster) and the bond orders for Fe and each of the
two oxygen atoms are 0.47 (0.37) and 0.42 (0.29), respectively.
These PBEO data point towards a d®-Fe"—0, species in 2°2 for
PBEO-optimized structures, where iron is in the ferrous state
uncapable of reducing O, to a superoxide.*” Coupled cluster
data, however, indicate a d*-Fe"-0;" species which is consid-
ered one of the reactive Fe-oxygen species of RDOs.***¥ From
the energy point of view, however, the thermoneutrality of O,
coordination with a coordination energy of only —154
(—=7.1) kmol ™" (2—2% is far too small to consider the dioxygen
species activated. Our data consistently show that prior to
Rieske cluster oxidation, dioxygen does not bind covalently to
the oxidized non-heme Fe' center, reflected in the thermoneu-
trality of O, coordination to both 6C and 5C species. We
conclude therefore that O, remains unbound in all species.
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Figure 6. Reaction energies (a) and selected optimized structures (b) of the reactions associated with O, coordination to the non-heme Fe' center prior to
electron transfer from the proximate Rieske cluster. Energies for PBEO-D3/def2-TZVP and DLPNO-CCSD(T)/def2-TZVP (the latter shown in parentheses) are

given in kimol™". All bond lengths are given in A.

Moreover, naphthalene appears to have no effect on the O,

coordination to the oxidized sites.
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cluster

Dioxygen coordination after electron transfer from the Rieske

The effect of transferring an electron from the Rieske cluster to
the non-heme Fe center on coordination of dioxygen was
evaluated by adding one electron to all optimized structures
followed by structure reoptimization for doublet, quartet, and
sextet spin states. These species are denoted by a superscript r.
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Relative energies, spin configurations, and bond length are
given in Tables S7 and S8 in the Supporting Information. Data
for relative PBEO and coupled cluster reaction energies are
shown in Figure 7.

We find sextet spin states as ground states for all
O,-containing structures. However, the sextet-quartet spin
splittings are rather small (19.0 and 28.5 kmol™' for 2~ and
2"°% and only 2.5 and 0.9 kJmol ™" for 177°% and 1", Table S8
in the SI), which is indication of potential thermal spin cross-
over. We found no O, coordination to the 6C sites 1°? and
102 (Figure 7). Instead, a proton is abstracted from the axial
solvent molecule. Coordination energies for dioxygen addition
are, contrary to the oxidized species, highly exothermic by at
least —180 kJmol~". PBEO data show no effect of the substrate
whereas differences are substantial for coupled cluster data
(—189.9 kimol™' vs. —264.7 and —273.3). The intermediate 1"
seems to be stabilized by more than 60 kimol™" with respect to
2" and 33.5kJmol™! relative to 1" (upon correction for the
substrate coordination energy). This difference will be discussed
in terms of stabilization of 1" due to the presence of the
substrate below. At the reduced 5C sites 2°2 and 2%, O,
binds with —207.5 and —199.3 kmol™", respectively, according
to the PBEO results (Figure 7). Coupled cluster reaction energies
for reactions 2/2'— 2°%/27°2 are more exothermic (up to

—276 kJmol™") and do not reveal any effect of the substrate. In
PBEO optimized structures, the Fe—O bond distance converges
to 2.0 and 2.1 A for 2° and 2" respectively (insets in
Figure 7). In the absence of the substrate (i.e., in 2%, the
Fe—O bond has end-on character suggesting an [Fe"-5'-05].
Conversely, in 292 the Fe—O bond is side-on corresponding to
an [Fe"-7%-057]. The 0O bond length was found to be 1.3 A in
both 5C species (Table S8 in the Supporting Information), in
good agreement with low-temperature crystal structure data
available of NDO.®® The bond orders of the iron atom and the
two O atoms were 0.39 and 0.07 for 2"-°? and 0.44 and 0.46 for
2" indicating the formation of one covalent bond () in the
absence of naphthalene vs. two covalent bonds (%) in its
presence. Spin excess populations for Fe of 3.7 to 3.9 (Table 2)
suggest that the non-heme Fe center remains in the ferrous
oxidation state, whereas the O, molecule is reduced to a
superoxide species. This interpretation is reflected in a-spin
excess populations for PBEO and coupled cluster data (in
parentheses) for 272 and 2"°2 of 1.00 (1.03) and 1.15 (1.09),
respectively. The corresponding partial charges on O—O in the
absence and presence of naphthalene amount to —0.47 (—0.51)
and —0.32 (—0.38) elementary charges in total on both oxygen
atoms (Table 2). The assignment of an Fe'-O;™ species as the
activated form of O, is consistent with the other work for
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Figure 7. Reaction energies and selected optimized structures relevant for O, coordination to the non-heme Fe center in the presence of an additional
electron (i.e., after one-electron reduction). Data for PBE0-D3/def2-TZVP and coupled cluster (in parentheses) in kJmol ™. Orange colored arrows represent the

electron transfer from the reduced Rieske cluster (R.q).
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Table 2. Overview of spin excess populations, local charges given in units of the elementary charge, and bond lengths of optimized 5C structures with
bound dioxygen. All data refer to PBE0-D3/def2-TZVP-optimized and DLPNO—CCSD(T)/def2-TZVP structures. The latter are shown in parenthesis.
202 Eoz zrfoz Erfoz
Ground state multiplicity Septet Septet Sextet Sextet
(Sore) Fe 3.75 4,08 3.76 3.69
(3.89) (4.64) (3.89) (3.83)
0-0 2.00 1.53 1.00 1.15
(2.00) (1.15) (1.03) (1.09)
local charge on O-O —0.00 —0.03 —0.47 —0.32
(0.03) (—0.39) (—0.51) (—0.38)
bond lengths [A] Fe—O 3.7 22 2.1 2.0
0-0 12 13 13 13
type of Fe—O bond - side-on end-on side-on
activated oxygen species none none superoxo superoxo
RDOs®**¥ although an Fe-peroxo species has been implied in en® phma\e“ HOH
earlier studies with NDO.5%%” 2" on, Asnaoi o Asnpg
Table 2 summarizes the structural and electronic evidence \F\ /ZOHz e’ 2
. . €.
for the 5C species prior and after electron transfer from the ~ ‘ ™~ - ‘ ™~
Rieske cluster (2°%/2°2 vs. 2"792/2"92) The active site remains in . 5
r
the non-heme Fe' state in all species. Combined data for 0—O 1
spin excess populations and local charges as well as 0-O bond € € e00
length and the corresponding reaction energies from Figure 6 AE ('_2222'_%) 7 5 (:195'.3)
illustrate that O, does not bind to the active site in the absence | PBEO ;
. . . i CcCsD(T)
of the extra electron despite short Fe—O internuclear distances i " 2 -270.8
in 292, Conversely, O—O spin excess populations close to 1.00 ! 183-1)
e
and negative O—O charges together with typical O—O bond HOH
length point towards O, activation as Fe-superoxide species OHy Asnao; }i\snzm
after Rieske cluster oxidation. While this process is very ~.| _oH, - /o|'.‘|2
exothermic, it does not provide any indication for the effect of /F|e\ _Fe_
the substrate on the active site. .
1" 2

Role of Distant Substrate During Electron Transfer

Our data summarized in Figures 5, 6, and 7 show that the
presence of naphthalene in the active site neither triggers the
6C to 5C conversion of the non-heme Fe" center nor does it
exert any notable effect on O, coordination at the 5C site. We
therefore evaluated the effect of substrate presence onto the
electron transfer from the Rieske cluster given that previous
calculations for NDO™¥ characterized this process exclusively in
the absence of naphthalene. Under such conditions, the
electron affinity of the non-heme Fe" only exceeded the one of
the Rieske cluster if O, is bound. This approach might have
been somewhat simplistic and did not account for early
experimental evidence showing the lack of O, consumption by
NDO in the absence of the substrate."™

Here, we evaluate the electron affinities of the 6C and 5C
species in the absence and presence of naphthalene (Figure 8)
and account for electronic relaxation processes that were found
relevant for electron transfers in such systems'''® (see
Table S11 in the Supporting Information). Adiabatic electron
affinities of 1, 2, T and 2 (reduced species carry superscript r) of
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Figure 8. PBE0-D3/def2-TZVP energies of reactions associated with the one-
electron reduction in naphthalene 1,2-dioxygenase. All energies are in kJ
mol~', DLPNO—CCSD(T)/def2-TZVP results are given in parentheses.

—262.4 to —270.8 kJmol™" are more exothermic compared to
the adiabatic ionization energy of the Rieske cluster that we
calculated to be 175.3 kimol™' (all obtained with PBEO-D3/def2-
TZVP). This points toward an irreversible electron transfer, which
was also recently reported for the O, activation by other RDOs
(i.e., BZDOP),

Whilst DFT results show no difference in electron affinities
with and without the substrate, the coupled cluster results put
this into a slightly different perspective: The electron affinity of
1" is more than 60 kJmol™" more negative than that of all other
species. The increased electron affinity of 1" with respect to the
other species depicted in Figure 8 results in a stabilization of 1.
As a result, the O, coordination energy to species 1 s
decreased by almost 80 kJmol™" (for CCSD(T)) compared to the
respective 5C reaction 2—2"% (see also Figure 7 and dis-
cussion in previous sections).
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We calculated the vertical and adiabatic electron affinity of
naphthalene to be slightly endothermic (41.8 kkimol™' and
29.1 kJmol~" with PBEO/def2-TZVP). Hence, the electron affinity
of naphthalene cannot be the driving force for the process.
Instead, we found a highly exothermic binding of the
naphthalene anion to the metal fragment 1, i.e., NPY®"°" 41—
1" (—=332.7 kJmol™" with PBEO, which is in excellent agreement
with the —326.9 kimol™' obtained with CCSD(T)), which
produces a thermodynamic sink for the electron transfer. From
comparison with the Hartree-Fock result for the naphthalene
anion binding energy of of —262.6 kimol™', we may estimate a
contribution of 64.3 kJmol™' of dispersion interactions to
naphthalene anion binding at the metal site (if we assume that
all dynamical correlation energy can be assigned to attractive
dispersive forces; for comparison, the D3 dispersion contribu-
tion is of the same magnitude and amounts to —34.7 kJmol™).

The evaluation of spin states as well as spin excess
populations at the non-heme Fe center and naphthalene across
different computational methods discussed below suggests
that the notably larger electron affinity of 1 is likely due to
contributions of the substrate to the electron transfer from the
Rieske cluster and formation of 1". 1" exhibits an unexpected
sextet spin state as its ground state for both PBEO and coupled
cluster data (see Tables 3 and S12), whereas species 1" and 2
preferably adopt the quartet spin states. For 2", the PBEO data
suggest a quartet spin state, whereas CC calculations point
towards the high-spin sextet spin state. In the absence of
naphthalene, where the additional electron can be localized
solely at the transition metal site, a quartet spin state shows a-
spin excess population of about 3 a-electrons (i.e, 2.99 for 1"
and 3.14 for 2, see Table 3) which is the unlikely d’-Fe' species.
In 1, by contrast, the non-heme Fe remains in the ferrous
oxidation state with a spin excess population of 3.76 a-
electrons and the reducing electron is transferred to the
substrate, which adopts a doublet spin state with an overall
spin excess population of 0.96 and a partial charge of —0.88
elementary charges (see Table 3). Hence, the incoming electron
is localized at naphthalene only. This process avoids intermedi-
ate formation of the unstable Fe' species. Localization of the
additional electron on the substrate exclusively stabilized the
6C species 1" whereas no such effect was observed in the 5C
species 2 (spin excess population of 0.01, Table 3). Given that
these two species only differ with regard to axially coordinated
H,O ligand at 1, we hypothesize that the transfer of the Rieske
electron to the substrate is mediated by this ligand. An RMSD
of 1.25 A between 1 and optimized 1" reflects a considerable
reorientation of the substrate towards the axial H,O molecule in

Table 3. Spin  excess populations for PBE0-D3/def2-TZVP  and
DLPNO—CCSD(T)/def2-TZVP calculations (in parentheses) at the non-heme
Fe center and naphthalene on reduced species in the absence and
presence of the substrate.

(25+1) (Szre) (SZ,Napht.>
1" 4 2.99 (2.95) -
2 4 3.14 (3.88) -
1 6 3.76 (3.88) 0.96 (0.97)
2 4 3.01 (2.95) 0.01 (0.00)
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1 as depicted in Figure 9. As a consequence, the distance
between the axial solvent molecule and the closest
naphthalene-carbon atom decreases from 3.6 and 2.1 A in 1 to
19and25Ain T, allowing for a potentially allosteric control of
the metal-to-substrate charge transfer via the H,0 ligand. Such
an intermediate localization of negative charge at the substrate
is, in a qualitative picture, corroborated by the highest occupied
(HOMO) and lowest unoccupied molecular orbital (LUMO) of 1
Figure S8 in the Supporting Information shows that the HOMO
of 1" exhibits strong metal-d-character and only very moderate
naphthalene character, whereas the LUMO is almost fully
localized on the substrate. Qualitative evaluation of the wave
function obtained in CASSCF calculations (for a detailed
Methodology, we refer to the Supporting Information, section
S8) show that all structures that exclude the substrate, i.e. 1
and 2 exhibit no multireference character. For 1 and 2, the
orbital entanglement pattern is more complex, not limiting the
involved orbitals to the Fe-d-orbital set only, but also including
the z-orbitals of naphthalene. For 1, we obtained strong
localization of singly occupied orbitals on the substrate,
converging to a total charge of —0.86 elementary charges on
the substrate. Full-valence DMRG-CASSCF calculations on
relevant structures using the autoCAS workflow developed in
our group”®#831% sypport this substrate-assisted electron
transfer for 1" (see Figures $11-516 and in particular Figures S15
and S16 and discussion in section S8 in the Supporting
Information). We find that the electron transfer to the substrate
persists for non-relaxed 1. The phenomenon is apparent not
only in the sextet spin state, but also in the quartet spin state,
with both states being energetically close by 3.4 kJmol™'(Ta-
ble $12). These results imply that electronic relaxation following
the electron transfer is not critical.

Hence, the role of the substrate in the active site pocket
may be to first accommodate the electron transferred from the
Rieske cluster to the non-heme Fe. We find this contribution of
the substrate only prior to O, coordination and before the 5C-
to-6C change associated with solvent reorientation. No spin
excess populations in the ground state were found on the

Figure 9. Overlay of species 1and 1. The substrate and the axial H,0 ligand
are depicted in red for 1 and in green for 1".
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substrate in any other species containing the electron from the
Rieske cluster (i.e., 17 27, or 2, see Tables S8 and $12 in
the Supporting Information). Further reaction of 1, namely
water reorientation including 5C-to-6C changes are generally
thermoneutral (Figures5 and 7) while the stabliziation of 1
derived from coupled cluster calculations makes this process
appear endothermic. Nevertheless, O, binding at the non-heme
Fe is energetically favored (Figure 7) leading to species 202
that are capable of subsequent cis-dihydroxylation of
naphthalene.

Conclusions

The lack of substrate coordination at the non-heme Fe center
largely prevents the rationalization of the many observations of
substrate-mediated O, activation and reactivity of RDOs."* Our
systematic theoretical investigation of the initial sequence of
elementary steps in the catalytic cycle of NDO reveals
contributions of naphthalene to O, activation which appear
closely coupled to the electron transfer from the Rieske cluster.
Reaction energies for the generation of a coordination vacancy
at the non-heme Fe" center through H,O reorientation and O,
binding prior to Rieske cluster oxidation are largely insensitive
to the presence of the substrate and do not lead to formation
of any of the known reactive Fe-oxygen species. Moreover,
binding naphthalene in the proximity to the active site does
not, as expected, have any effect in O, coordination. We obtain
consistent evidence for a possible role of the substrate only
after Rieske cluster oxidation. Whereas the electron affinity of
naphthalene is basically thermoneutral and cannot be the
driving force for the electron transfer, the resulting naphthalene
anion binds strongly to the active-site metal fragment, which
provides a thermodynamic sink. The excess electron was found
to be localized on the naphthalene substrate, but may be
viewed as a resonance-stabilized charge. This charge local-
ization was observed exclusively for the 6-coordinate non-heme
Fe" site and would imply an allosteric control of the substrate
on RDO reactivity to happen prior to the thermoneutral H,0
reorientation and the exothermic O, coordination. Note that in
absence of naphthalene, oxidation of the Rieske cluster does
not produce a reduced species that activates O, in an energeti-
cally favorable way. Previous studies characterized the exer-
gonic and therefore fast electron transfer from the Rieske
cluster to the non-heme Fe center, but this process was shown
to occur after changes of non-heme Fe coordination as well as
0, binding.®****¥ Sybstrate contributions to the modulation of
RDO reactivity in early steps of the catalytic cycle are mean-
ingful to avoid unproductive O, activation. The absence of
charge localization at the substrate in the reduced 5-coordinate
Fe species could imply a mechanism in which H,O reorientation
and O, binding are concerted processes. Further exploration of
the sequence of O, activation reactions as well as substrate
hydroxylation steps on the basis of a system-focused molecular
mechanics models will be key for the study of the broad
substrate-mediated reactivity of RDOs. In future work, we will
consider QM/MM-based evaluation of RDO-mediated oxygen-
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ations on the basis of atomistic and system-focused molecular
mechanics models."%'” Such a model will eventually allow us
to consider the electron transfer kinetics in a proper way, which
is key to understanding the emergence of substrate-mediated
activation by seemingly spectator substrates.
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