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ABSTRACT: In this work, we report the first computational investigation
on the structure and properties of the (peroxo)diiron(III) intermediate of ’ —
the AurF enzyme. Our calculations predict that, in the oxidized state of the Q
AurF enzyme, the peroxo ligand is depicted in a y-1,1-coordination mode 4

Whichis it?
Q

with a protonated bridging ligand and is not in a u-*:77* or u-1,2 mode. or \
Computed spectral data for the u-1,1-coordination mode correlate well ‘sx ‘ }
>

with experimental observations and unravel the potential of the

energetics—spectroscopic approach adapted here.

B INTRODUCTION

p-Aminobenzoate N-oxygenase (AurF) from Streptomyces
thioluteus is a diiron enzyme' that catalyzes the conversion of
p-aminobenzoate to p-nitrobenzoate (ArNO,) in the biosyn-
thesis of the antibiotic aureothin"” and has structural similarity
with other dinuclear metalloenzymes.” The X-ray crystal
structure of AurF has been independently solved by two
groups claiming Fe—Fe* and Mn—Mn* compositions. Choi et
al.* have reported in vitro reconstitution of the AurF enzyme
activity and crystal structure of the AurF enzyme in the oxidized
state. From this crystal structure, it has been identified that the
active site of AurF comprises a Fe, center bridged by a p-O
group. It has also been proposed that the residues Glu-101,
Glu-136, His-139, Glu-196, His- 223, Glu-227, and His-230
engage these two Fe sites (see Figure 1). Our -earlier
calculations fully support these assignments.” The Mbssbauer
(MB) and UV—vis spectroscopic*® data propose that, during
the mechanistic cycle, the native enzyme generates various
intermediates to catalyze the reaction. Also, a long-lived
peroxodiiron(III) species has been trapped after the addition
of O, to the resting state of the enzyme,4b’6 and this
peroxodiiron(III) species initiates the catalytic cycle. However,
the catalytic mechanism remains unclear because of the lack of
the crystal structure of the intermediates involved in the
reaction. Besides, the peroxo intermediate of AurF may possess
three different coordination modes, such as y-n*#?, yu-1,1, or -
1,2, and all three modes have been identified in other diiron
enzymes, such as methane monooxygenase (MMO) ;> soluble
A9 desaturase,”® and ribonucleotide reductase (RNR).*" On
the basis of the stopped-flow absorption measurements and MB
observations, Li et al.’ have suggested that the oxygenated
species could be a peroxo or hydroperoxo species in a p-1,1 or
distorted p-17*:7* mode but ruled out the possibility of the y-1,2
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mode. Despite these studies, the exact structure and properties
of the oxygen adduct of this enzyme are still unclear.

Nowadays, quantum-chemical methods are widely used to
determine the electronic structures of the metalloenzymes, and
they offer significant insight into the system with respect to the
structure, energies, and spectral properties.3c’7’8 Using computa-
tional methods, here we aim to address the following issues: (1)
What is the ground-state structure of the oxygenated form of
the diiron AurF? (2) Are peroxo/carboxylate groups proto-
nated in the native state of the enzyme? This has relevance to
the observed spectral features and its reactivity toward organic
substrates. (3) Can theoretical spectroscopy (computing MB
and UV—vis data) be used to unequivocally assign the ground-
state structure?

B COMPUTATIONAL METHODOLOGY

The popular B3LYP-D2 functional’ in conjunction with the TZVP'’
basis set for Fe and the SVP'° basis set for the rest of the elements is
used for optimization. Frequency calculations are performed on the
optimized structures to verify that they are minima on the potential
energy surface. Besides, the solvent effects are incorporated using the
polarizable continuum model, employing water as the solvent. Thus,
the quoted energies are the B3LYP-D2 functional computed solvent-
free energies, unless otherwise mentioned. All initial coordinates are
obtained from the X-ray crystal structure of the oxidized AurF
enzyme* (PDB code: 3CHU) and modeled according to the
coordination mode. An unrestricted density functional theory
(UDFT) methodology is used to model the spin polarization
efficiently for open-shell orbitals of both Fe atoms. This method
enables modeling of antiferromagnetic (AF) coupling between the two
Fe atoms by the use of a broken-symmetry (BS) wave function.
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Figure 1. B3LYP-D2-optimized geometries of the quantum-chemical cluster models (a) M1, p-n*n*peroxodiiron(III/II), (b) M2, u-1,1-
peroxodiiron(III/I11), (c) M3, u-1,2- peroxodiiron(III/III) complexes along with the possible peroxodiiron(III) models (d) ,,;M1, (e) ,,;M2, and
(f) 2,;M3, where the Fe—Fe distances are 3.483, 3.702, 4.023, 3.482, 3.410, and 3.568 A, respectively. For the hydroperoxodiiron(III) models, (g)
MIP, u-n*n*hydroperoxodiiron(III/III), (h) M2P, u-1,1-hydroperoxodiiron(III/III), and (i) M3P, u-1,2-hydroperoxodiiron(III/III) models along
with GLU227-protonated (j) 5,,M1P, (k) ,,,M2P, and (1) ,,,M3P, where the Fe—Fe distances are 3.532,3.463, 3.670, 3.707, 3.488, and 3.894 A,
respectively. Refer to Tables S1 and S2 for complete bond distance information. Only H atoms involved in hydrogen-bonding interactions are

shown, and others are removed for clarity.

Geometry optimization is carried out with Gaussian 09 software,""
whereas all spectroscopic parameters are calculated with the ORCA 2.8
program package.'> The best functional has been chosen based on the
property of interest as reported earlier.''* Because the prediction of
these parameters requires a reasonable estimation of the spin densities
on the metal centers, the employed functional plays a crucial role in
computing these parameters. The MB parameters are calculated using
the BP86 ™" functional and TZVP basis set. However, the UV
spectral calculations and Heisenberg coupling constants ] are obtained
by employing the B3LYP functional and TZVP basis set. All
spectroscopic calculations also incorporate the solvent effect, employ-
ing water as a solvent. The MB isomer shifts 6 are calculated based on
p(0) using the following equation:

§=alp(0) —A]l+ C (1)

where A and C are constants and p(0) is the electron density at the
nucleus.

The magnetic exchange interaction has been computed using the
following spin Hamiltonian:

H= —JSke1Sre ()

Here ] is the exchange coupling constant and Sg.; and Sg,, are spin
values on the individual Fe™ centers (S = */, here). The magnetic
exchange has been computed as the difference in energy between the
high-spin and BS states, as proposed by Noodleman.' Many
equations have been (spin-projected and non-spin-projected)'’
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advocated to compute the ] values, and here we employ the
methodology advocated by Ruiz and co-workers,'”” which has been
shown to provide a good numerical estimate of the ] values for several
systems. Besides, for systems that exhibit significant radical behavior
on the O atom, three different exchange parameters are employed to
extract the J values. The following Hamiltonian is used in such cases:

H= _]1§Fe1§1=ez - ]2§Fe1§01 - ]3§01§Fe2 3)

Here Fel, Fe2, and O1 represent spins on the Fel, Fe2, and O1
centers. Here four spin configurations are employed to compute three
different exchange interactions."® All of the energies quoted here are
B3LYP-D2 energies incorporating free-energy corrections at 298.15 K.

B RESULTS

In this contribution, we report the first theoretical investigation
to probe the structure of the oxygen adduct of the AurF
enzyme by computing the geometries, electronic structures,
energetics, and, most importantly, spectroscopic parameters of
different peroxo and hydroperxo models (see Figure 1) to shed
light on the ground-state structure of the peroxodiiron(III)
oxidized species. Six sets of model complexes having the core
structure of {Fe,""O0} with (i) p-1*1* coordination (butterfly
structure; termed as model M1) (ii) u-1,1 coordination (M2),
and (iii) 4#-1,2 coordination (M3) modes along with their u-
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Table 1. Calculated and Experimental*” Isomer Shift 8 (mm/s), Quadrupole Splitting AE, (mm/s) Parameters, B3LYP-D2-
Computed Relative Energies (kJ/mol), Net Spin Population (NSP), and Heisenberg Coupling Constant J (cm™") of
Peroxodiiron(III) and Hydroperoxodiiron(III) Model Complexes Investigated

spectroscopic parameters

NSP A AE,
species Fel Fe2 u-01 u-02 Fel Fe2 Fel Fe2 relative energy (AG) J (em™)
Peroxodiiron(III/III) Model Complexes
M1 4.15 —4.15 -0.02 -0.05 0.74 0.73 —0.59 —0.59 465.6 —123.5
M2 4.19 -3.80 —0.22 —-0.58 0.68 0.69 0.87 —0.65 419.4 —97.8 (—4.6, —119.5, —365.5)
M3 4.13 —4.08 —0.34 0.18 0.70 0.65 0.72 123 477.9 —136.4
27M1 4.14 —4.16 0.04 0.01 0.75 0.70 0.92 —0.69 37.2 —142.9
27M2 4.20 —4.22 —-0.09 0.00 0.66 0.70 1.22 —-0.95 43.6 —-172.5
27M3 4.14 —4.08 —-0.34 0.20 0.67 0.67 1.32 1.16 43.0 —158.2
Exp™ NA  NA NA NA 054 061  —066 035 NA NA
Hydroperoxodiiron(III/III) Model Complexes
M1P 4.16 —4.18 0.01 0.00 0.73 0.70 1.033 —0.63 37.0 —113.8
M2p 4.00 —4.04 0.00 0.00 0.61 0.58 —-0.55 —0.68 84.4 —61.7
M3P 4.18 —4.15 -0.35 —-0.02 0.71 0.58 0.81 1.06 119.9 —40.6
2sMI1P 4.19 —4.22 —0.01 0.05 0.71 0.55 —0.80 0.59 27.9 =753
27M2P 4.22 —4.23 —0.04 —-0.01 0.65 0.57 —-0.78 0.78 0.0 —68.4
2,7M3P 4.21 —4.23 —0.04 0.20 0.63 0.56 1.06 0.76 359 -30.3

“Here two types of calculations are performed, assuming only the Fe—Fe interaction, and modeled with one J, assuming three different interactions

between Fe and the radical centers. These ] values are given in parentheses (see Figure 2 and the corresponding text for details).

(d)

(e)

Figure 2. B3LYP-D2-computed (a) spin density plot of M2 and (b) adapted magnetic exchange scheme for the M2 model. Spin density plots of (c)

27M3, d) ,,,M1P, and e) ,,,M2P models.

OOH protonated counterparts (denoted as M1P, M2P, and
M3P models) have been modeled. We have also attempted to
establish the protonation state of the terminal glutamate
(GLU227 as per ref 4a) at site 2 by expanding the test set to 12
models (see Figure 1)."

B3LYP-D2*“-optimized selected structural parameters of the
computed models in comparison to the X-ray structure are
given in Figure 1 (see also Figure SI and Tables S1 and S2). It
is important to note here that the X-ray structure reported is for
the diferric form and has been given here only to draw general

structural attributes. The peroxo models M1, ,,»MI1, and M2
with either y-n%n* or y-1,1 mode have the Fe—Fe, Fe—O, and
O—-O0 distances comparable with the DFT-computed values for
other dinuclear Fe enzymes possessing the same coordination
mode.”™° From the Fe—O1—02—Fe dihedral angle (Figure 1
and Table S1), we understood that the type of constraint
provided by the additional O2 bridge in M1 is not present in
M2. Hence, the distal O atom of the peroxo ligand in M2 can
easily form a hydrogen bond with the terminal histidine ligand
of the Fel center (site 1). This offers an explanation for the
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presence of additional histidine ligands in the AurF enzyme
compared to other enzymes possessing a similar structural
motif at the active site.”*’ The optimized §eometry of M3
resembles a cis-p-1,2-peroxo model of RNR*” with Fel—Fe2,
Fel—01, and Fe2—02 bond lengths of 4.023, 1.855, and 1.920
A, respectively. The increased Fe—Fe bond distance of the M3
models in comparison to the M1 models is due to the
transformation of bridging O2 from the side-on to the end-on
mode. Except in the ,,,M1P model, in all other studied
hydroperoxo models, the peroxo unit is in hydrogen-bonding
interaction with the neighboring terminal glutamate unit. This
is important for the proper geometrical positioning of the
ligands similar to the earlier reported dinuclear active site
structure,””** where protonation of the 0,2~ group is suggested
as the first step in the catalytic activation.™

Computed energies suggest the ,,-M2P model with p-1,1-
hydroperoxodiiron(III/III) coordination mode, with the
terminal glutamate being protonated as the ground state (see
Table 1). This is followed by the M1P model possessing y-17>:1>
butterfly structure (37 kJ/mol). It was observed that the
glutamate-protonated hydroperoxo models (M2P and M3P)
are nearly 5 times lower in energy compared to its
unprotonated counterparts (M2 and M3; Table 1). We can
also infer that the energy difference between the energetically
most stable hydroperoxo ,,M2P model and its peroxo
counterpart ,sM2 is ~43 kJ/mol. This energy difference
between the protonated and nonprotonated models suggests
that the protonated form might initiate the catalytic reaction in
comparison to the nonprotonated form, as reported earlier on
model complexes.*

Because of the subtle energy differences among the peroxo-
and hydroperoxodiiron(III/III) models, the structures and
energetics computed alone are not sufficient to affirm the
ground-state structure of the oxygen adduct of the AurF
enzyme. In this situation, the energetics—spectroscopic
approach, where the energetics and spectral parameters are
computed side-by-side, provide further clues to narrow down
the target.”® Here we have adopted this approach and
computed the MB parameters of all of the models and the
UV—vis spectra of energetically low-lying models. In all of the
computed model complexes, an AF interaction between the
metal ions has been noted, leading to stabilization of the singlet
ground state (see Figure 2). A net spin density of 3.8—4.0
(Table 1) indicates high-spin Fe' centers. Inspection of the
spin densities among the peroxo models reveals that, in models
227M3 and ,,;M3P, electron delocalization is significant in one
of the bridging O atoms compared to the other. This suggests
the presence of a radical character at this O center.

Also, the spin densities of the M1 and ,,;M1 models indicate
the symmetric binding of the peroxo moiety to both Fe
centers.”” The magnetic exchange interaction (J) is an
extremely sensitive parameter to small structural changes, and
this interaction is found to be AF in nature in all of the cases
studied. Because there are significant structural changes, the
computed ] values also vary grossly across the series (see Tables
1 and S6). The computed J value of the models are in the range
of —30.3 to —172.5 cm™, and this is in good accordance with
the earlier reported values for the MMO model complex (—33
em™!).*

Although the general practice is to employ the electronic
energy to compute the J values,'*”** here we have employed
free energies because the molecular structures of the models
studied are drastically different. In this case, the addition of free

energy corrections to the total energy becomes important in the
evaluation of the exchange constants. Although the magnitude
of computed ] using free and electronic energies varies, the
trend of protonated models possessing less AF contribution to
the ] value is reflected in both sets (see Table S6). For the M2
model, the O atoms are found to gain significant spin densities,
particularly on the distal O atom (see Figure 2). Because of the
radical nature of the bridging group, there are three different
exchange interactions, J,—J;, as defined in Figure 2b, and these
are estimated to be —4.6, —119.5, and —365.5 cm™,
respectively (see the Supporting Information for further
details)."5

Table 1 shows the computed isomer shift (5, IS) and
quadruple splitting (AE, QS) parameters of all of the model
complexes along with the experimental values. The observance
of two different IS and QS values suggests that the enzyme has
two Fe centers with different coordinating environments
(asymmetric Fe sites). All of the peroxo models (the M1—
M3 variations) have the § values in the range of 0.65—0.75
mm/s. Similarly, for all hydroperoxo models, the ¢ value is in
the range of 0.55—0.73 mm/s. Quite interestingly, the J values
observed experimentally are closer to the computed values of all
models (especially M2P and ,,;M2P). However, a large
deviation in the QS has been observed for all models except
the M2P and ,,,M2P models (see Table 1).

The time-dependent DFT (TD-DFT)-computed spectrum
for the ,,;M2P model (see Figure 3) shows a broad peak

321 nm

T 1
400 600 800 1000

wavelength (cm)_l

Figure 3. TD-DFT-calculated UV absorption of the model ,,,M2P. A
contour plot of the orbitals corresponding to the excitation with
maximum oscillator strength is shown. See ref S for experimental
values.

around 561 nm and a sharp peak around 321 nm. This suggests
ligand-to-metal charge-transfer excitation and is consistent with
the experimental signal observed around 500 nm." Besides, we
have also observed a weak charge-transfer transition at 406 nm.
The spectral features resemble the spectra reported for the
oxyhemerythrin enzyme possessing a yi-1,1-coordinated hydro-
peroxo active site, offering confidence on the computed data.”®
For the energetically close-lying M1P model, no transition
around 500 nm was detected (see Figure 4). This suggests that
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Figure 4. TD-DFT-calculated UV absorption of the model MIP. A
contour plot of the orbitals corresponding to the excitation with
maximum oscillator strength is shown. See ref S for experimental
values.

the M1P model is unlikely to be the structure spectroscopically
observed at the experimental conditions. Thus, by comparing
the structure, energetics, and spectral features, we affirm here
that the ,,-M2P model with y-1,1-O, coordination is the most
possible active site structure in the oxidized form of the enzyme
([(His),(Glu)Fe™(u-1,1-O0H) (u-Glu)Fe™(His ) (Glu) (Glu-
H)]). The Eigen value plot for the ,,;M2P model (see Figure
S) reflects the asymmetric nature of the Fe sites, where a
significant overlap between the Fe(d,,) and 7*(0O,) orbitals is
detected. Besides, because the Fel center has only five
coordination, the orbital splitting and the order are also
markedly different compared to the six-coordinate Fe2 center.
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Figure 5. Energies and the counterplot of the FeO,-based orbitals of
the ,,»M2P model.

B DISCUSSION

From the structural parameters (see Figure 1 and Tablea SI
and S2), energetics (Tablel), and NSP, first we tried to identify
the ground-state structure of the oxygenated form of the diiron
AurF. From Table 1, we found that, among the u-1,1-
coordinated hydroperoxo models, model M2P without
glutamate protonation is 84.4 kJ/mol higher in energy than
the ,,;M2P model. Also, we infer that its peroxo counterpart
227M2 is ~43 kJ/mol higher in energy than the ,,-M2P model.
From the calculated MB spectral parameters, we found that the
overall § values of all of the models compare closely with the
observed experimental values (especially M2P and ,,;M2P).
However, a large deviation in the QS parameters has been
observed for all models except the M2P and ,,,M2P models.
Considering the fact that M2P is higher in energy than ,,,M2P
and the structural parameters of the latter is in good accordance
with the X-ray structure, we propose the ,,;M2P model as the
ground-state structure of the peroxo intermediate observed for
the AurF enzyme.

Our computational investigation plays a vital role in strongly
supporting the fact that, in the oxygenated Fe', site of the
AurF enzyme, the O atom is present in the y-1,1-coordination
mode and both the peroxide and terminal glutamate residues
are protonated. Comparing the QS value between the peroxo
(1.22—0.95: ,,;M2) and hydroperoxo (—0.78, +0.78: ,,,M2P)
models against the experimental values, we infer that ,,,M2P is
comparable to the experimental data. Also, the TD-DFT-
computed UV—vis data for the ,,,M2P model is also in
agreement with the experimental observation. Thus, our results
provide strong support for the *?M2P structure as the possible
active site structure of the oxygenated form of AurF, and this
proposal supports the earlier experimental observations.”’

B CONCLUSIONS

In this work, we have studied 12 model complexes of the
oxygenated Fe'', site of the AurF enzyme to categorically
assign the ground-state structure based on the energetics—
spectroscopic approach whereby the energies and spectral
parameters are calculated side-by-side. Our calculations
incorporating several possible binding modes of O, and
protonation sites reveal the ,,,M2P model, where O, is
coordinated in a u-1,1 fashion with the molecular formula of
[(His),(Glu)Fe™(p-1,1-O0H) (u-Glu)Fe™(His ) (Glu) (Glu-
H)] as the ground-state structure of the oxygenated species.
Efforts are underway now in our laboratory to understand the
catalytic conversion of p-aminobenzoate to p-nitrobenzoate
(ArNO,) by this oxygenated species, and this will be reported
in due course.
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