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Abstract

Ring hydroxylation and coupled rearrangement reactions catalyzed by 4-hydroxyphenylpyruvate
dioxygenase were studied with the QM/MM method ONIOM(B3LYP:AMBER). For elec-
trophilic attack of the ferryl species on the aromatic ring, ve channels were considered:
attacks on the three ring atoms closest to the oxo ligand (C1, C2, C6) and insertion of oxy-
gen across two bonds formed by them (C1-C2, C1-C6). For the subsequent migration of
the carboxymethyl substituent, two possible directions were tested (C1C2, C1! C6) and
two di erent mechanisms were sought (step-wise radical, single-step heterolytic). In addi-
tion, formation of an epoxide (side)product and benzylic hydroxylation, as catalyzed by the
closely related hydroxymandelate synthase, were investigated. From the computed reaction
free energy pro les it follows that the most likely mechanism of 4-hydroxyphenylpyruvate
dioxygenase involves electrophilic attack on the C1 carbon of the ring and subsequent single-
step heterolytic migration of the substituent. Computed values of the kinetic isotope e ect
for this step are inverse, consistent with available experimental data. Electronic structure
arguments for the preferred mechanism of attack on the ring are also presented.

Keywords : -keto acid, hydroxyphenylpyruvate, dioxygenase, ferryl, rearrangement, den-
sity functional calculations, molecular dynamics, QM/MM.



1 Introduction

4-Hydroxyphenylpyruvate dioxygenase (HPPD) together with the related hydroxymande-
late synthase (HMS) belong to a family of -keto acid dependent dioxygenases. How-
ever, they do not require the usual cosubstrate, i.e. -ketoglutarate, as their substrate

- 4-hydroxyphenylpyruvate (HPP) contains an inbuilt -keto acid moiety that is used
for O, activation. Ubiquitous in aerobic forms of life, HPPD is involved in tyrosine
catabolism as well as in biosynthesis of plastoquinons and tocopherols, which are essen-
tial compounds for the process of photosynthesis. HPPD catalyzes oxidation of HPP to
2,5-dihydroxyphenylacetate (homogentisate, HG), which is the second step in the L-tyrosine
catabolic pathway eventually leading to acetoacetate and fumarate’. De ciency in HPPD
activity results in a rare hereditary metabolic disorder tyrosinemia type Ill, whereas HPPD
inhibitors are used as medicines alleviating symptoms of other genetic inborn diseases re-
lated to accumulations of toxic metabolites produced in tyrosine catabolisfn.In plants,

the tyrosine metabolic pathway branches at HG for the biosynthesis of lyophilic cofactors
required for photosynthesis, and hence, HPPD inhibitors have herbicidal activit HMS
performs similar chemistry to that of HPPD, the oxidation of HPP to S-hydroxymandelate
(HMA), but is found in only a few strains of bacteria, where HMA is a precursor for the
biosynthesis ofp-hydroxyphenylglycine, a component of macrocyclic peptide antibiotics,
such as vancomycit’ HMS catalyzes oxidation of HPP toS-hydroxymandelate (HMA),
which in the following steps is transformed intgp-hydroxyphenylglycine.

HPPD and HMS not only share the same substrates, i.e. HPP and,0Obut also ex-
hibit identical structural topology and it is commonly assumed that for the two enzymes
the initial steps of the catalytic reactions are ostensibly the same and yield a common hy-
droxylating intermediate,i.e. E-Fe(IV)=0-hydroxyphenylacetate species (Fig.1). From this
species the catalytic pathway diverges, leading to the enzyme-speci ¢ nal products. The
common part of HMS and HPPD catalytic cycles includes oxidative decarboxylation of the
ketoacid moiety and subsequent heterolytic cleavage of the O-O bond leading to the oxofer-
ryl intermediate.® In the following steps hydroxyphenylacetate (HPA) is either converted
to homogentisate (HG), via aromatic ring hydroxylation and side-chain rearrangement,
or hydroxylated at the benzylic carbon producing S-hydroxymandelate (HMA), which is



Figure 1. The oxygen activation mechanism proposed for HMS and HPPD.

determined by interactions with second shell residués.Recently, HMS was successfully
engineered to produce R-HMA?

X-ray crystal structures for only the HMS-Co(ll)-HMA complex (PDB code: 2R5V),
HPPD inhibitor complexes (PDB codes: 1T47, 1SQI, 1TFZ, 1TG%?) and select other
ligands (PDB codes: 1CJX, 3I1S&) have been solved. Thus, the available structural data
provide only indirect information on the position of HPP binding within the active sites.

Correlation of the primary and tertiary structures of these enzymes indicates two do-
mains; a poorly conserved (apparently vestigial) N-terminal domain and a more highly
conserved C-terminal domain. The catalytic site is located in the C-terminal domain that
houses the active cite including a 2-His-1-Glu facial triad responsible for coordinating the
Fe(Il) cofactor® (see Fig.2).

Spectroscopic studies suggest that both HMS and HPPD bind HPP in a bidentate
coordination complex that forms between the -keto acid and the ferrous ion and that
the di erence in product speci city arises as a consequence of di erent orientations of the
substrate's aromatic ring in the catalytic site!-84

The structure of the HMS-Co(ll)-HMA complex shows that HMA is bound to the metal



Figure 2: Active sites in X-ray crystal structures ofAmycolatopsis orientalisHMS-Co(ll)-
HMA and Pseudomonas uorescen$iPPD-Fe(ll)-acetate complexes (PDB codes: 2R5V
and 1CJX, respectively). Residue names in red for the rst shell metal ligands; residue
names in blue for the amino acids hydrogen bonding to the rst shell metal ligands; ovals
mark residues substituted in the mutagenetic studies; hydrophobic residues in green.

center in a bidente fashion through its benzylic hydroxyl oxygen and one of the oxygens
from its carboxylate group! The rst shell metal ligands create a coordinational trigonal
bipyramid, where the equatorial positions are occupied by two histidines (His161, His241)
and the carboxylate from the HMA ligand, whereas glutamate (Glu320) and the hydroxyl
group of HMA are in the axial positions. HMA is hydrogen-bonded with three amino acids:
Ser201, Thr214 and GIn305 (labeled in blue in Fig. 2). Ser201 is involved in a hydrogen
bond with p-hydroxyl group of HMA, Thr214 creates a hydrogen bond with the benzylic
hydroxyl of HMA, while GIn305 forms a hydrogen bonding interaction with one of the
HMA carboxylate oxygen, as well as with the carboxylate group of Glu320 from the facial
triad. ’

Similarities in sequences, structures and the reaction mechanisms of HMS and HPPD



make these enzymes very attractive targets for mutagenesis experiments aimed at switching
the hydroxylation speci city. 17 Results of mutagenesis studies showed that HMS is very
tolerant to mutations and single, double and triple amino acid substitutions at conserved
positions have not led to production of HG>® In the case of HPPD, analogous attempts
were more successful and some mutants produced HMA. These observations might indicate
that the HMS reaction is the \default" oxidation process for the (2His-1Glu)- Fe(IV)=0-
HPA catalytic core, presumably less controlled by interactions with the second shell residues
than ring hydroxylation speci ¢ for HPPD. 7" Results of Gunsior et al. showed that two
HPPD (S. avermitilis) single-point mutants, namely Asn216lle and Phe337lle, form mixture
of products including HG and HMA® It was suggested that structural changes introduced
by these point mutations inhibit formation of HG and hence turn on production of the side
product - HMA. 1> O'Hare and co-workers have found that a relatively large group of double
mutants of P. uorescens HPPD exhibit HMS activity, yet HG is always an accompanying
product.’®> A majority of such constructs have substitutions at positions 214 and 337 (see
Fig. 2).1° Interestingly, some of them, e.g. Asn216Val and Phe337Val, did not a ect the
reaction speci city when introduced separately, but together induced a partial speci city
switch.1®

In the resting form of HPPD the active site iron is six-fold coordinated (2-His-1Glu facial
triad and three water molecules) as revealed by X-ray crystal structures (PDB:1SP8,1SP9)
and spectroscopic studie¥:181° Results of steady-state kinetics measurements indicated
that HPP binds to Fe(ll) prior to dioxygen, while CO, is the rst product released from
the active site, similarly to other -keto acid dependent enzyme¥{?2

Respail and co-workers performed QM/MM calculations to test the possible binding
modes of HPP in the HPPD active site® Dierent models, created for an Arabidopsis
thaliana HPPD structure (PDB code: 1SQD), were employed, including models of the E-
Fe(I)-HPP and E-Fe(IV)=0-HPA complexes. Two plausible substrate binding modes were
taken into consideration in these studies: one proposed by Serre et al. involving interactions
between GIn272, GIn286, GIn358 and the substrate, and the second one, proposed by
Brownlee et al. and based on the HMS-HMA crystal structure (PDB code: 2R5V)*23
where Ser246 and Asn261 participate in binding of the substrate. In the rst mode, the
4-hydroxyl group of HPP forms hydrogen bonds with GIn225 (272; in parentheses residue



numbers forArabidopsis thalianaHPPD) and GIn239 (286), whereas the Brownlee's mode
involves hydrogen bonds between Ser201 (246), Asn216 (261) and the 4-hydroxyl moiety
of HPP. In both cases GIn309 (358) forms a hydrogen bond with the carboxylic group of
HPP. The QM/MM studies together with mutagenetic and kinetic experiments led to a
suggestion that GIn225 (272), GIn239 (286) and GIn309 (358) play important roles in the
binding of HPP and the rst nucleophilic attack during the catalytic cycle, which leads to
a peroxo bridged intermediate?®> Respail and co-workers suggested that in the subsequent
step, the intermediate moves and starts to interact, via its 4-hydroxyl group, with Ser201
(246) and Asn216 (261) and these interactions presumably play a key role in directing
the electrophilic attack on the aromatic ring of HPA. Accordingly, substitutions at these
positions result in a signi cant decrease in &, of HPPD.” 13

Previous computational studies also provided some insights into the reaction mecha-
nisms of the two enzymes. Concerning the initial stages of the reaction, it was proposed
that the Fe(lll)-O , species attacks the carbonyl carbon of HPPThis initiates decarboxy-
lation yielding the Fe(ll)-peracid intermediate. Subsequent heterolytic cleavage of the O-O
bond produces 4-hydroxyphenylacetate (HPA) in complex with the Fe(IV)=0 form of the
iron cofactor, which is the last common intermediate for HMS and HPPD(Fig. 1). No-
tably, the Fe(IV)=0 species has been trapped and characterized by spectroscopic methods
for taurine 2-oxoglutarate dioxygenase and two other -ketoacid dependent enzyme¥{?6
With respect to the hydroxylation reactions, for HPPD it was proposed that electrophilic
attack on the aromatic ring of HPA leads to a high-spin Fe(ll1)/ring radical -complex® 914
The subsequent migration of the acetic acid side chain was found to proceed in two steps:
rst, the C-C bond cleavage leading to the biradical intermediate, and second, a fast re-
bound of the migrating substituent at the adjacent position in the aromatic ringg The
nal step of the HPPD catalytic cycle was said to be a tautomerization reaction involving
a proton transfer from the sg carbon of the ring to the ketone oxygen and yielding HG.
The DFT results indicated that this last process can occur either in solution or in the active
site 8

Valuable insights into the hydroxylation mechanism of HPPD were provided by results
of recent studies by D. D. Shah et al., where kinetic isotope e ects (KIE) were measured
from the product partitioning exhibited by WT and some mutants of Streptomyces aver-



Figure 3: Previously suggested hydroxylation mechanisms for HMS and HPPD and path-
ways leading to alternative products: oxepinone and quinolacetate.

mitilis HPPD."-27 With ring-deuterated HPP inverse secondary KIE of 0.84 was obtained,
which was interpreted as evidence for a change of hybridization from?sf sp® on the
carbon atom(s) directly bound to deuterium, i.e. direct attack of the ferryl species on
the C1-C2 bond of the aromatic ring and formation of a 1,2-epoxidé. HPPD mutants,
such as: Asn245Ile, Asn245GIn, Pro243Thr and Ser230Ala, gave secondary KIE of around
1.1 In studies using 1',1'-dideutero-HPP the KIE value obtained for WTStreptomyces

avermitilis HPPD was 0.990, which was proposed to be consistent with a heterolytic single



step mechanism of carboxymethyl migratiod® However, for the N216(245)S mutant KIE
amounted to 1.39, a value presumably more consistent with the radical 2-step migratiéh.
Here we report results of a QM/MM study undertaken with the aim to enhance our under-
standing of the HPPD reaction steps following generation of the ferryl species. The most
important result of this work is the nding that the observed inverse KIE can be explained
without invoking substantial hybridization change on the deuterated carbons. The mech-
anism for hydroxylation and rearrangement supported by the QM/MM results involves
electrophilic attack on the substituted ring carbon atom and a single step migration of the
carboxymethyl substituent, similar to the NIH hydride shift.

2 Models and Methods

Molecular Dynamics Simulations. MD simulations were performed for the HPPD-
Fe(IV)=0O-HPA complex in order to obtain a reliable starting structure for QM/MM calcu-
lations. MD model was prepared based on the crystal structure Bseudomonas uorescens
HPPD (PDB code: 1CJX). The residues missing in the crystal structure, i.e. Alal-Asp2-
Leu3 and Asp357, were added with the program Modellé#3? The ferrous ion was substi-
tuted with an iron-oxo group and acetate was replaced by HPA. Protonation states (at pH
7.0) of basic and acidic residues (other than iron ligands), were assigned based op @d-
culations performed with the PROPKA server333* with no unexpected protonation states
predicted. The positions of the protons in the histidine side chains (Nor N ) were chosen
based on visual inspection of the immediate environment in the crystal structure: His103
was doubly protonated, His73, His164 were protonated dd and His41, His47, His281
had N protonated. The total charge of the HPPD system obtained in this manner was
-14, so to compensate this charge 14 Naons were added.

Missing force eld parameters for the non-heme iron oxoferryl complex were derived
from QM calculations in our previous studie$. Standard protein residues were described
with the 03 AMBER force eld. ® The solvent was modeled by TIP3P water molecules
lling a cube with at least a 10A distance between the protein and the face of the culFé.

Before the molecular dynamic simulations the system was minimized. In the rst step
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the protein and HPA were restrained with a 500 kcal/(moA?) harmonic potential, while

the water and the N& ion positions were optimized. In the second step the protein was
restrained with a 10 kcal/(molA?) harmonic potential, while in the nal step, the minimiza-

tion of the whole system was performed with no restraints. Each minimization consisted
of 500 steps of steepest-descent and additional 4500 steps performed with the conjugate-
gradient algorithm. The optimized structure was subsequently heated up from OK to 300K
under constant volume conditions during a 100 ps-long dynamics. In the following step the
system was subjected to a 100 ps-long constant pressure dynamics meant to equilibrate the
density of the model. The simulations of the heating and constant pressure dynamics were
performed with the protein backbone restrained with a force constant of 1 kcal/(maf).

The nal simulations with constant temperature (300K) and pressure (1 atm), maintained
with Langevin dynamics and isotropic position scaling algorithm under periodic boundary
conditions, were completed with a 2 fs time step. The SHAKE algorithm was employed to
constrain covalent bonds involving hydrogen atoms and the particle-mesh Ewald method
was utilized for the electrostatics. MD simulations spanned in total 24.2 ns and were
conducted with the AMBER 11 package’’

QM/MM Models and Methods For the QM/MM calculations, the ONIOM method
implemented in the Gaussian 09 program was usétl.For the QM part of the system the
hybrid exchange correlation functional B3LYP was employet?;*° whereas the MM region
was described with the AMBER force eld. In order to minimize the risk of accidental
changes of geometry of the MM part of the system when moving along the reaction co-
ordinate, a snapshot after 14 ns of MD simulation was cooled down from 300 to O K in
a NV=constant 100 ps-long simulation. This structure was used to prepare the ONIOM
model, which comprised of 6634 atoms. Water molecules and counter ions situated further
then 20A away from the active site iron were removed from the model.

The QM region (84 atoms) included: the His161, His240, Glu322 side chains, hydrox-
yphenylacetate (HPA) and the Fe(1V)=0O group, forming the rst coordination shell, as
well as the Thrl63, Ser201, GIn309 side chains and one water molecule, all of which are in
hydrogen-bonding contacts with the rst shell ligands. Since the water molecule entered
the active site during the nal stage of the 14.2 ns-long MD simulation, another 10 ns were
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simulated. The water molecule remained in contact with the rst shell ligands during this
additional 10 ns, which suggests it is bound rmly. However, whether this water molecule
will be actually bound or not during the reaction steps following formation of Fe(1V)=0
will depend on the structure of preceding intermediates and/or rate of water transport to
the active site. Hence, a model lacking this second shell water was also tested.

For the amino acid ligands the QM part was terminated at C with C replaced by a
hydrogen link atom. The atomic charges of the QM region were t with the RESP procedure
from the electrostatic potential calculated at the B3LYP/lacvp/IEFPCM( = 4:0) level of
theory with charges on the link hydrogen atoms constrained to the sum of MM charges of
atoms from a given residue that were left in the MM part of the systerftt lonization states
of basic and acidic residues, atom types and atomic charges of the MM part were the same
as in MD simulations. The QM part has a neutral net charge, while the total charge of the
whole model is -14.

Geometry optimizations for intermediates and transition structures were performed with
the lacvp double- basis set at the mechanical embedding level of approximation. During
optimizations constraints were imposed on the residues from the MM region that are further
than 15A away from the active site iron ion. Each stationary point was optimized in a two-
step procedure. First, it was optimized with a set of atomic charges for the QM region
determined in a previous optimization for a preceding stationary point. Second, a set
of RESP atomic charges was determined for thus obtained structure and with this set
the nal optimization of a given stationary point was performed. The ONIOM energy of
the optimized structure was computed both at the mechanical (ME) and electronic (EE)
embedding levels with a triple- basis set combining thecc-pVTZ(-f) basis for C, N, O,

H and the lacv3p+ basis and e ective core potential for iron. The ONIOM energy was
combined with a thermal correction to the Gibbs free energy computed at the ONIOM-
ME(b3lyp/ lacvp level and the DFT-D2 dispersion correction computed for the QM region
with the XYZ-viewer program.*>43 To test the stability of the results with respect to
the choice of the functional, for some stationary points the electronic energies were also
calculated using the B3LYP functional, which has a smaller component of exact exchange
(15% vs 20% for B3LYP)* DFT-D2 dispersion corrections and thermal corrections to
the Gibbs free energy computed for the B3LYP models were added to B3LYRlectronic
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energies in Fig. 7.

Stability of the results was also tested with respect to the choice of the QM part. To
this end, the electronic energies were computed at the EE level with triplebasis set for a
high-level layer extended to 187 atoms and additionally including side chains of: Phel90,
Asn216, Phe31l, Phe332, Phe337, Leu340 with CGeplaced by a hydrogen link atom,
two water molecules and Pro214 with two carbonyl carbons of peptide bonds replaced by
link atoms. Charges for the QM part were the same as in calculations for corresponding
structures obtained with basic model (84 atoms in the QM part).

Kinetic isotope e ects were computed based on the semiclassical Eyring equation (eq.
1) using di erences between thermal corrections to Gibbs free energies for each trasition
state with and without substitution by deuterium.

H 6
Hk e %eT b G H G
KIE = — = = _— 1
(T TP ®

The AMBER force eld was used to estimate the individual nonbonded (electrostatics
and van der Waals) contributions for side-chains of second shell residues to the di erence
in energy between selected stationary points obtained with the QM/MM method. For this
purpose, nonbonded interactions were computed with the AMBER force eld for a full
model of a given stationary point and a set of models where a single atom of a selected side
chain had zeroed partial charge and van der Waals interaction parameter. From the di er-
ence, a contribution of a given atom was calculated. Sums of such atomic contributions over
atoms constituting a given side chain were calculated for selected reactants and transition
states and their di erences are used to infer about (de)stabilising role of nonbonded inter-
actions of a given residue for a selected process. The analysis of the role of selected residues
from protein surrounding has been extended to pair-wise classical interactions between the
metal with its ligands and a given side-chain, and these calculations were performed with
the NAMD2 program® and the AMBER force eld.

Abbreviations used in this contribution to label stationary points are the following: Int -
intermediate, TS - transition state, SOSP - second order saddle point.

3 Results and discussion
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3.1 MD Simulations

Figure 4: Representative snapshot from the MD simulation for the HPPD-Fe(IV)=0-HPA
complex. HPA in red; the starting structure in grey.

Classical MD simulations were performed to model the structure of the HPPD-Fe(1V)=0-
HPA complex. Since the HMS-Co(ll)-HMA crystal structure (PDB code: 2R5V) is the only
presently available source of detailed structural information of relevance to the HPPD-
substrate/intermediate complexes, the starting geometry of HPA was transferred from the
structure of HMS-Fe(IV)=0-HPA, which was obtained with MD simulations in our previ-
ous study?® During the MD simulation HPA adopted a distinctly di erent conformation
in the HPPD substrate pocket than within the active site of HMS, which is consistent
with di erent reaction speci cities of the two enzymes (Fig. 4). One can notice that the
pro-S benzylic hydrogen atom moved away from the oxo ligand and the substrate's ring
approached the reactive Fe(IV)=0 group. The OH group of HPA forms a hydrogen bond
with Ser201, which, in turn, H-bonds to Asn216. Such an arrangement of the HPPD-
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Fe(IV)=0-HPA active site is consistent with the QM/MM model suggested in a previous
study.?®> Analogously to the HMS crystal structure, carboxyl oxygen of HPA creates a
hydrogen bond to GIn309 and its distance oscillates around 2.80during MD simulation.
Interestingly, during the tenth ns of the simulation a water molecule entered the active site
and established hydrogen bonds to the second carboxyl oxygen of HPA and the carbonyl
oxygen of GIn309. Additional 10 ns of dynamics showed that this water molecule keeps
these H-bonding interactions till the end of the simulation. As in HMS crystal structure
GIn309 creates a hydrogen bond also with Asn336 and its length oscillates around 2200
During the whole simulation, the hydroxyl group of HPA creates a hydrogen bond with
Ser201, which is involved in a hydrogen bond with the carbonyl oxygen of Asn216. Analysis
of the molecular dynamics trajectory showed that Thr163 forms a hydrogen bond with the
oxo ligand, whose length oscillates around 1.88. Phe337 provides stacking interaction
with the aromatic ring of HPA, which also has van der Waals contacts with Phe332 and
Phel190. To test the stability of the obtained model of the HPPD-Fe(IV)=0-HPA complex,
ten snapshots were selected (after 15, 16, 17, 18, 19, 20, 21, 22, 23, 24 ns of MD simulation),
minimized and superimposed. The RMSD of these structures calculated with respect to
the average geometry is within 0.74A for the backbone atoms and 1.2& for all atoms,
which together with preservation of the most important hydrogen bonding contacts in the
active site and the HPA orientation indicates that the core of the complex remains in the
minimum reached during the MD simulation (Fig. S4).

The RMSD, computed for the backbone atoms with respect to the starting geometry,
reached a plateau at a value of 1.8 after 12 ns of simulations (Fig. S1). Atomic uc-
tuations computed for the 14" ns of the simulated trajectory (Fig. S2) reveal that in the
vicinity of the active site the structure uctuates moderately and remains in the same basin
of attraction. The most mobile fragments of the protein are loops that are distant from
the active site (Fig. S2 and Fig. S3).

3.2 QM/MM Studies

In this study several reaction channels for decay of the ferryl species (R, Fig. 5) were
considered (see Fig. 6), including: attack at the C1, C2 or C6 carbons of HPA and direct
formation of the epoxide intermediate across C1-C2 or C1-C6 bonds. For the subsequent
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Figure 5: Active site region of the macromolecular R complex optimized with the ONIOM
method. QM-part in the ball-and-stick representation. Hydrogen link atoms are marked
with green circles, relevant atomic spin populations in frame.

steps, formation of the epoxide from the radical -complex (Intl) and 1,2-acyl migration
from the C1 to C2 or C6 position in the ring were taken into account. All reactions were
modeled for the quintet spin state consistently with the results of the previous studiés? 24

3.2.1 Electrophilic Attack on the Aromatic Ring of HPA

Electrophilic Attack at the C1 Ring Position
The activation energy connected with the attack of the oxoferryl group at the C1 posi-
tion (TS1) amounts to 18.0 kcal/mol, which, taking into account di erences in models and
methods, compares rather well with the barrier computed previously on the DFT level: for
electrophilic attack of the Fe(IV)=0 species on the benzene in heme enzymes the barrier
equals to 17.5 kcal/mol (for low spin state) and 20.6 kcal/mol (for high spin state’f for
-keto glutarate biomimetic system - 14.9 kcal/mof/ phenylalanine hydroxylase - 16.2
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Figure 6: Reaction channels considered in this work: in brown reaction steps involving the
C6 carbon, in green - the C2 carbon.

kcal/mol“® and previous studies on minimal models of HPPD - 16.9 kcal/nfoland 16
kcal/mol.* The resulting radical -complex intermediate (Intl) lies 3.5 kcal/mol above
the oxoferryl complex (Fig. 7). The QM region of the optimized TS1 is presented in Fig.
8. In this transition structure the distance between the oxo ligand (O1) and the C1 carbon
is 2.06A, whereas the Fe-O1 distance is elongated to 1.82from 1.67 A in R.

TS1 leads to a radical -complex (Intl) featuring a high spin Fe(lll) and an antifer-
romegnetically coupled -radical on the ring, which agrees with the results of previous QM
studies® 914

Alternative Attacks at the C2 and C6 Ring Positions

The alternative electrophilic attack at the C2 carbon (green line, TS4 and Int2', see
Fig. 7) involves a barrier of 26.8, which is signi cantly higher than for the attack at
the C1 position (18 kcal/mol). In the QM region of TS4, the critical O1-C2 and Fe-O1
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Figure 7: Reaction free energy pro les, computed at the B3LYP/triple- ONIOM-EE level

for steps involving the C1 and/or C2 carbons: in green reaction steps involving C2, in black
the lowest energy path. The values in parentheses are the relative free energies calculated
with the B3LYP/triple- ONIOM-ME energy, in square brackets in blue relative ONIOM-

EE free energies for the model lacking the second shell water, in curly brackets in violet
free energies computed with the B3LYRtriple- ONIOM-EE electronic energy values.

distances are 1.89A and 1.82 A, respectively. The MM region of the TS4 structure is
very similar to that in TS1 with the exception of a signi cantly di erent orientation of
Phe332, which in TS4 is too far away from HPA to e ectively interact with its aromatic
ring. Accordingly, nonbonding interactions of Phe332 destabilize TS4 with respect to R by
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Figure 8: Active site regions of the optimized structures of TS1 for the electrophilic attack
at the C1 position in the HPA aromatic ring and for the radical -complex intermediate
Intl. QM-part in the ball-and-stick representation. Hydrogen link atoms are marked with
green circles, relevant atomic spin populations in frames.

0.79 kcal/mol (see table 1). Such a nonoptimal orientation of HPA also weakens stacking
interaction between the HPA aromatic ring and Phe337 (+0.49 kcal/mol, table 1) and other
disspersion interactions with Phe190 (+0.82 kcal/mol, table 1). These weakened van der
Waals interactions between HPA and residues from the local environment of the protein
together with slightly weaker Ser201-HPA (1.8 vs 1.77A in R), and considerably weaker
Ser201-Asn216 (1.95 vs 1.83A) hydrogen bonds contribute to the high barrier connected
with TS4 and high energy of the resulting radical -complex Int2' (see Fig. 7). The
directing e ect of the OH-substituent also disfavours electrophilic attack at C2 and C6.

A transition structure (TS5) for attack at the C6 carbon was found to have even higher
energy than TS4, i.e. 41.4 kcal/mol cf. 26.8 kcal/mol. In TS5, the aromatic ring of HPA
looses van der Waals contacts with Phe332 and Phe337 and the hydrogen bond between
Ser201 and Asn216 is very elongated (H-O distance of 2A40n comparison to 1.84A in
TS1). These structural di erences explain the large energy gap between TS5 and TS1.
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