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Synergistic Substrate and Oxygen A ctivation in Salicylate Dioxygenase

Revealed by QM/MM Simulations

Subhendu Roy and Johannes Kistner*

Abstract: Salicylate 1,2-dioxygenase (SDO) is the first enzyme
to be discovered to catalyze the oxidative cleavage of a mono-
hydroxylated aromatic compound, namely salicylate, instead
of the well-known electron-rich substrates. We have investi-
gated the mechanism of dioxygen activation in SDO by QM/
MM calculations. Our study reveals that the non-heme Fe'
center in SDO activates salicylate and O, synergistically
through a strong covalent interaction to facilitate the reductive
cleavage of O,. A covalent salicylate—Fe"-O, complex is the
reactive oxygen species in this case, and its electronic structure
is best described as being between the two limiting cases,
Fe'"-0, and Fe"—0,~, with partial electron transfer from the
activated salicylate to O, via the Fe center. Thus SDO employs
a synergistic strategy of substrate and oxygen activation to
carry out the catalytic reaction, which is unprecedented in the
family of iron dioxygenases. Moreover, O, activation in SDO
happens without the assistance of a proton source. Our study
essentially shows a new mechanistic possibility for O, activa-
tion.

M ononuclear non-heme iron enzymes unlock the great
oxidizing potential of dioxygen to perform a broad range of
biological functions."® Tron dioxygenases that catalyze the
chemically intriguing reaction of triplet O, with singlet
organic substrates are of particular importance. The reduction
potential of Fe"/Fe™ is not favorable to activate O, in a one-
electron reduction process.” Generally, most non-heme oxy-
genase enzymes, such as the extradiol dioxygenases, activate
O, via a high-spin Fe' that can undergo a change in redox
state (Fe"/Fe™) in the presence of a substrate or an additional
cofactor that supplies the required electrons. The other major
class of enzymes, intradiol dioxygenases, use Fe™ where O,
directly attacks the substrate. In essence, extradiol enzymes
(Fe") use the oxygen activation pathway, whereas intradiol
enzymes (Fe') follow a substrate activation mechanism.* In
all cases (intradiol and extradiol), the substrates, such as
substituted catechols, protocatechuates, and gentisates, are
electron-rich (Scheme 1a), thereby facilitating the electron
donation that is essential for the reductive cleavage of O,. The
substrates for these dioxygenases thus are either dihydroxy
compounds or contain at least one electron-donating group in
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Scheme 1. a) Well-known substrates of dioxygenase enzymes. b) Reac-
tion catalyzed by salicylate 1,2-dioxygenase (SDO).

the aromatic ring.”) Various intermediates, such as Fe'-

O, " or a Fe-0,/SQ*-Fe"-0O,"~ hybrid state (SQ = semi-
quinone),™ have been proposed to be the reactive oxygen
species in homoprotocatechuate 2,3-dioxygenase (HPCD)
based on DFT or QM/MM calculations, respectively.
Recently, salicylate 1,2-dioxygenase (SDO) was isolated
from Pseudaminobacter salicylatoxidans and shown to cata-
lyze the oxidative cleavage of salicylate to 2-oxohepta-3,5-
dienedioic acid by a novel ring-fission mechanism (Sche-
me 1b)."2) SDO plays a crucial role in the biodegradation of
aromatic compounds, which are accumulated in the environ-
ment by industrial and agricultural pollution.

Most importantly, SDO is the first enzyme to be
discovered to cleave a monohydroxylated aromatic com-
pound, namely salicylate, instead of the well-known electron-
rich substrates. Even salicylate 1-monooxygenase requires the
presence of an additional cofactor, FAD, for its catalytic
activity."®! SDO is extraordinary as it cleaves a substrate that
is not a dihydroxy compound and does not have an electron-
donating group even in the absence of a suitable cofactor. It
strongly challenges the accepted idea that the substrate must
supply the electrons required for O, cleavage in view of the
unfavorable reduction potential of Fe/Fe™. Therefore, the
crucial question is how the O, activation occurs with such
a monohydroxylated substrate in SDO. Another intriguing
issue is the unclear role of the His162 and Argl27 residues,
which have been suggested to be the active acid/base residues
in SDO."!

Such residues are suggested to assist in O, activation by
stabilizing the formation of the superoxide species and/or by
protonating it to produce a hydroperoxo species.”) How do
these residues assist in O, activation in SDO? Does O,
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activation occur without a proton source ? To provide answers
to these fundamental queries, the chemical reactions need to
be simulated in a realistic environment. A combination of
quantum mechanics and molecular mechanics (QM/MM)!" is
a very promising method for simulating such enzymatic
reactions in realistic environments.™!

With an eye to answer these questions, we investigated the
mechanism of dioxygen activation in SDO by combined QM/
MM simulations. To the best of our knowledge, this is the first
QM/MM study on a class III dioxygenase (SDO), whereas
many studies have been reported for both class I (intradiol)
and class IT (extradiol) dioxygenases. Herein, we report an
unprecedented way of molecular O, activation in the family of
iron dioxygenases.

The enzyme SDO was obtained from the PDB structure
3NJZ,'"®! which contains SDO from the bacterium Pseud-
aminobacter salicylatoxidans with the salicylate substrate at
2.1 A resolution. O, is added to the iron center of the
monomer model to create an Fe—O, adduct in the catalytic
cycle of SDO. The QM/MM calculations were carried out
with the Chemshell"®! suite. The CHARMM22!"" force field
was used for the MM part while the QM calculations were
done with TURBOMOLE version 6.4.'"8 The QM part
consists of Fe, salicylate, O,, the side chains of the three
first-coordination-sphere residues His119, His121, His160,
and also Argl127 (Figure 1) unless stated otherwise. The QM

Argl27
Fe-O1 = 1.98
01-02=1.26
Fe-O(C1) =2.05
. 4 Fe-O(C2) =1.92
His160 b C1..02=3.05
C1-C2=1.43
C2-C3=142
C3-C4=138
C4-C5=141
C5-C6=139
—_— C6-C1=141

Fe-O1-02 = 124.46

Figure 1. Optimized geometry of the ESO, complex 1 at the B3LYP/
def2-SVP/MM level of theory. Distances are given in A and angles in °
(C gray, H white, N blue, O red).

part is described by the hybrid B3LYP' functional in
combination with the def2-SVPPY basis set, a combination
that has been shown to give reliable results for dioxygena-
ses.B10 11 Single-point energy calculations were performed
with a larger def2-TZ VP! basis set at the B3LYP/def2-SVP
optimized geometries. The QM part carries a charge of + 1
with a spin multiplicity of 5 in the geometry optimizations.
The natural spin densities® for the complexes were calcu-
lated using the TURBOMOLE package. Furthermore, the
nature of bonding of the QM region of the QM/MM
optimized geometry was analyzed by natural bond orbital
(NBO) analysis, as implemented in Gaussian 09.!
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We started by analyzing the electronic structure of the
enzyme-substrate—O, (ESO,) complex 1 in detail to ascertain
the reactive oxygen species in SDO. The coupling of quintet
Fe" with triplet O, can result in septet, quintet, and triplet spin
states. The triplet spin state is 3.4 kcalmol ' higher in energy
than the quintet state. Whereas the septet state was calculated
to be 2.7 kcalmol ! lower in energy than the quintet state, the
reaction barrier for the first step of the septet spin state lies at
least 11.5 kcalmol ' above the corresponding step on the
quintet surface.'™ Therefore, we took the quintet state of 1 as
the catalytically relevant state for reactions of the mono-
nuclear non-heme enzymes.!""*'! The optimized ESO, com-
plex 1 adopts a distorted octahedral structure, with O, binding
to the Fe center in an end-on fashion (Figure 1). The salicylate
ring is tilted towards the O2 atom of O, to facilitate O, attack.
Several attempts to obtain a side-on-bound O, complex failed
as they always resulted in an Fe-O, end-on complex. The
Fe—O1 (0O,) bond length is 1.98 A in 1 (Figure 1), which is
shorter than the Fe—0O(0O,) bond lengths (2.10-2.22 A)!"%11in
HPCD. The O—O bond length in bound O, (1.26 A) is
elongated compared to that in free O, (1.20 A). The
Fe—O(C1) and Fe—O(C2) bond lengths with the salicylate
are 2.05 A and 1.92 A, respectively, which are relatively short
compared to the Fe—O, e bond lengths in HPCD."! The
shorter Fe—O,perae bOnd lengths are indicative of strong
metal-salicylate binding in 1.

The important singly occupied frontier molecular orbitals
(MOs) of 1 are shown in Figure 2. The highest occupied MO
(HOMO, B) and the third highest (HOMO—2, 3) involve
significant interactions between the metal, O,, and the
salicylate. The five unoccupied [} orbitals have larger metal
d orbital contributions (Supporting Information, Figure S2).
The occupied o Fe dorbitals are greatly stabilized. This
suggests that the covalent interaction is unevenly distributed
among the three moieties. Thus we see that the frontier
orbitals have relatively small contributions from the metal
d orbitals.

In 1, the natural spin densities on Fe, O,, and Sal (Sal=
salicylate) are 3.80, —0.27, and 0.29, respectively (Table S1),
which implies antiferromagnetic coupling between the Fe and
O, centers with partial spin density on the distal O2 atom. The
spin density on the substrate is largely localized on the O
donor atoms. The comparatively smaller spin density on the
Fe center is attributed to the strong covalent interactions with
salicylate and O,, which reduce the metal center. Salicylate
retains a planar structure in 1, which strongly defers any
chance of disruption of the planar aromaticity to acquire
radical character (as is also supported by the spin density) by
transferring one electron to O,. How is O, activated? The
answer lies in the strongly covalent nature of 1 as revealed by
the MOs (Figure 2). In this case, the Fe' center activates the
salicylate through a strong covalent interaction to transfer
partial f electron density to the O, m* orbitals via the Fe"
center. The additional electron density in O, resides in the
m,,* orbitals, where the in-plane (ip) and out-of-plane (op)
orbitals are defined by the Fe-O-O plane. The C—C m-bonds
in salicylate are perturbed by a strong covalent interaction
with the Fe center, as shown by the HOMO () and HOMO—
2 (B). The elongation of the C1—C2 bond (1.43 A) compared
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synergistically activated for reaction by the Fe"" center. Even
the relatively close contact between the O2 and C1 atoms
(3.05 A) in 1 hints at the start of the electron-transfer process
from the activated C1—C2 & bond to the O,, which is
corroborated by HOMO-1 () and HOMO—20 (B).

The seven possible resonance structures of 1 are shown in
Scheme 2. Apart from the in-plane o bonding between the Fe
center and salicylate, NBO analysis revealed that the
B electron on the O(C2) atom of salicylate is involved in
a strong, mt-covalent donor interaction with the Fe center with
HOMO (B) HOMO-1 (o) 0.886 O(C2)(p)+0.114 Fe(d) composition with 89.9% occu-
pancy, which is reflected in the multiple-bond character of the
Fe—O(C2) bond (Table S2, Figure S4). It results in partial
a spin density on the O(C2) atom. The involvement of
salicylate ring m orbitals in the m-covalent donor interactions
is clearly evident from the HOMO () and HOMO—-2 (p).
Similar strong covalent interactions to transfer partial 3 elec-
tron density from the substrate to O, are observed in the
intradiol dioxygenases.*" In this case, the strong m-covalent
donor interactions play a vital role in the bonding of 1. The
C2—0O(C2) bond has single-bond nature, which rules out any
HOMO-2 () HOMO-3 (@) semiquinone-like structures. The antiferromagnetic coupling
between the O, and Fe centers transfers f§ electron density
from the Fe d,, orbital to the O, m,,* orbital, leading to partial
superoxide character. The partial transfer of f electron
density from the occupied O, mt* orbitals to the unoccupied
Fe f d orbitals reflects the covalent interaction between O,
and Fe. Thus the Fe center acquires { electron density from
the salicylate through a strong covalent interaction to pass it
on to O, for its activation (Scheme 2, inset).?**! The sums of
the NBO charges of salicylate and O, are —1.51e and —0.44e,
respectively. These values suggest that the salicylate donates
HOMO-20 (B) 0.49e, and that the O, receives 0.44 e, which provides further
support for the partial electron transfer from the activated
salicylate to O, via the Fe center. Therefore, based on the
structural parameters, the MOs, NBO analysis, and the spin
densities, the resonance structures A and B are the major
to the other C—C bonds (Figure 1) in the ring is noteworthyin  contributors for describing 1. Herein, we thus propose that
this respect. This implies that the salicylate and the O, are  a covalent Sal-Fe"—0, complex is the reactive oxygen species

A

k{

Figure 2. Important singly occupied molecular orbitals of the ESO,
complex 1.
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Scheme 2. Possible resonance structures for 1 and electron-transfer process in 1 (inset).
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in SDO. The electronic nature of the Fe—O, adduct is best
described as being between the two limiting cases, Fe"-O,
and Fe"-O,, with partial electron transfer from the acti-
vated salicylate via the Fe center to activate the O, for
reaction. The unchanged Fe™ oxidation state in the reactive
species draws strong support from the fact that the activity of
the dioxygenase enzymes does not depend on the redox
potential of the metal atoms.%!

Our analysis reveals that groups that enhance the
electron-donating ability of the salicylate (such as OH and
NH, groups) should facilitate the activation of O, and thereby
increase the catalytic efficiency of SDO. Indeed, this propo-
sition is in good agreement with experimental observa-
tions." Similarly, it would be interesting to study the effect
of electron-withdrawing groups such as F and NO, on the
salicylate ring on the catalytic activity of SDO.

SDO is unique as substrate activation is done by a reduced
Fe" metal ion in contrast to an oxidized Fe™ ion in the
intradiol dioxygenases. We also looked at the enzyme
substrate complex without O,, which features a strong
covalent interaction between metal and salicylate as evident
from the Fe—O(C1) and Fe—O(C2) bond lengths (2.08 A and
1.92 A, respectively, compared to 2.05 A and 1.92 A, respec-
tively, in the presence of O,). Our study establishes that SDO
employs a unique strategy of synergistic substrate and oxygen
activation to carry out the oxidative cleavage of a monohy-
droxylated aromatic compound such as salicylate, which is
unprecedented for the family of iron dioxygenases. Indeed,
the transition state TS1 of the first step to form the
alkylperoxo intermediate® ! 2 (Figure 3) shows the full

Fe-O1=1.98
01-02=1.26
1 Fe-O(C1) =2.05

Fe-O(C2) = 1.92
C1..02=3.05
Cl-C2=143

CI'-0(C1)=1.30
C2-0(C2) = 1.31
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formation of the O2—C1 bond with simultaneous transfer of
two electrons from the 7 system of salicylate to O, (see the
Supporting Information).

In 1, His162 is positioned too far away (6.4 A) from O, to
act as an active acid/base residue. We could not even locate
any water molecules that act as a proton source after several
attempts of MD simulations of the solvated enzyme. There-
fore, there is no proton source for the catalytic activity of
SDO. This is highly unusual compared to other mononuclear
non-heme iron dioxygenases.”! Instead, we observed that
Argl27 stabilizes the carboxylate O atoms of the salicylate in
1 through hydrogen bonding. Arg residues were reported to
assist in O, activation in 3-hydroxyanthranilate 3,4-dioxyge-
nasel! and in AIkB repair enzymes.”” Arg83 is located
opposite to the dioxygen-binding site. Our results are in
excellent agreement with the experimental observations,
where Argl27 was shown to be crucial for the enzymatic
activity of SDO based on mutational studies.*” In this
context, we suggest to replace Argl27 by a familiar proton
source such as His in SDO to observe the effect of this
replacement on the catalytic efficiency of SDO in cleaving
monohydroxylated aromatic substrates.

We investigated the effect exerted by the protein environ-
ment on the ESO, complex by comparison to a gas-phase
model. This model comprises the QM region of the full QM/
MM simulations with the positions of the H atoms fixed at the
truncation point. Gas-phase optimization on the model
resulted in the spontaneous rotation of O, around the Fe—O
bond so that O, points towards the His ligands (Figure S3);
this rotation can be ascribed to the absence of the protein

ArgpH"

= p
His 604, [ 0=

(Té\o/

Hisy,

Fe-O1 =2.10 4 Fe-01 =2.02
01-02=1.33 01-02=1.45
Fe-O(C1)=2.10 2 FeO(ClH=218
Fe-0(C2) = 2.07 Fe-0(C2)=2.17
C1..02=1.89 C1-02=1.45
C1-C2=1.48 Cl-C2=154

C1-0(Cl)=1.26
C2-0(C2) = 1.24

C1'-0(Cl)=1.28
C2-0(C2) = 1.26

Figure 3. Optimized geometries of 1, TS1, and 2 in the quintet state at the B3LYP/def2-SVP/MM level of theory (distances in A, angles in °, and

energies in kcal mol ™).
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environment."" 'l The triplet character of O, (Table S3)
increases in the optimized gas-phase geometry along with an
increase in the spin density on the Fe center (4.03). It shows
the significant influence of the protein environment on the
electronic structure of 1 as well as on the proper orientation of
the O, molecule pointing towards the substrate. However, the
cluster models also show significant metal-salicylate covalent
interactions as already found in the full QM/MM calculations.
Moreover, the 3His ligand motif facilitates the reaction by
enhancing the covalent interaction between Fe and O, (see
the Supporting Information).

In conclusion, we have shown by QM/MM simulations
that the non-heme Fe" center activates salicylate and O,
synergistically by a strong covalent interaction in 1. A
covalent Sal-Fe"™-0, complex is the reactive oxygen species
in the catalytic cycle of SDO, and its electronic structure is
best described as being between the two limiting cases,
Fe'"-0, and Fe"-O,~, with partial electron transfer from the
activated salicylate to O, via the Fe center. SDO employs
a unique strategy of synergistic substrate and oxygen activa-
tion to carry out the reductive cleavage of O,, which is
unprecedented in the family of iron dioxygenases. Moreover,
O, activation in SDO happens without the assistance of
a proton source, and the protein environment significantly
affects the electronic structure of 1 to facilitate the reaction.
We feel that these insights will be greatly beneficial for
designing biomimetic catalysts for utilizing O,, especially in
the context of substrate selection.
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