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ABSTRACT: Large-scale quantum and molecular mechanical methods 18005 A | 20
(QM/MM) and QM calculations were carried out on the soluble A’ < TR

desaturase (A’D) to investigate various structural models of the spectroscopi- 450 NG Expt, CD {
cally defined peroxodiferric (P) intermediate. This allowed us to formulate a _ 0 VY cpof Pa &
consistent mechanistic picture for the initial stages of the reaction mechanism ‘g 2% / %
of A°D, an important diferrous nonheme iron enzyme that cleaves the C—H < 800 e ) __// 1 &
bonds in alkane chains resulting in the highly specific insertion of double = T e, 7 03
bonds. The methods (density functional theory (DFT), time-dependent DFT ~ © 4o sy L
(TD-DFT), QM(DFT)/MM, and TD-DFT with electrostatic embedding) e B 5

were benchmarked by demonstrating that the known spectroscopic effects and ',‘w N 4
structural perturbation caused by substrate binding to diferrous A’D can be 0506 — s P
qualitatively reproduced. We show that structural models whose spectroscopic o facd

(absorption, circular dichroism (CD), vibrational and Mossbauer) character-

istics correlate best with experimental data for the P intermediate correspond to the 4-1,2-0,*” binding mode. Coordination of Glu196
to one of the iron centers (Fey) is demonstrated to be flexible, with the monodentate binding providing better agreement with
spectroscopic data, and the bidentate structure being slightly favored energetically (1—10 kJ mol™"). Further possible structures,
containing an additional proton or water molecule are also evaluated in connection with the possible activation of the P intermediate.
Specifically, we suggest that protonation of the peroxide moiety, possibly preceded by water binding in the Fe, coordination sphere,
could be responsible for the conversion of the P intermediate in A’D into a form capable of hydrogen abstraction. Finally, results are
compared with recent findings on the related ribonucleotide reductase and toluene/methane monooxygenase enzymes.

1. INTRODUCTION

Stearoyl-acyl carrier protein A’-desaturase (A°D) is one of the
most important enzymes in the fatty-acid metabolism of
plants." It catalyzes the oxidation of stearic acid, attached via a
thioester link to acyl carrier protein (stearoyl-ACP), to oleoyl-
ACP."” The reaction is stereoselective, yielding the cis
configuration of the double bond between the carbons C9
and C10 in the product. Concomitantly, one molecule of
dioxygen is reduced to water. The reaction can be summarized
as follows:

-CH, — CHy- + O, + 2¢~ + 2H"

— -CH=CH- + 2H,0 (1)

After completion of the catalytic cycle, the enzyme function
is restored by a two-electron reduction mediated by ferredoxin.
Since the C—H bond dissociation energy is about 400 kJ mol ™",
a highly reactive intermediate capable of homolytic cleavage of
very stable C—H bonds of the substrate is expected to be
formed in the active site.

Structurally, A’D consists of two equivalent monomers, each
of them containing dinuclear nonheme iron active sites. The
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catalytic cleft of A’D can be related to the R2 subunit in
ribonucleotide reductase (RNR) and to the hydroxylase
components of methane mono-oxygenase (MMO) and
toluene/o-xylene monooxygenase (ToMO) as well as toluene
4-monooxygenase (T4MO).>~* Despite a high degree of
similarity in the structure of their active sites, the enzymes
have different roles: A’D catalyzes dehydrogenation of the
aliphatic chain of stearic acid; MMO converts methane to
methanol, ToMO and T4MO perform aromatic hydroxylation,
and the R2 subunit in RNR promotes homolytic cleavage of the
O—H bond in a tyrosine residue. For RNR, the tyrosine then
serves as a stable radical storage site for electron transfer from
the active site of the second subunit in the course of ribo-
nucleotide reduction. Thus, it appears that reaction mecha-
nisms in these enzymes are extremely fine-tuned.

In spite of many studies exploring catalytic and electronic
properties of A°D (e.g., refs 2, 5) a detailed structural and
energetic description of the reaction mechanism has not yet
been formulated. Experimental observations do, however,
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Table 1. Experimental Data for the P Intermediate in the Reaction Cycle of A°D?

v(Fe—0) v,((Fe—0) 1/(0—03
intermediate [cm_l]b [em™1]¢ [em™]
P in A°D 442'° 490"° 898'°
P in RNR W48F/D84E 457" 499" 868517
P in RNR D84E

P in mouse RNR
P’ in RNR W48A/Y122F

& [mm s7']¢ AEq [mm s [cmv_l]g m! im_l]h J [em™')
0.68/0.64"" 1.90/1.06"" 14285"° 1100" <0'¢
0.65/0.61" 1.73/1.48" 14000'® 18008 —50"
0.63/0.63'* 1.58/1.58" 14000 1500™*

0.63/0.63" 1.73/1.73"

0.45/0.60*° 1.53/0.53%°

“For comparison, spectroscopic parameters of P and P’ RNR intermediates are also shown. “z,(Fe—0): wavenumber of symmetric Fe—QO stretching
mode obtained from resonance Raman (rR) spectroscopy. ‘v, (Fe—0O): wavenumber of antisymmetric Fe—O stretching mode (rR). 4(0-0):
wavenumber of O—O stretching mode (rR). °5: "Fe Mossbauer isomer shifts of the dinuclear iron center. 7, AE: “Fe Mbssbauer quadrupole
splitting of the dinuclear iron center. $v: position of peak maximum in UV—vis spectra. he. extinction coefficient. For A°D, the value is given per
diiron center, while for RNR, this was not clearly stated in the corresponding references. ’J: exchange coupling constant.

provide a solid framework for a theoretical treatment. It was
demonstrated that the resting state of A’D contains oxo-
bridged diferric centers in the active site. The four-electron
reduction in vitro (two-electron in each monomer) with
sodium dithionite gives the diferrous state, which reacts very
slowly with dioxygen in the absence of the substrate.
Importantly, it was found that substrate binding causes
structural and electronic perturbation of the diferrous site
activating the enzyme for a reaction with O, and results in the
formation of a peroxodiferric complex (usually denoted as P).°
Related species have also been identified for RNR, MMO,? and
in T201 variants of ToMO,”® which suggests that this might be
an intermediate involved in the catalytic cycle of A’D. It was
also shown that the presence of the substrate shifts the
reduction potential of the A°D active site by +106 mV, which
implies that structural rearrangement upon substrate bindin

increases the electron affinity of the dinuclear iron active site.

Although the use of dithionite-reduced enzyme allowed the
isolation and characterization of the A’D P intermediate, the P
obtained in this way does not lead to the catalytic reaction. Instead,
it decays to the resting p-oxodiferric complex without the
formation of 18:1-ACP;'" the decay was hypothesized to proceed
via release of O, from one subunit and subsequent intermonomer
transfer of two electrons."’ It is believed that the sodium dithionite
used in the 4~ reduction of A’D (instead of the catalytically
competent ferredoxin)'® might be responsible for the inhibition of
the A’D P intermediate, or at least an activating factor arising from
the presence of ferredoxin is missing,'> This is in contrast with the
chemistry in RNR, MMO, and ToMO/T4MO, where the
dithionite-reduced forms are active for the single-turnover reaction
(MMO/ToMO/T4MO requiring the presence of the regulatory
proteins).

Several studies addressed the spectroscopy of the A°D P
intermediate; experimental data concerning the structure of the
active site are collected in Table 1. Importantly, the spectroscopic
properties of P intermediates of A’D and RNR are very similar.
Both P structures have an antiferromagnetically coupled singlet
ground state (A°D: J < 0 cm™; ref 10; RNR WA48F/DS4E:
J=—50 cm™'; ref 13). They also exhibit a similar absorption band
(maximum at 700 nm) of comparable intensity 1100 (A’D) vs
1500 M~' cm™" (RNR D84E)"* corresponding to a peroxide-to-
iron charge-transfer (CT) transition. However, the Mossbauer
isomer shifts indicate that ligand fields of both iron centers are
equivalent in the RNR P structure (0.63/0.63 mm s~')'* whereas
they are slightly different in A°D P (0.64/0.68 mm s™")."" This
observation nicely correlates with the difference in resonance
Raman (rR) intensities of the antisymmetric Fe—O mode
between RNR and A’D P (i, very weak in RNR but fairly
intense in A’D P requiring lower symmetry of the site).'”'* In
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addition, rR bands are shifted by approximately 30 cm™ to

higher energies in A’D P in comparison with RNR P, which
implies stronger Fe—O bonds and either a stronger O—O bond
or a greater Fe—O—0 angle.

An important mechanistic issue is whether P itself, as formed
in vivo, can perform the desaturation of 18:0-ACP to 18:1-ACP
or whether it converts to a reactive form for catalysis.
Interestingly, such an intermediate (denoted P’) has been
observed in the RNR W48A/Y122F double mutant; it is likely
to be short-lived in wild type RNR.*® According to the spectro-
scopic properties of RNR P’, both irons are still in the ferric
oxidation state; thus the O—O bond remains intact (however,
the isomer shifts (6) are lower and the CT absorption intensity
is very low).* It is noteworthy that an intermediate with high
similarity to P’ has also been characterized for ToMO,*! which
implies that a P"like form may also be relevant for the A’D
chemistry. On the basis of an extensive quantum-chemical
study, structural candidates for P and P’ intermediates of RNR
were suggested.”” It was shown that intermediate P trapped in
the D84E mutant of RNR is a cis-u-1,2 peroxo-bridged closed
structure, with the mutated Glu84 coordinated to one of the
irons in a bidentate fashion, whereas the corresponding Asp84
carboxylate in the wild type is monodentate. This carboxylate
was suggested to either accept a proton or allow water to bind
to the open coordination position at Fe (in the latter case, a
bridging carboxylate is even more opened); either step leads to
a structure consistent with spectroscopic data on RNR P’, and
further increases the electron affinity of P activating it for the
subsequent electron transfer step. These pathways would be
inhibited by the bidentate coordination of Glu84.

To identify structural and electronic properties of the key
structures in the A’D reaction cycle and to establish a starting
point for further theoretical mechanistic studies, we now
present a detailed computational treatment of the A’D reduced
state (Fe(II)—Fe(Il) oxidation state) without and with the
bound substrate, and of possible peroxodiferric intermediates,
including the absence or presence of exogenous H' or H,O.
Our main goal is to formulate structural candidates for A°D P
and, possibly, for an activated A°D P’ Several equilibrium
structures are therefore identified using combined quantum and
molecular mechanical methods (QM/MM). Essential spectro-
scopic characteristics, such as vibrational frequencies, electronic
transitions (absorption and circular dichroism (CD)), and
Mossbauer parameters are computed using QM/MM and
QM methods (at the DFT or TD-DFT level). The calculations
are correlated with experimental spectroscopic data for the
P intermediate, including new CD data presented here.
These studies provide a consistent picture of the possible
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intermediate(s) involved in the initial steps of the O, reaction
of A°D.

2. EXPERIMENTAL DETAILS

A°D and stearoyl-ACP were generously provided by Prof. Brian Fox
from University of Wisconsin-Madison. These proteins were mixed with
the glassing agent, glycerol, and converted to P by reaction of reduced
A°D plus excess (2 equivalent) stearoyl-ACP with dioxygen. Low-
temperature absorption spectra were obtained on a Cary-17 spectropho-
tometer, and low-temperature CD spectra were collected on a JASCO
J810 spectropolarimeter, using an S-20 photomultiplier (wavelength range
of 900—300 nm, UV—vis region). The collected spectra are included in
later figures for comparison to and evaluation of calculated absorption and
CD data using different possible structural models.

3. COMPUTATIONAL DETAILS

3.1. Combined Quantum Mechanical and Molecular
Mechanical (QM/MM) Calculations. The QM/MM calculations
were carried out using the COMQUM program.**** Currently, it
combines Turbomole 5.7°° for the QM part with AMBER 82 and the
Cornell force field”” for the MM part. Employing the ONIOM-like
approach,®® the protein and solvent are divided into three subsystems:
the QM region (system 1) contains the most interesting atoms and is
relaxed by QM/MM forces. System 2 consists of all residues within the
defined distance from any atom in system 1 (R = 10 A in this study)
and is relaxed by a full MM minimization in each step of the QM/MM
geometry optimization. Finally, system 3 contains the remaining part
of the protein and surrounding solvent molecules and is kept fixed at
the original (crystallographic) positions. In the quantum chemical
calculations, the QM system is represented by a wave function,
whereas all other atoms are represented by an array of partial point
charges, one for each atom, taken from the Amber libraries. Thereby,
the polarization of the quantum system by the surroundings is
included in a self-consistent manner. In the MM calculations of
the QM/MM forces and energies, all atoms are represented by the
Amber force field. When there is a bond between systems 1 and 2
(a junction), the quantum regjon is truncated by hydrogen atoms, the
positions of which are linearly related to the corresponding carbon
atoms in the full system (the hydrogen link approach).”** To avoid
overpolarization of the quantum system, point charges on atoms in the
MM region bound to junction atoms are set to zero and the remaining
charges on the truncated amino acid are adjusted to keep the fragment
neutral. The actual charges used for all atoms can be found in the
sample PDB file in the Supporting Information (last column).

The total energy is calculated as

Etot = Eqm + EMMi123 — Emmn

)

Here, Eqy is the QM energy of the quantum system truncated by
the hydrogen atoms, including the point charges in the Hamiltonian,
but excluding their self-energy. Eypg is the MM energy of the
quantum system, still truncated by hydrogen atoms, but without any
electrostatic interactions. Finally, Eypyp3 is the classical energy of all
atoms in the system with normal atoms at the junctions and with the
charges of the quantum system set to zero (to avoid double-counting
of the electrostatic interactions). The calculated forces are the gradient
of this energy, but owing to the presence of junction atoms which are
not the same in the QM and MMI23 systems, they have to be
computed using the chain rule.

3.2. Protein and System Setup. All calculations reported in this
work are based on the crystal structure of recombinant homodimeric
A°® stearoyl-acyl carrier protein desaturase (650 amino acids), the
archetype of the soluble plant fatty acid desaturases obtained at the
resolution of 2.4 A (Protein Data Bank accession code 1AFR).*
The reaction was assumed to take place only in the active site of one
monomer, whereas the second site was assumed to be a spectator in
Fe''Fe'" oxidation state which was chosen arbitrarily and conserved
throughout the study. We consider this choice as a plausible
approximation (owing to the ~25 A distance between the two diiron
centers) despite the fact that P may form in both units of the dimer.""
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Hydrogen atoms were added by the leap module of the AMBER
program, assuming that all Asp and Glu residues are negatively charged
and all Lys and Arg residues are positively charged. For each monomer,
the protonation states of the His residues were determined by a study of
the hydrogen-bonding pattern, the surroundings, and the solvent
exposure of each residue: His25, 213, 281 were assumed to be
protonated on the N° atom, His146, 232 on the N¢ atom, and the
remaining eight histidines (His30, 54, 203, 268) at both nitrogen atoms,
thus bearing a positive charge (residues are numbered according to the
1AFR crystal structure). This assignment led to an overall charge of —5
for the protein (including —1 charge on the substrate). It can be
mentioned that the crystal structure was determined at pH 6.5.

Since there is no X-ray structure of the [protein---substrate
(stearoyl-ACP)] complex available, a simplified substrate model
(CH;-(CH,)4-COO-phosphopanteteine linker capped by CHj
group instead of ACP) was manually docked into the substrate
entrance channel in A°D in a way that the C10 and C9 carbons
were positioned in the vicinity of the dinuclear iron center. In total,
seven initial positions of the substrate in the A’D active site were
prepared and subjected to the simulated annealing (vide infra).

The protein—substrate complex was then solvated in a shell of
explicit TIP3P water molecules with a thickness of 10 A which resulted
in an addition of approximately 6840 water molecules yielding a total
number of ~32090 atoms in the simulations. The positions of all
hydrogen atoms, added water molecules, and substrate were first
minimized and then equilibrated for 300 ps using a simulated
annealing protocol (heating the system to 370 K and cooling it slowly
down to 0 K), keeping all remaining atoms at the original positions.

Charges for the two Fe ions and their ligands in the MM region
(i.e., the “spectator” active site in the second monomer) were taken
from QM calculations. The QM electrostatic potential was calculated
in 10000 random points up to 8 A from the molecule. The charges
were then fitted to reproduce these potentials, using a Boltzmann
weighting for points close to the active-site model. In the fit, it was
ensured that the total charge and dipole moment were exactly
reproduced, whereas the fit was restrained to reproduce also the
quadrupole and octupole moment (the CHELP-BOW procedure).*!
The resulting charges are collected in the sample PDB file deposited as
Supporting Information.

System 1 (the quantum region) consists of 60—70 atoms (including
two iron ions, four acetates, two imizadoles, one butane, and possibly
one (metal-bound) solvent molecule and one O, species). It is

depicted in Figure 1.

Figure 1. Quantum system for the reduced [A’D---substrate] complex.
The distances are in A.

3.3. Treatment of the Quantum Region. Density functional
theory (DFT) calculations were employed to treat the quantum region
in the QM/MM studies, mostly carried out using the Turbomole
(versions 5.7 and 6.1)** and ORCA program packages.>
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All the QM/MM geometry optimizations employed the BP**733
functional and the def2-SVP basis set®® for all atoms, unless explicitly
noted. Calculations with this functional were further expedited by
expanding the Coulomb integrals in an auxiliary basis set employing
the resolution-of-identity (RI-J) approximation.””** Spin populations
are also reported from this level of theory. Sinogle point QM/MM
energies were obtained using the B3LYP******* functional and the
def2-TZVP basis set,*® if not stated otherwise.

Electronic and Méssbauer spectroscopic properties were calculated
using the QM/MM geometries, with the protein environment being
included as an array of point charges (electronic embedding).
Excitation energies, oscillator (f) and rotatory (R) strengths*' (with
molar extinction coefficient given per diiron center) were computed
using time-dependent DFT (TD-DFT) at the B3LYP/def2-TZVP
level. Mdssbauer isomer shifts (5) were estimated from fitted plots of §
versus calculated electron densities (p) at iron centers, 5 = a(p — b)
(where a and b are empirical parameters), according to approaches
discussed by Jensen et al.”>* (Approach 1) and Neese®™ (Approach 2).
In Approach 1, the QM/MM electron densities at iron centers were
obtained at the same level as used for geometry optimization (BP/
def2-SVP), while in Approach 2, the same functional in conjunction
with the CP(PPP) basis set* on the iron atoms and the DZP basis
set™ on the other atoms was used. Approach 2 was also used to obtain
an estimate of the quadrupole splitting (AEq). However, we consider
the AEq values only as qualitative, because of relatively large errors in
the calculation (up to 0.3—0.5 mm s, according to ref 42.). The error
bar of Approaches 1 and 2 in the prediction of J is estimated to be
approximately 0.1 mm s™" (refs 22, 42).

Harmonic frequencies of normal vibrational modes were calculated
for a small in vacuo cluster model corresponding to the QM part of the
QM/MM calculations, reoptimized with the atoms neighboring the
junction atoms fixed (N° atoms of both His232 and His146 and C
atoms of Glul05, Glul43, Glul96, and Glu229). The BP/def2-SVP
level of theory (the same as used for the QM/MM geometry

optimizations) was employed.

The antiferromagnetically coupled electronic states were obtained
using the spin-flip broken-symmetry DFT approach.** All equilibrium
geometries as well as ground-state and excitation energies reported
were obtained for antiferromagnetically coupled high-spin iron centers,
yielding an M, = 0 state in both the P intermediate and the resting
state."” The values of exchange coupling constants (J) were calculated
according to Yamaguchi et al.** at the same level of theory as the
Méssbauer parameters using Approach 2 (BP functional, CP(PPP)
basis set on Fe, DZP on the other atoms, protein environment as point
charges).

3.4. Cluster Calculations. In addition to the QM/MM treatment,
the diferrous active site and various structures of the intermediates
were also studied in the absence of the explicit protein environment, as
a cluster model including first and second-shell residues. The results
from these calculations are in good agreement with the full QM/MM
treatment; further details about them are provided in the Supporting
Information.

4. RESULTS AND DISCUSSION

4.1. Effect of Substrate Binding on the Geometry of
the Active Site in the Reduced State. As shown
previously,® analysis of CD and variable-temperature, variable-
field magnetic CD (VIVH MCD) spectra of the substrate-free
and substrate-bound diferrous A’D provided strong evidence
for a change in the ligand field of one of the two irons upon
substrate binding, which correlated with an increased reactivity
of the diferrous active site toward dioxygen. In this study, we
use this structural and spectroscopic effect of the substrate on
the active site for testing the capability of our QM/MM models
to predict spectral effects of subtle structural changes in the
coordination sphere of the irons.

As shown in Figure 2, the experimental and calculated
CD spectra of substrate-free A’D exhibit two d-d transitions

5000 6000 7000 8000 9000 10000 11000 12000 13000
3 T L] T T T T T
A %
=] gT T% T% %T (rAD+Sub)q 4
=] o oo o 9
o r~ M~ =] ‘9
2+ 2
A9
*1-:: fA DC&|C *2* *2-:: *3*

rASD

(rA"D+Sub)

-4 1 1 1
5000 6000 7000 8000

9000

v/cem®

10000 11000 12000 13000

1

Figure 2. Calculated and experimental CD spectra for the reduced (diferrous) substrate-free A’D (rA°D, in red) and the reduced substrate-bound
A’D (rA’D+Sub, in blue). Positions of the most intense transitions are also displayed (dotted lines: TD-DFT (R > 107" a.u.); arrows: experimental
CD); the Kohn—Sham orbitals involved in these transitions are depicted in Supporting Information, Figure S4. Spectra were calculated for Mg = 0
state with TD-DFT(B3LYP)/def2-TZVP + point-charges, using the QM/MM geometries. Bands were modeled using Gaussian functions with an
arbitrarily chosen bandwidth (fwhm) of 1500 cm™. Note that the Fey-Ogy;96 distance in rA’D+Sub is restrained at 2.5 A as depicted in the inset.

Experimental spectra were taken from ref 6.
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(calculated at 5982 and 10265 cm™" vs experimental 7030 and
10080 cm™') reflecting the very similar distorted-square-
pyramidal ligand-field arrangements around the two ferrous
centers.

In the QM/MM model of substrate-bound A°D, the active
site is only slightly perturbed relative to the substrate-free
model; the most noticeable change in the geometry is an
elongation of the Feg-Ogjy 106 bond from 2.3 to 2.4 A. Such a
perturbed structure shows three d-d transitions (one negative at
6191 cm™" and two positive at 10254 and 10819 cm™"), which
correlates with three CD bands in the experimental spectrum,
but the splitting of the two at the higher energy in the TD-DFT
calculated CD is only 600 cm™' in comparison with the
experimental value of 2620 cm™". Thus, in the CD spectrum
simulated by Gaussian functions with fwhm values of 1500 cm™
(experimental fwhm-s are 1500—2200 cm™'; ref 6.), these
two transitions overlap producing a single absorption band.
Elongating and restraining the Fe-Ogy106 bond to 2.5 A, we
obtain a substrate-bound A°D model that is characterized by
three distinguishable d-d transitions, in agreement with
experiment (6199, 9369, and 10899 em™! calculated vs 5000,
7030, and 9650 cm™" experimental). It is noteworthy that this
restrained QM/MM structure is only marginally (~1 kJ mol™")
less stable than the fully optimized QM/MM model of
substrate-bound A°D. In addition to the correlation of the TD-
DFT calculations with the experimental CD spectrum, the
coordination arrangements of the two ferrous ions in the
restrained QM/MM structure conform to the geometry pre-
dicted from the experiment and ligand-field theory (ref 6.),
that is, one of the two irons remains five-coordinate with the
distorted square pyramid coordination, while the other iron
distorts to become four-coordinate. This agreement corrobo-
rates that our QM/MM model can provide reasonable pre-
dictions to relate structural and spectroscopic parameters. This
starting structure was used for calculations of O, binding to
generate the P structures below.

4.2. Geometric and Energetic Characterization of
Structural Models of the Peroxo Intermediate in the
Absence of a Water Molecule or Proton. Large-scale QM/
MM calculations were used to define the mode of peroxide
coordination to the two irons in A’D P and elucidate the
possible existence of an energetically accessible, more reactive
A’D P’ intermediate. From many initial structures, four
relevant local minima were obtained, denoted as P,, Py, P,
and Pp and depicted in Figure 3A. The energetically most
stable P, and Py isomers both correspond to u-1,2-peroxo
complexes; they differ in the coordination of other ligands to
the iron centers. In P, both irons are six-coordinate (6C,6C).
As the analysis of VIVH MCD experiments carried out for the
fully reduced A°D-substrate complex suggested a monodentate
coordination of the terminal Glu ligand to Fep,® we attempted
to find the corresponding oxygenated (6C,5C) isomer.
However, the QM/MM calculations failed to identify a local
minimum resembling the (6C,SC) structural arrangement.
Therefore, the (6C,5C) model (Pg) was prepared by applying
restraints on the interatomic Fey-Ogy o6 distance using
harmonic potentials with minima at either 2.5 or 3.5 A and a
force constant of 9375 kJ mol™ A (1.0 au) during the
geometry optimization. The resulting Pg(6C,SC) structure is
only marginally higher in energy (2 and 9 kJ mol™' for
restraints at 2.5 and 3.5 A, respectively) than the P,(6C,6C)
isomer, indicating a flat potential energy surface for the
transition from bidentate to monodentate coordination of the
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Figure 3. Structural models for the A’D peroxo intermediate without
H*/H,0 (A) and with H* (B), together with their calculated relative
energies. Selected geometric parameters for the QM/MM models are
displayed in Supporting Information, Table S3.

Glu residue. A likely explanation for the absence of a
corresponding (6C,5C) local minimum in the calculations is
an insufficient stabilization of the terminal Glu in a monodentate
mode by the neighboring second-shell Trp139 residue. More-
over, the effects of the bound substrate on large conformational
motions of the protein were not studied, and therefore the
existence of conformational changes stabilizing this (6C,5C)
structure cannot be excluded. On the other hand, we found local
minima for different coordination modes of the oxygen ligand,
namely, u-7%n'-type isomers P. and Pp. However, these
structures are disfavored by 41 and 62 kJ mol™' with respect
to the most stable yi-1,2 P, structure (see Figure 3A and Table 2).
We note in passing that P behaves very similarly to P, in that it
also requires a quite small amount of energy to convert Glul96 to
monodentate, but that monodentate structure does not exist as a
minimum in our calculations either.

4.3. Spectroscopic Characterization of the Peroxo
Intermediate in the Absence of Water and Proton.
Electronic Spectroscopy . As indicated in Table 2, the exchange
coupling between the two high-spin iron ions was found to be
negative in all model structures (i.e., all of these structures are
predicted to have antiferromagnetic coupling). J-coupling
constants in both p-12 P, and Py seem too negative
(~ =110 cm™) in comparison with J = —50 cm™' of the
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Table 2. Possible Candidates of the P Intermediate in the Absence and Presence of a Water Molecule or a Proton: Ligand Field
Structures, Spin Populations, Exchange Coupling Constants, and QM/MM Energetics”

ligand field” Fe,:Fey

P
P, DO:DO —3.90;—0.19:3.90;0.17
Py (2.5 AY DO:TB —3.90;—0.19:3.90;0.18
Py (3.5 AY DO:TB —3.92;-0.19:3.89;0.19
P SP:SP —4.00;—0.09:3.94;0.24
Py SP:SP —3.95;0.02:3.90;0.03

P with H*

P TB:DO 3.91;0.19:-3.92;,—0.14
P DO:DO 4.11;0.01:—-4.02,—0.26
Pprors SP:DO 4.03;—0.01:—4.05;,—0.07
Py DO:DO —4.02;—0.31:4.07;—0.01
P with H,0

P, DO:DO —3.94;—0.17:3.93;0.19
P,, (2.5 AY DO:TB —3.94;—0.17:3.92;0.19
P, (3.0 AY DO:TB —3.95;—0.17:3.91;0.20
P,, (3.5 AY DO:TB —3.95;—0.17:3.91;0.20
P, DO:DO 3.95;—0.07:—3.73;—0.19
P, DO:DO —3.66;—0.18:3.88;0.04
P DO:DO —3.94;—0.18:3.93;0.20
P DO:Sp —3.91;—-0.05:3.85;0.28
P, DO:DO —3.90;—0.20:3.90;0.16
P, SP:DO —3.87;-0.26:3.91;0.09
P DO:DO —3.94;—0.20:3.91;0.16
Po1o SP:DO —3.94;—0.17:3.93;0.19
P SP:DO 3.80;0.15:—-3.89;—0.14
Pois DO:SP —3.98;0.00:4.00;—0.02
P SP:SP —3.98;—0.02:3.95;0.26

“All energy values are in kJ mol ™!, bDO, distorted octahedral; SP, square pyramidal; TB,

spin population Fe,;0,:Fep;Op

J (em™) AEyy© AEQM-vacd AEqvmm”
—114 0.0 0.0 0.0
—-113 1.4 5.9 1.5
—106 224 23.5 9.0
—-56 18.8 173 45.0
—63 15.7 44.0 59.6
—94 0.0 0.0 0.0
—26 194 40.2 14.5
-27 12.9 3.0 14.5
—-20 16.7 41.7 279
—96 0.0 0.0 0.0
—96 0.1 6.6 1.8
-93 7.9 12.4 2.6
—90 17.2 17.5 7.9
—89 2.2 38.8 48.8
—70 5.8 35.6 38.0
-85 62.0 —-23.9 36.9
-99 25.1 52 50.6
—122 122 —1.1 56.3
—-97 =222 -16.7 25.5
—103 4.0 —15.2 419
=77 —11.9 18.1 68.0
—82 —21.3 42.1 100.6
+40 20.5 41.8 50.1
—46 7.6 12.3 78.2

trigonal bipyramidal. ‘MM energy differences in Systems 2

and 3 (nonelectrostatic MM energy). “In vacuo QM energy differences in System 1. “Total QM/MM energy difference. The energy difference
contribution arising from electrostatics in Systems 2 and 3 as well as their interaction with System 1 can be deduced according to the relation:

AEqu/mm — (AEquivac + AEMM).fRestrained Fep-Ogu96 distance.

u-12 P RNR.'® 1t should be stressed, however, that the
absolute values of the calculated antiferromagnetic J's are
expected to be overestimated since the BP functional tends to
stabilize the low-spin relative to the high-spin electronic
structure (see, for example, ref 46, and citations therein).

The experimental low-temperature absorption spectrum of P
in A’D is shown in Figure 4. Simulated electronic absorption
spectra for the above-discussed structural candidates (P,, Py,
P, and Pp) for the P intermediate were obtained using TD-
DFT(B3LYP)/def2-TZVP calculations in the field of surround-
ing point charges at the QM/MM equilibrium geometries. The
calculated absorption spectra for the cis-u-1,2-peroxodiferric
complexes (structures P, and Pg) are in reasonable agreement
with the experimental absorption spectrum (with respect to the
position and the shape of the intense ligand—metal charge
transfer (LMCT) band), whereas the band shapes of the P
and Py, structures (side-on p-n*n' complexes) significantly
differ (see Figure 4 for P,, and in Supporting Information,
Figure S6 for the rest). Therefore, on the basis of the calculated
energy and spectrum, P¢ and Py, structures do not correspond
to the P intermediate characterized spectroscopically.'® The
most characteristic and intense LMCT transition, 7%*(0,>”) —
d(Fe™), lies experimentally at 14285 cm™ (see Table 1 and
Figure 4), while the calculated values are 11260 cm™' (P,) and
11250 cm™ (Py with Fep-Ogpu1e6 restrained to 3.5 A). The
computed spectra of P, and Py are also consistent with the
simulated spectrum for the P intermediate of RNR (structure
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taken from ref 22). The difference between the calculated and
experimental data is within the expected error bar of the TD-
DFT method (~3000 cm™).*” In addition, as discussed by Besley
and Robinson,* the B3LYP functional is known to underestimate
energies of charge-transfer excited states, which is fully in line with
our observation. It can be mentioned that more sophisticated
calculations, such as CASPT2 or MRCI, cannot be applied to these
systems as they are prohibitively expensive.

As shown in Figure 4, important insight into the composition
of the broad experimental CT absorption band is provided by
the corresponding low-temperature CD spectrum, which clearly
shows that the LMCT band actually consists of two transitions
having opposite CD signs and maxima at ~12500 and ~16000 cm™".
Thus, the position of the LMCT absorption maximum corre-
sponds approximately to the inflection point between the two
maxima of the negative and positive CD bands. Both transi-
tions are assigned as peroxide 7*,—d, (Fe") charge transfer
excitations (z*, is the valence orbital on peroxide involved in
7 bonding to Fe). These are the symmetric and antisymmetric
combinations of the CT transitions to the two Fe centers
in the bridged structure. The TD-DFT CD spectrum of
P, (and also Py, see Supporting Information, Figure S7) pos-
sesses similar features to the experimental CD spectrum of P
(Figure 4). Importantly, it was found that the calculated CD
profile is only slightly affected by the chiral protein environ-
ment (cf. Supporting Information, Figure S9). Therefore, the
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Figure 4. Calculated electronic absorption and CD spectra of the P,
structure compared with the corresponding experimental spectra of
A°D intermediate P. The spectra of P, were calculated for Mg = 0
with TD-DFT(B3LYP)/def2-TZVP + point-charges at the QM/MM
equilibrium geometry. Bands were modeled using hybrid Gaussian/
Lorentzian line shape (both with relative weight of 0.5) with an
arbitrarily chosen bandwidth (fwhm) of 7000 cm™ (Abs) and
3000 cm™' (CD). Values of oscillator (f) and rotatory (R) strengths of
transitions (velocity representation) are provided as numbers next to
the corresponding peaks (in blue and violet color, respectively). R is in
atomic units. The Kohn—Sham orbitals involved in the most
characteristic transitions are depicted in Figure S.

CD spectra of QM/MM (or QM) models can serve as a direct
probe of the local active-site asymmetry of metalloproteins.

In the 5000—12000 cm ™" region, the TD-DFT CD profile of
P, (and Pg) has a derivative shape with maxima at ~6500 and
~11100 cm™" (shifted by ~3000—5000 cm™" to lower energy
relative to the corresponding experimental transitions). This
shape reflects four major contributions (two positive and two
negative), which arise from electronic excitations involving the
Kohn—Sham orbitals depicted in Figure S. It can be seen that all
four transitions have LMCT 7%(0,>") — d(Fe'™) character with
contributions from different d acceptor orbitals on both irons.

We note that in the higher energy region (above 20000 cm™
the experimental CD), the measured spectrum has contributions
from both the 7,%(0,*") = d,(Fe'!) and COO™ — Eel! CT
transitions. On the other hand, the TD-DFT transitions in the
range of 15000—28000 cm™" are characterized as 7*(0,*”) —
d(Fe") with significant admixture of p gy, orbitals to acceptor
d(Fe, and/or Fey) orbitals.

in
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Q

Considering all information obtained from electronic spec-
troscopy, it can be concluded that the calculated absorption and
CD spectra of P, and Py intermediates make both structures
viable candidates for the P intermediate in A’D. For sake of
completeness, the calculated CD spectra of all four structures
studied are given in Supporting Information, Figure S7.

Mbssbauer Isomer Shifts. The calculated Mdssbauer isomer
shifts obtained from Approach 1 are listed in Table 3; isomer
shifts and quadrupole splittings using Approach 2 are given in
Supporting Information, Table S4. In general, there is a
consistency between values obtained from Approaches 1 and 2,
apart from values from Approach 2 being usually systematically
shifted by ~0.06 mm s~ toward higher values. As can be
inferred from the calculated values, all structures are
characterized by nonequivalent iron sites, including the P,
model with (6C,6C) coordination sphere. Experimental isomer
shifts and the difference in quadrupole splittings between the
two ferric ions were determined to be 0.64/0.68 mm s~! and
0.84 mm s, respectively, which is consistent with values
calculated for both the P, and the Py structures. Also, the
calculated values for the P, structure predict slightly more
equivalent iron sites than the experimental values obtained for
the A’D P intermediate, whereas the Pg structure with a
restrained Fey-Ogyujo6 distance of >3 A exhibits slightly more
asymmetry than experiment. As expected, along the Py, — Py
transition pathway the difference in isomer shifts increases and
for d(Feg-Ogu06) = 3.5 A we obtained 5(Fe,)/5(Fey) values of
0.68/0.58 mm s~ Considering the fact that I5(Fe,) — 5(Fep)
values for P and Pp are larger than 0.07 mm s~ (cf. exper-
imental 0.04 mm s™'), we exclude these models as possible
candidates for P A°D.

Vibrational Spectroscopy. Approximations used in the
frequency calculations (e.g., harmonic approximation, infinite
mass of fixed atoms in the cluster model during the
diagonalization of the Hessian matrix, limited accuracy of
electronic structure methods) preclude a straightforward choice
among similar structural candidates by direct quantitative
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Table 3. Calculated M6ssbauer Isomer Shifts of the
Structural Candidates for the P Intermediate” for the Mg =0
Antiferromagnetically Coupled Ground State”

5(Fey,) S(Fep)
P
P, 0.66 0.69
Py (2.5 A)° 0.67 0.66
Py (3.5 A)° 0.68 0.58
P 0.61 0.75
Py 0.73 0.66
P with H*
Poront 0.57 0.60
Pt 0.57 0.64
Ppros 0.47 0.62
P prots 0.60 0.56
P with H,0
P, 0.67 0.68
P,, (2.5 A)° 0.67 0.64
P,, (3.0 A)° 0.68 0.58
P,, (3.5 A)° 0.68 0.57
P,; 0.78 0.74
Py 0.77 0.79
Pys 0.67 0.81
Py 0.62 0.62
P, 0.77 0.71
P.s 0.53 0.65
P, 0.76 0.66
P10 0.35 0.70
P, 0.44 0.66
Py 0.77 0.70
Pois 0.60 0.64

“In the absence and presence of a water molecule or a proton. bUsing
Approach 1 as described in the Computational Details. “Values in
parentheses refer to the restrained Fey-Ogy, 96 distance in the model.

comparison of the calculated and experimental frequencies.
However, we assume that comparison of the frequency
differences between the two Fe—O stretching modes may be
more reliable because of the expected error cancellation (the
two modes lie in the same frequency region and involve
essentially the same atoms). The calculated symmetric and
antisymmetric Fe—O modes are schematically depicted in
Supporting Information, Figure S10. It should be mentioned
that in an ideal symmetric case, the antisymmetric Fe—O mode
would be expected to have vanishing rR intensity. Its observed
appearance in the experimental spectrum indicates a somewhat
lower symmetry, lending partial localized character (Fe,-O and
Feg-O) and thus nonvanishing rR activity to both the
symmetric and antisymmetric Fe—O modes.

The calculated data are summarized in Table 4. It can be
seen that Avg, o (Alp_o = Vggpe—0 — Vspe—o) calculated for
the P, and Py structures (47 and 46 cm™, respectively) are in
excellent agreement with the experimental value of 48 cm™.
Also, the '%0,/™0, isotope shift in the Fe—O and O—O
frequencies agrees well with the experimental (rR) data for the
P. On the contrary, the Py structure exhibits much larger
deviations from the experimental values (Avg._o = 246 and
Avg,_o(A™®0) = +31 cm™) and while no local minimum was
found for the P structure in the cluster model, structural
similarity of P and Py, suggests similar deviations.

We may conclude that the QM/MM calculations carried out
for the structural models of the observed P intermediate in A’D
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in the absence of a water molecule have convincingly shown
that both side-on u-n*;p' Pc and Pp structures have
spectroscopic data inconsistent with experiments on A°D P,
and they are furthermore at too high energy to be considered
either as P or P". On the other hand, spectroscopic properties of
the significantly more stable y-1,2 (6C,6C) P, and (6C,5C) Py
structures are in good agreement with the experimental data,
which makes them viable structural candidates for the P
intermediate in A°D.

4.4, Geometric and Energetic Characterization of
Protonated Models of the Peroxo Intermediate.
Structures with an additional proton in the dinuclear active
site (ie, bound to one of the ligands including peroxide)
represent a group of possible candidates for the P or P’
intermediate. In these structures, two different proton sources
can be envisaged. The first is the second-shell His203 residue
whose N¥ and N sites are both protonated in the initial QM/
MM and QM-only structures. The relevance of the protonated
state for His203 was inferred from its hydrogen-bond network
in the A°D crystal structure (Supporting Information, Figure S5).
The second source of the proton can be the solvent. Disregarding
the proton source, the protonated QM/MM models of peroxo
A°D were prepared by addition of an exogenous proton into the
active site (QM system).

The putative existence of protonated His203 (see Supporting
Information, Figure S1) and its potential to act as a proton
source clearly imply the possible protonation of the neighboring
terminal GlulOS ligand of Fe,. This causes a structural rearrange-
ment of the Fe, center from distorted octahedral to trigonal
bipyramidal, with the Glul0S carboxylate becoming monodentate.
This gives rise to the Py, QM/MM model (see Figure 3B). As
another possibility, structures bearing the extra proton on the
peroxide moiety were considered (P ot Pprotss Pprota)-

Among these isomers, the most stable structure is p-1,2
(5C,6C) P, o with the proton on the Glu105 oriented toward
and H-bonding to the peroxide bridge. The QM/MM
calculations predict that the direct proton transfer from
Glul0S to the intact y-1,2 peroxide moiety is not favorable; a
conversion of the peroxide to the y-1,1 coordination is first
necessary. The overall process, yielding the p-1,1 (5C,6C)
P is ~15 KJ mol™" uphill with two barriers along this
rearrangement coordinate, whose heights are estimated to be
23 and 30 kJ mol™" with respect to Porott (see the two-
dimensional potential-energy surface in Supporting Informa-
tion, Figure S11B). The alternative, u-12 (6C,6C) hydro-
peroxo-structure (Pp,o,) is isoenergetic with Pp,s; the pathway
to its formation was not found. The structure P, with p-1,2
(6C,6C) hydroperoxo ligation as in P02 but with H" on the
other oxygen (Opp) is the least stable among the studied
protonated models (27 k] mol™! above Ppmu). We note in
passing that the present computational approach does not allow
a straightforward linking of the energy scales without and with
proton; on the basis of various approximations,49 we estimate
the P,o.-type structure to be ~3S kJ mol™" above the P,-type
structure.

It is noteworthy that in the case of RNR,** a model similar to
the present y-1,2 (6C,6C) hydroperoxo-structure P, was
found to be unstable; the O—O bond dissociates spontaneously
giving rise to the formation of a Fe""'—OH Fe'"=0 product.
For A’D, we did not observe such spontaneous homolytic
cleavage in P, At the QM(BP/def2-SVP)/MM level, the
associated O—O cleavage barrier is predicted to be ~40 kJ mol™,
and the reaction is exothermic (~ —60 kJ mol'). Alternatively,
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Table 4. Calculated Frequencies of Selected Vibrational Modes of Structural Candidates for the P Intermediate” for the Mg = 0
Antiferromagnetically Coupled Ground State, Using Small in vacuo Cluster Models”

class and structure Vo_o (A0O)

P Ps 1076 (—60)
Py (2.5 A)° 1074 (—61)
Py (3.5 A)° 1066 (—59)
Pp 1037 (—59)
Poront 1014 (=57)

P with H* Ppon 851 (—42)
Poros 915 (—44)
P, 886 (—49)

P with H,O P, 1053 (—59)
P,, (2.5 A)° 1053 (—59)
P,, (3.0 A)° 1051 (—60)
P,, (3.5 A)° 1064 (—61)
Ps 1145
P, 1181
Pys 1092 (—62)
Pus 1077 (—60)
P, 1082 (—61)
P.s 1087 (—61)
P 1068 (—60)
P10 925 (—56)
P 979 (—54)
P, 927
P13 955

P Expt.? 898 (—53)

Prar” 976

Prar Expt? 868 (—47)

Vgre—o (A'O) VasFe-0 (a™0) Avg,_o (A0)

358 (—12) 405 (—20) 47 (-8)
353 (—12) 404 (—20) 51 (-8)
366 (—13) 412 (-22) 46 (-9)
160 (—55) 406 (—24) 246 (31)
368 (—12) 424 (-22) 56 (—10)
3248 (-25) 4188 (—23) 94 (+2)
3018 (-10) 4328 (—6) 131 (+4)
358 (—11) 408 (—32) 50 (=21)
354 (-12) 401 (—28) 47 (-16)
359 (-12) 405 (—28) 46 (—16)
367 (-12) 404 (=21) 37 (-9)
374 (-12) 427 (-22) 53 (-10)
360 (—9) 440 (—12) 80 (-3)
388 (—15) 460 (—38) 72 (=23)
364 (—11) 420 (-16) 56 (=S)
354 (-12) 401 (-30) 47 (-18)
369 (—12) 411 (-23) 42 (-11)
360 (—13) 428 (-27) 68 (—14)
441 303 —138
442 (-17) 490 (-19) 48 (-2)
455

457 (—-15) 499 (-22) 42 (=7)

“In the absence and presence of water molecule and proton. “The shifts in vibrational frequencies for the '*0,-substituted P structures are listed in
parentheses (A'®0). The modes are schematically depicted in Supporting Information, Figure S10. “Fey-Og 06 distance is restrained. Yref 10.
“Taken from ref 22 but divided by 0.98 to get frequencies comparable with those of A’D which are not multiplied by this empirical scaling factor.
TRefs 15, 17. 8Fe—O modes displayed in Supporting Information, Figure S10 become more of Fe,-O and Fep-O character upon binding proton on

peroxide ligand.

the QM(B3LYP/def2-TZVP)/MM, QM(MO06/TZVP)/MM
and QM(MO6L/TZVP)/MM calculations predict much higher
barriers (~180, ~200, and ~120 kJ mol™, respectively) and the
reaction to be endothermic (~100, ~140, and ~30 kJ mol™,
respectively).

4.5, Spectroscopic Characterization of Protonated
Models of the Peroxo Intermediate. Electronic Spec-
troscopy. As mentioned above, we consider the protonated
models as possible candidates for P and the putative P’
intermediate in A’D. Because a P’ intermediate has not been
observed in A’D, spectral properties can only be compared to
experimental results for P in A’D and P’ in RNR. Considering
first the calculated J-coupling constants, we found that all are
negative (see Table 2) confirming the antiferromagnetic
interaction in the electronic ground state, which is in line
with measurements on P A’D and P’ in RNR. We furthermore
note that structures with protonated peroxide exhibit much less
negative values (from —20 to —30 cm™") than structures with
H* at the terminal Glul05 (~ —90 cm™).

Experimental studies on absorption spectra show that the
characteristic broad LMCT band of the P’ RNR intermediate is
much weaker and blue-shifted (g, ~ 200 M™' cm™" at 20000
cm ™) compared to P intermediates in both RNR and A°D
(see Table 1). In Figure 6, the calculated absorption spectra of
protonated models of the peroxo intermediate Pp,o and Ppor3
(and P, for comparison) are displayed. Both the Py and
P,os models exhibit 7% ,oqe = Fe" CT transitions spread
over the range of 6000—23000 cm ™', which form a double-hill
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absorption profile with the intensity weaker than the CT bands
of P, (~600 instead of ~1200 M~! cm™"). This result is in line
with significantly decreased LMCT intensity in experiments in
going from P RNR to P’ RNR (~1200 to 200 M~ cm™"). On
the other hand, the experimentally observed blue-shift of the most
intense 7* o oude — Fe'™ LMCT band is not apparent if we
compare the calculations for P, and Py, with those for Py.

Concerning the higher-energy isomers P, and P, we
find the opposite situation (spectra are provided in Supporting
Information, Figure S13). They have a broad CT band located
between 15000 and 25000 cm™', therefore clearly shifted to
higher energies, but with intensity comparable to the most
intense %, oxde — Fe'! transition in P,.

All these observations suggest that none of the studied
protonated peroxo intermediate models conform to the
spectroscopic characterization of P A’D. Alternatively, they
could be candidates for P’ A’D. The agreement of the calculated
spectral features with experiment for P’ RNR is modest.

Mbossbauer Isomer Shifts. The agreement between exper-
imental Mdssbauer shifts for P A’D (0.64/0.68 mm s™') and
the values calculated for the protonated QM/MM models (see
Table 3) is less satisfactory than that in the absence of proton;
although within the error bars of the computations, only P,
can be rigorously excluded. For the energetically most favored
P, structure (with protonated Glul05 forming a hydrogen
bond with peroxide bridge), the isomer shifts are calculated to
be 0.57/0.60 mm s™' which is consistent with the computa-
tional results for a similar structure in ref 22.

dx.doi.org/10.1021/ic2018067 | Inorg. Chem. 2012, 51, 2806—2820



Inorganic Chemistry

1200

1000

400

200

I‘1 %*

-
*

*2

10000

0
5000

15000
vV iem

20000 25000

1

Figure 6. Calculated electronic absorption spectrum of P, and P . (for the sake of comparison the spectrum of the P, structure is also
displayed). Spectra were calculated for Mg = 0 with TD-DFT(B3LYP)/def2-TZVP + point-charges at the QM/MM equilibrium geometry. Bands
were modeled using hybrid Gaussian/Lorentzian line shape (both with relative weight of 0.5) with arbitrarily chosen bandwidth (fwhm) of
7000 cm ™" (Abs). Values of the largest oscillator strengths (f > 0.01) are provided as numbers next to the corresponding peaks. The Kohn—Sham
orbitals involved in the most characteristic transitions are depicted in Supporting Information, Figure S12.

Notably, for the p-1,1 P,o; structure we calculate Sgep pep =
0.47/0.62 mm s~', which closely match the experimental
isomer shifts of P’ in RNR (0.45/0.60 mm s~').*° Moreover,
the difference in the quadrupole splitting between two iron
centers behaves similarly in the calculations when going from
P, (or Py) to P.or3 as observed experimentally in going from P
A°D to P’ RNR (IAAE| using Approach 2: P, 0.41 mm s~
and P35 0.57 mm s~ vs experimental P A°D 0.84 mm s™* and
P’ RNR 0.98 mm s™'). Combined with the energetic
accessibility of the P, this structure may be considered as a
plausible structural model for a putative P’ intermediate in A’D.

Vibrational Spectroscopy. The values of the calculated
0O-O0 and the two Fe—O stretching frequencies for all protonated
structures are summarized in Table 4. In comparison with the
frequencies of nonprotonated y-1,2 structures (P,, Pg), the
O—-O0 stretching mode in the u-1,2 or u-1,1 structures with
protonated peroxide moiety (Ppyor; Pprotsi Pprots) is shifted by
150—200 cm™ to lower wavenumbers, whereas for y-1,2 Porott
with H" on Glul0S, this mode is weakened by only about
50 ecm™'. Additionally, in contrast to nonprotonated models,
the Fe—O modes in the u-1,2 peroxo models with H" located
on the peroxide are more localized and have an increased Fe,-O
and Fey-O character. The mode having the larger Fe—OH
contribution is shifted to lower wavenumbers by about 40—
70 cm™' compared to the symmetric mode in the non-
protonated p-1,2 peroxo models. On the basis of the com-
parison with experimental data on P A’D vibrations, we can
safely exclude P Pprors and Ppoe as P A°D models. The
agreement is not poor for P, but even that structure is less
successful than the nonprotonated models in reproducing
Avg._ and the isotopic shifts.

Summarizing the results presented above, it appears that
there is no protonated peroxodiferric structure among the
candidates studied whose spectroscopic parameters correlate
satisfactorily with those of P A’D. On the other hand, three
candidates, Ppoe1; Poroyy and Pl could be relevant as a
putative P’ A°D intermediate.
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4.6. Geometric and Energetic Characterization of
Hydrated Models of the Peroxo Intermediate. The crystal
structure of the reduced A’D contains a water molecule at a
distance of 2.8 A from one of the irons (see Supporting
Information, Figure SS). This suggests that the water molecule
may be an integral part of the peroxo intermediate or the
coordination may play a role in its activation. Twelve
corresponding structural models were therefore subjected to
the QM/MM optimization (denoted by P + H,0 = P,
Figure 7), differing in the position of the added water molecule
and the peroxide coordination. The water molecule can be
bound by hydrogen bonds to p-1,2 peroxides (P, P,,), or
occupy “axial” coordination position on the iron centers,
leading to a monodentate peroxide (P, P,,4). There are also
several possibilities for water coordination to the irons in the
equatorial plane, associated with opening of a bridging carbox-
ylate but leaving the y-1,2 peroxide intact (P,s—P,.). Finally,
water dissociation and subsequent coordination of H" and OH™
(Py100 Pyur1), as well as water binding to 77> peroxide complexes
can be envisaged (P15 Pyi3)-

Among the isomers studied, the most stable structure at the
QM/MM level corresponds to the (6C,6C) u-1,2-peroxodifer-
ric complex (see Figure 7 and Table 2) in which the water
molecule interacts with the peroxide ligand via a hydrogen
bond (denoted as P,,; and closely resembling P,). In a close
analogy to P structures in the absence of a water molecule, the
(6C,5C) P,, structure with Glu196 bound to the Fey ion in a
monodentate fashion is only slightly higher in energy than the
reference P,;. However, analogously to Py, P, is not a local
minimum on the respective QM/MM potential energy surface
(PES). When the Fey-Ogy196 distance was restrained to 2.5, 3.0,
and 3.5 A, the QM/MM calculations yielded energies that were
2, 3, and 8 kJ mol™" higher than the most stable isomer P,
respectively. These energies again indicate a high degree of
flexibility of Glul96 with respect to its distortion from
bidentate to monodentate coordination mode.
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Figure 7. QM/MM structural models of the A’D P intermediate with a water molecule in the active site, together with their computed relative
energies. The figure shows a top view, with the irons, peroxide, water, and the Glu residues in the equatorial positions. His residues that are below
the plane, and the substrate above the plane is not displayed (cf. Figure 1). For the sake of clarity, the representation is only schematic (e.g., the
additional hydrogen-bond acceptors of water molecules in P, and P, coming from the MM system (Tyr111) are not depicted).

Considering further the possibilities with a u-1,2 peroxide
structure, one can notice that if only the AEqy,, values are
considered (QM energies for the QM/MM geometries; that is,
ignoring the effect of the protein environment on the QM/MM
energy), the y-1,2 structures with a water molecule bound to
irons in the equatorial plane (ie., P,s, Py Pyy Pug Puo) are
energetically comparable with or even more stable than P,;. A
similar finding was made for the cluster model of RNR that
included the second-shell residues,** suggesting the inherent
thermodynamic stability of this type of water adduct in vacuo.
However, the electrostatic interactions of the active site with
the array of point charges representing the protein electrostatic
field destabilize these QM/MM structures compared to the
reference P;. Thus, all these structures are energetically less
stable than P,; in QM/MM calculations (~25—70 kJ mol™).
We were not able to unambiguously identify the amino acids
responsible for this significant electrostatic destabilization in the
QM/MM calculations.

It is apparent that alternative peroxide coordination modes
are also disfavored: the end-on #'-type P,;; and P, isomers, the
side-on #* P, isomer, and the side-on u-n*n' P, are all
higher in energy than P, by 38—78 kJ mol™'. Among these,
only for P,; originates a significant contribution to the
destabilization from electrostatic interactions of the QM active
site with the MM protein environment (AEq.,. = 12 kJ mol™
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vs AEqmmm = 78 KJ mol™!). Finally, the P, and P,
structures obtained by allowing the dissociation of the
coordinated water into OH~ and H* were also found to be
unstable (42 and 101 k] mol™"); in the case of P, this stems
from the environment (AEgy., = —15 kJ mol™"). This is in
line with a similar finding made in the RNR P intermediate
study®” in which p-1,2 (OH™,H") structures were found to be
less stable by 20—70 kJ mol™ compared to the -1,2 (+H,O)
structures.

4.7. Spectroscopic Characterization of Hydrated
Models of the Peroxo Intermediate. Electronic Spec-
troscopy. All the QM/MM structures have negative J-coupling
constants (mostly ranging from —80 to —120 cm™’; see Table 2),
which are in line with the expected value for the P A’D inter-
mediate. The only exception is the side-on #* P, model
having positive ] value (40 cm™).

The calculated TD-DFT absorption and CD spectra of all
structures are depicted in Supporting Information, Figures S14
and S15. According to these data, the peroxide — Fe" CT
band located between ~10000 and ~12500 cm™" is character-
istic for all of the P, models. These structures furthermore
exhibit another LMCT band in the 18000—25000 cm ™" region,
which is also a result of transitions with a peroxide — Fe'
character. The spectra of P,,/P,, were found to fit the
experimental data on P best; as they are very similar to those of
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the related P,/Pg, their detailed discussion is presented in the
Supporting Information.

Mossbauer Isomer Shifts. The computed isomer shifts of all
hydrated P structures are collected in Table 3. The most stable
structure P,,; possesses shifts of 0.67 and 0.68 mm s~', which
are somewhat too symmetric in comparison with the
experimental values for A’D P (0.64/0.68 mm s™'). Elongating
the distance between Fep-Ogyg6 in Py, that is, forming P,
the isomer shifts of two irons become more inequivalent. For a
distance of 2.5 A, the calculated values are 0.67 and 0.64 mm s,
which are close to the experimental &s of P in A°D, and
consistent with those calculated for Pg. As can be seen in
Table 3, the other structural models do not agree with the
experimental values for the P intermediate. A very similar con-
clusion can be drawn in general from Supporting Information,
Table S4 containg § and AE, values calculated with Approach 2;
but there is a noticeable difference for the P,g model. Unlike
Approach 1 (Table 3), Approach 2 predicts 0.66/0.70 mm s, in
accordance with experimental data on P in A’D.

Concerning a putative P’ intermediate in A°D, only the
values 0.53/0.65 mm s~ calculated using Approach 1 for the
P, structure (with equatorial H,O coordination to Fe, and
opened carboxylate bridge) resemble the experimental 0.45/
0.60 mm s~' determined for RNR P’. Considering its energetic
accessibility, this H,O coordinated structure may be relevant as
a P’ structure along the reaction coordinate of A’D.

Vibrational Spectroscopy. According to Table 4, the
experimental'® Avg,_o value (48 cm™) agrees well with calculated
Avg._o values for both P,; and P, with Fey-Oges of 2.5 A
(50 and 47 cm™). The agreement between the calculated and
experimental value of the isotopic shifts, Avg,_o (A'0), is worse
(e.g, —21 cm™" for the P, vs =2 cm™" for the A’D P). For most
structures with a y-1,2 O,> -binding mode and H,0 bound in
equatorial positions and an open carboxylate (P, Pys, Pyo, Pyior
and P,,;,), the difference of Avg,_q from the experimental values
is only 5—8 cm™'; for P,g, even the isotopic shift is close to the
experiment (for P, and P, the error in Avg,_q is greater than
20 cm™"). Although the calculated vibrational frequencies for these
structures are in reasonable agreement with experimental data,
neither their energetic nor their Mossbauer ¢ characteristics are
consistent with experiment.

The 7'-type isomers, P,,; and P, have about 50—100 cm™
higher O—O stretching frequencies than the u-1,2 structures
and lack the pattern of two low-lying frequencies associated
with the antisymmetric and symmetric Fe—O vibrational
modes. Also, > Py, and p*n*n' P, disagree with the
experimental (rR) data for the A’D P intermediate.

We may conclude that from an energetic and spectroscopic
point of view, the best P A’D candidates among the studied
structural models in the presence of a water molecule are P,
and P, (with Feg-Ogj96 < 3 A) whereas the structures with
n', n* or pu-n*n' O, -ligation are not satisfactory based on
either spectroscopic or energetic requirements. Furthermore, it
seems that the dissociation of bound H,O to OH™ and H* in
the coordination sphere of metal centers leads to structures that
are at high energy with respect to P,,; which excludes them as
the potential candidates for the A’D P and possibly P’. Finally,
u-1,2 P¢ (with H,O bound to Fe, in the equatorial plane and
open bridging carboxylate) is the best candidate in this group
for the supposed P’ in A’D since it is energetically feasible.

4.8. Activation of P Intermediate in A°D. In the previous
sections, we made efforts to assign the structure of the
experimentally observed A’D P based on energetic and
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spectroscopic data. As mentioned in the introduction, the
motivation for searching for an activated P’ A’D intermediate is
2-fold. First, there exist analogous nonheme diiron enzymes,
particularly RNR and ToMO, where such an intermediate has
been experimentally characterized. Second, in vitro prepared P
A°D is not reactive toward hydrogen abstraction from the
substrate, which might be the result of some missing activation
step.

In the present study, no detailed QM/MM calculations were
carried out concerning the feasibility of the hydrogen
abstraction step. However, on the basis of energetic
accessibility, and spectroscopic properties being similar to P’
in RNR, we first suggest as a plausible P’ intermediate in A°D
the p-1,2 (5C,6C) structure (Pprotl) with a protonated terminal
Glul0S ligand (the proton coming either from His203 or
solvent, see section 4.4), whose energy is estimated to be
~35 kJ mol ™" higher than the reference P N Interestingly, P, o1
converts easily to a g-1,1 structure (Pp,q3) with a protonated
peroxide moiety (only ~15 kJ mol™ above Pot1 and separated
by barrier of ~30 k] mol™"); the alternative P,ot2 structure with
protonated -1,2 peroxide seems also energetically accessible.
Such hydroperoxide-Fe""Fe'" forms are appealing because of
their possible reactivity toward C—H bond cleavage as it was
determined for a similar HOO-Fe™ moiety in activated
bleomycin.>" This description (depicted in Scheme 1, left-hand
side) would be different from that developed in ref 22 for RNR
chemistry, where proton transfer in going from P to P’ would
activate the diferric site for one-electron reduction to give
the spectroscopically well-characterized u-oxo Fe(III)Fe(IV)
X intermediate responsible for a homolytic O—H bond cleavage
from Tyr.

The alternative possibility for a P’ in A’D would be the H,O-
bound y-1,2 (6C,6C) structure (P,,) lying only ~25 kJ mol™
above the reference P, structure. Preliminary QM/MM and
QM:-only results indicate that it is not capable of cleaving the
C—H bond, but the bound H,O in P4 can dissociate to give
rise to P,,;o (42 k] mol™! above P,g). The P, structure has a
proton on Glul43 forming a hydrogen bond with the peroxide
ligand. This would allow a proton transfer resulting in the
formation of a structure similar to P, but with the hydroxide
in the coordination sphere (denoted as P,,o*); the hydrogen
abstraction could then proceed as described above (see Scheme 1,
right-hand side).

The role of protonation in the active center is the subject of
intensive research also in other related nonheme diiron
enzymes. For MMO, experiments show that proton uptake is
involved in the interconversion of the two suggested peroxo
intermediates and also in their further transformation via O—O
cleavage to a diiron(IV) species.> On the basis of studies on a
model complex,> the first protonation was proposed to involve
the bridging carboxylate, thereafter becoming monodentate.
Related computational studies,”>>* on the other hand, show no
involvement of protons in the rate determining step, ascribing
their effect to alterations in the structure of the enzyme or in its
complexation with the regulatory protein.

ToMO and T4MO, on the other hand, possess some features
that resemble the A’D. For those enzymes, no O—O cleavage
to diiron(IV) species seems to be involved in the catalysis;* the
hydroxylation is brought about by a peroxo species that has
spectroscopic groperties more similar to RNR P’ than to P-type
intermediates.”’ Experiments with T201 variants of ToMO
suggest that this amino acid plays a critical role in a proton
transfer step, necessary to generate the peroxo intermediate.>
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Scheme 1. Suggested Proton and Water Mechanism of O, Activation in A°D
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A recent theoretical study,*® providing a plausible explanation
for the different pathways in ToMO/T4MO and MMO based
on a hydrogen-bond chain toward the peroxo moiety, further-
more suggests that the only way to reconcile theoretical spectro-
scopic data for this peroxo intermediate with experiments is
to assume a protonated peroxo ligand. Such a species would
be analogous to the A’D P, 3 or P;o* (see Scheme 1), con-
sidered here as possible intermediates on the pathway toward
desaturation.

5. CONCLUSIONS

To reveal the best structural candidates for the P and putative
P’ intermediates in A’D we have investigated three sets of
peroxodiferric structures (differing in the absence or presence
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of a H" and a H,0O in the active site) and correlated QM/MM
energetic and spectroscopic results with the experimental data.
The QM(DFT)/MM methodology used has been validated
in several studies’” " to provide reasonable energetics and
mechanistic insight for many complex enzymatic reactions.

First, we have demonstrated that the effect of substrate
binding on coordination and CD spectroscopic properties in
reduced A’D can be qualitatively reproduced in calculations,
and it is corroborated to involve transition of one of the irons
from a five to a four coordinate structure. This also confirmed
that our methods can reasonably correlate structural and spectro-
scopic data.

Second, we have clearly shown that structural models whose
spectroscopic (ie., absorption, CD, vibrational, and Mdssbauer)
characteristics correlate best with experimental data for the A’D
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P intermediate feature a y-1,2-0,>” binding mode, regardless
of the absence or presence of an additional proton or water
molecule in the active site. The best candidates reproduce
experimental results within the error bars of the quantum
chemical methods utilized. Interestingly, restraining the Fep-
Oguigs bond to ~2.5 A (monodentate carboxylate, five-
coordinate iron) in most cases gives better agreement with
the spectroscopic (particularly Mdssbauer) data than for the
optimized structure (bidentate carboxylate, six-coordinate iron).
The small energy difference between these geometries sug-
gests significant flexibility of this ligand, which might explain the
absence of the five-coordinate local minimum in our calculations.

Third, on the basis of the energetic accessibility of the corre-
sponding structures, we have suggested that protonation of the
peroxide moiety, possibly with preceding water binding, could
be responsible for the conversion of the P intermediate in A°D
into a form capable of hydrogen abstraction; this reaction step
remains to be explored.

In summary, a combination of QM/MM calculations using
calibrated methods and experimental data allowed us to
formulate a consistent picture for the initial stages of the
reaction catalyzed by A’D, an important diferrous nonheme
iron enzyme that cleaves the C—H bonds in alkane chains
resulting in the highly specific insertion of double bonds. The
present study provides the basis for the investigation of the
mechanism of desaturation by A°D, which is now underway.
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