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Abstract

Electronic structure calculations have been carried out to examine the effect of protonation and water
molecules on the heme group of peroxidases in different redox (ferric, ferrous, compounds | and 1) and
spin states. Shared geometries, spectroscopic properties at Soret region, and thermodynamics of
peroxidases are discussed. B3LYP and M06-2X density functionals with different basis sets were
employed on a common molecular model of the active site (Fe-centred porphine and proximal
imidazole). Computed Gibbs free energies indicate that the corresponding aquo complexes are not
thermodynamically stable, supporting the five-coordinate Fe(lll) centre in native ferric peroxidases,
with a water molecule located at a non-bonding distance. Protonation of the ferryl oxygen of compound
Il is discussed in terms of thermodynamics, Fe-O bond distances, and redox properties. It is
demonstrated that this protonation is necessary to account for the experimental data and computed Gibbs
free energies that reveal pK, values of compound Il about 8.5 —9.0. Computation suggests that the origin
of the general oxidative properties of peroxidase species, as well as their reactivity towards water and
protons and Soret spectral properties, mostly resides on the iron porphyrin and its proximal ligand
histidine.

Keywords
Peroxidase; density functional calculations; compound I; compound II; ferryl oxygen; reduction

potential.
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1. Introduction

Heme-containing proteins and enzymes are ubiquitous and catalyse many different reactions including
electron transfer, oxygen binding, oxidations, oxygenations, etc [1,2]. Heme peroxidases use heme b or
posttranslationally modified heme to catalyse the hydrogen peroxide-mediated one- and two-electron
oxidation of a myriad of molecules including aromatic molecules, cations, anions, or even proteins. Four
heme peroxidase superfamilies arose independently during evolution, which differ in overall fold, active
site architecture (e.g. histidine or cysteine as proximal ligand), and enzymatic activities [3].
Peroxidases operate in a complex multistep mechanism including several redox intermediates (Scheme
1), which were studied by various experimental [4,5] and computational [6-8] means. In general, native
ferric peroxidase (Fe(l11)-PO) uses H.O,, or other oxidants, to generate a ferryl (Fe(1\VV)=0) n-cation
radical complex called compound | (PO-I), having incorporated one oxygen atom derived from
heterolytic cleavage of hydrogen peroxide [9]. This species can be one-electron reduced to compound
I1 (PO-I1), which also contains a ferryl group, while reversible reduction of the ferric protein yields the
ferrous species (Fe(11)-PO).

X =CI, Br, I, or SCN-

HXO X

Y
PO-II

Scheme 1. Interconversion between peroxidase species: Fe(l11)-PO, ferric state; Fe(l1)-PO, ferrous state;
PO-1, compound I; PO-II, compound II.

Most experimental studies on the electronic structure and reactivity of peroxidases were carried out
under neutral or basic conditions, whereas less attention was paid to acidic pH values despite the fact
that the pH optimum of many peroxidase activities is below pH 7. For example, chloride oxidation by
human myeloperoxidase (MPO) is significantly more efficient at pH 5 compared to pH 7 [5,10-13].
Crystal structures of many peroxidases show the presence of a discrete water in an axial position to the
heme iron in the distal cavity [9]. Under acidic pH conditions the occurrence of H.O and H* rather than

HO™ at the distal heme cavity has to be taken into account.
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Protons are directly involved in peroxidase reactivity (Scheme 1) and, as a consequence, protonation of
the ferryl centre has been a central issue to justify the different Fe—O bond distances measured with X-
ray diffraction structural analysis for compounds | and Il [14]. On the other hand, oxo-ferryl stretching
frequencies obtained with resonance Raman spectroscopy (RR) suggest that both compounds exhibit a
similar short Fe-O distance [15,16], indicative of unprotonated ferryl oxygen [17]. Extended X-ray
absorption fine structure (EXAFS) experiments also support unprotonated compound Il [18]. However,
iron photoreduction may occur upon X-ray radiation or even due to laser excitation, leading to some
uncertainty about the metal oxidation state in those measurements [19-21]. Thus, some inconsistencies
have been found, for example long Fe-O distance measured by X-ray diffraction in compound | of
cytochrome c¢ peroxidase (CCP) [22], or short [18] and long [23] Fe—O distances obtained with EXAFS
for horseradish peroxidase (HRP) compound Il. Protonation of the ferryl oxygen has been observed for
chloroperoxidase (CPO, a heme enzyme with proximal thiolate) compound Il by RR [24] and EXAFS
[25], whereas myoglobin compound 11 seems to be unprotonated even at pH 3.9 according to RR and
EXAFS measurements [26]. The neutron structures of the ferric and compound | states from CCP [27]
and compound Il from ascorbate peroxidase (APX) [28] are available, and show the presence of a
Fe(IV)-OH group in compound I1.

Peroxidases share many properties and have similar molecular structures at the active site. However, the
only common part of all these enzymes, at least for three superfamilies, is the Fe-centred porphine ring
coordinated to a proximal imidazole. The proximal histidine may display different positions, which
influence imidazole rotation, and it is surrounded by rather dissimilar environments that affect its charge
distribution. Other examples of variability include the mode of interaction of heme substitutents with
the protein matrix or even the posttranslational modification of those substituents as shown in
representatives of the peroxidase-cyclooxygenase superfamily [2]. On the other hand, conserved amino
acids are found on the distal side, such as the catalytic pairs histidine/arginine or aspartate/arginine, but
their positions vary with respect to heme and also with respect to their interactions with the distal protein
matrix. Therefore, it seems that the prevalent behaviour of these enzymes actually arises from just a
quite small part of their active site, while the specific performance of a particular peroxidase results
from the remaining part of the active site and its environment. A full mechanistic understanding of
peroxidases needs, in addition to study the impact of the protein, the knowledge of the underlying
chemistry of all relevant redox intermediates, which cannot be provided by experimental means only.
For unravelling mechanistic details in (bio)chemistry [29], electronic structure calculations can be very
helpful as they can focus on just a small part of the system.

The aim of this work is the correct description of some common general features of peroxidases, such
as protonation state and pKa values, stability of aqueous complexes, UV-vis spectra or reduction
potentials, by means of electronic structure calculations using a suitable common molecular model
together with a computational level that yields reliable data at low computational cost. To this end

geometric, electronic, and thermodynamic parameters of a reduced model of the active site of native
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ferric peroxidase, ferrous peroxidase, peroxidase compound | and compound Il, and their aquo and
protonated complexes have been calculated. Obtained computational data are compared with
experimental data to examine the suitability of both the molecular model and the method of calculation,
and to successfully elucidate protonation states and interactions with distal water molecules.
Furthermore, this work offers a simple methodology to obtain additional information on different heme
peroxidases that cannot be gathered by experimental techniques, and it also emerges as an adequate
starting point for further computational research on these enzymes in general, or for the analysis of more
specific properties of single peroxidases by ad hoc modification of the molecular model employed to
account for the particular structure and specific reactivity.

2. Computational details

2.1 Models

Computational studies on heme proteins have used several molecular models of the active site, ranging
from very few atoms surrounding the heme metal centre to others concerning the whole protein [30].
Some research was performed using full porphyrin and axial imidazole, which was the choice in this
study [17]. Peripheral substituents and their interaction with the protein can affect heme configuration;
accordingly, a usual approach in electronic structure calculations dealing with heme porphyrins is to use
X-ray structures to consider such effects rather than including the interaction partners in heavy geometry
optimizations [31]. However, questions arose as to whether crystal arrangements are the same as in
solution; in fact, some differences between solution (NMR) and crystal geometries of cytochrome ¢ have
been observed [32].

Besides the described general peroxidase behaviour, peroxidases of the four superfamilies [3] exhibit
diverse enzymatic activities at different optimum conditions. The origin of these differences is related
to variations in the multistep reaction mechanisms, triggered by the protein environment. The use of a
specific experimental structure would lead to a particular property, and not to the desired general
peroxidase behaviour, which is the aim of this study. On the other hand, the use of geometry optimization
on isolated porphyrins may lead to electronic ground states different from those seen in proteins [33].
Compromising previous evidence, in this work the active site was modelled by using Fe-centred
porphine, i.e. the porphyrin ring without any side chains, and an imidazole ring coordinated to the metal
in an axial position, mimicking the proximal histidine (Fig. 1). The latter is found in three out of four
heme peroxidases superfamilies [3]. This arrangement was selected on account of studies showing that
the axial imidazole substantially enhances the binding energy of ligands in contrast to vinyl and
propionate side chains [33-35], which are modified in the peroxidase-cyclooxygenase superfamily [3].
The distal sixth coordination site is either vacant in ferric and ferrous states of peroxidases or eventually
occupied by a water molecule, while an oxygen atom plays the role as sixth ligand in the case of the
ferryl species compound | and compound I1. According to crystallographic studies, water molecules (or

related species) are closer to the heme iron or ferryl oxygen atoms than any other amino acid residue. In
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addition, protonation reactions might occur. The present computational study considers all possible
scenarios (even the untenable ferric and ferrous species with protonated iron) to perform an exhaustive
analysis. It should be taken into account that this reduced model of the active site ignores the influence

of the protein on heme stabilization, but this effect cancels out when comparing different species.

Figure 1. Molecular arrangement employed to model the active site of peroxidases.

2.2 Methods

The suitability of different DFT functionals for correct calculation of a Fe-centred porphyrin ring
coordinated to an imidazole group, i.e. the same model used in this work, has been studied by
comparison of these methods with the results obtained with high-level CCSD(T) calculations with large
basis sets for several model iron compounds [36]. All studied functionals showed a good performance
in geometry optimization with respect to crystal structures. Also, hybrid DFT functionals yielded
reasonably accurate relative energies of the different spin states at a lower computational cost.
Additionally, some results obtained for bond dissociation energies of iron ligands suggest that B3LYP
describes bonding to oxygen-containing ligands more accurately than other functionals [36]. On the
other hand, the M06-2X functional shows a better performance to calculate weak interactions [37], as
those found between heme and some other functional groups present in the distal cavity, like water
molecules. Electron and spin densities for iron porphyrins were also calculated with both DFT and
coupled cluster methods [38-40]. The good agreement between obtained results corroborates the validity
of the DFT computations for the comparison of relative energies and evaluation of the stability of the
different states of the considered systems.

Thus, DFT-based calculations were done using two hybrid functionals: the Becke’s three-parameter
method [41] with the correlation functional of Lee, Yang and Parr, incorporating local and non-local
terms [42,43] (B3LYP), and the meta exchange-correlation variation of the M06 functional of Zhao and
Truhlar that includes double non-local exchange, M06-2X [44]. Split-valence People basis sets [45] 6-
31G(d,p), 6-311G(2d,2p) and 6-311++G(2d,2p), and correlation-consistent Dunning basis sets [46] cc-
pVvDZ, cc-pVTZ, Aug-cc-pVTZ and cc-pVQZ were employed for all atoms but for Fe, where an

effective core potential [47] was used to substitute its core electrons with the LANL2DZ basis set.
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All calculations were performed with the polarized continuum model (PCM) [48] to take into account
the influence of water molecules contained in the distal heme pocket. Water has a more essential effect
on the four species studied than bulk protein, as the solvent interacts more closely with the iron atom
and the oxo-ferryl group, and these interactions must differ notably between redox intermediates. The
cavity used for PCM calculations was built employing atomic radii of the United Atom Topological
Model (UAO). Gaussian default values were selected for solvent (water) and for all other parameters of
spheres definition.

Geometry optimization reveals essential to adequately reproduce the structures and, as a result, their
thermodynamics. Therefore, all considered species were geometrically optimized at B3LYP/cc-pVDZ.
Harmonic frequencies were calculated to obtain zero-point energies and thermal corrections to
enthalpies and Gibbs free energies at 298.15 K. Full geometry optimization was carried out at low- and
high-spin for Fe(l11)-PO, PO-I1, and PO-II. The d® Fe(ll) atom can exhibit three spin states: S = 0 (low-
spin), S = 1 (intermediate-spin), and S = 2 (high-spin). Therefore, in the case of ferrous species data
from these states are calculated in this work. In the reminder of the paper total spin will be referred to
either as S (Zs) or as the corresponding multiplicity. Some relevant structures were also fully optimized
and their frequencies calculated with both functionals and the seven basis sets selected.

Excitation energies were calculated with the time-dependent DFT (TD-DFT) approach considering the
lowest 50 singlet excited states. UV-vis convoluted spectra were extracted from Gaussian output files
using the GaussView program [49] by using Gaussian distributions with a peak half-width of 2500
cmL. This combination was successfully applied to obtain UV-vis spectra for similar chemical systems
[50], and yields adequate maximum heights of the Soret band for comparison with experimental values.
Position of the iron atom with respect to heme plane was worked out as depicted in Figure 2. Best-fitting
plane was obtained from the four pyrrole nitrogen atoms (pyrrole plane), and distance to Fe (Fe—pp) was
calculated. Relevant bond orders in all considered species were calculated using the natural bond orbital
(NBO) analysis of Weinhold et al [51-53]. All calculations were performed with Gaussian 16 [54].

/

Figure 2. Iron out-of-plane distance (Fe—pp), described as the distance between iron atom and the plane

defined by the four pyrrole nitrogen atoms.
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2.3 Calculation of thermodynamic parameters
The dissociation equilibrium of water complexes in vacuo is expressed by the following equation:

AG°pH20

A-H30 aq, 1m) Ag, M) * H20(aq, 1m)

All computational values involving solvation were corrected as for the standard state in aqueous
solution. Water concentration is usually taken as 55.5 M, but this is not the case within the distal cavity
of peroxidases, where only some discrete molecules have been detected; therefore, also 1 M
concentration has been considered for water.

Thermodynamics of protonation processes are generally reported by the corresponding pKa value. Its
computational estimation requires the calculation of the optimized geometry and corresponding Gibbs
free energy of the protonated and unprotonated forms of the ionizable groups under study, according to
the following acid-base equilibrium:

AG°an

AH(aq, 1m) Atag, ) * H'(aq, 1m)
The protonated form, denoted AH, has a net positive charge one unit higher than the unprotonated form,
A", The expression utilized for the absolute pK, calculation is given by:

pK, = AG%y / 2.303RT

Again, solvation values must be corrected to consider the transformation of concentration units in going
from the gas phase to the aqueous phase (atm to mol-dm2). Published thermodynamic parameters were
employed for proton in the gas phase [55] and aqueous solution [56,57].

The absolute one-electron reduction potential of any species A can be obtained through the

corresponding reduction reaction:

AG%a-
A @ag, 1 M)

Afag, 1 M) * €(g)
Note that the standard state for e~ is the gas phase, its Gibbs free energy was obtained from reference

[58]. The absolute reduction potential is calculated as:

AG°p/a-
nF

E° =-

where n is the number of electrons generated in the half-reaction and F is the Faraday constant.
Reduction potentials are usually reported as relative to the standard hydrogen electrode (SHE) with an
absolute reduction potential E° = 4.44 V at 298.15 K [59], although slightly different values are obtained
if other references for the absolute potential of SHE are employed [60].

The computational estimation of the thermodynamics of protonation processes reported as pKa values
and the reduction potentials can be calculated with the direct methods mentioned above or with the
isodesmic method, where results are improved by balancing the reactions with similar systems used as
reference (at the same computational level) [61]. Therefore, phenol deprotonation (pKa = 9.99) [62] was

selected as the complementary reaction for the determination of all isodesmic pKa values [63]. An
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advantage of this procedure is that the use of uncertain thermodynamic data for the proton is not required
[64]. On the other hand, the average reduction potential of compound | to ferric species measured for
some native peroxidases, without considering enzymes belonging to the peroxidase cyclooxygenase
superfamily, (E° = 0.926 V) [65] was the reference employed to correct the potential [66] of the other
reduction processes. Similarly, the corresponding value for the compound | to compound Il reduction

reaction (E° =0.977 V) [65] was then used to calculate the compound I to ferric state reduction potential.

3. Results and discussion

All structures, fully optimized at the most stable spin state, are shown in Figure 3. Ferric native enzyme
(Fe(I11)-PO) and ferrous species (Fe(11)-PO), as well as aquo complex of the latter, are depicted at high-
spin state. The protonated ferrous state, Fe(11)-PO-H, shows an intermediate-spin state. All other species
correspond to low-spin. Relevant geometrical parameters and bond orders are collected in Table S1 at
the supplementary information. Representative corresponding geometrical data empirically measured
for HRP [67,68], CCP [14,22,27], APX [14,28,69], LPO (lactoperoxidase) [70], and MPO [71] are also
gathered in Table S2, and are employed as experimental reference values along the manuscript for
comparison. In this model, imidazole is not linked to the protein and, therefore, exhibits free rotation
around its axial position, while this movement would be more constrained if the proximal His and whole
peptide chain were considered. According to previous computational studies this rotation only accounts
for a few kJ mol [72], so that calculated orientation of this imidazole is disregarded in the discussion.
Significant net Mulliken charges [73] calculated at the B3LYP/cc-pVDZ level are shown in Table S3.

Fe(lll) Fe(ll) Compound | Compound Il

*&WJ *&-W‘ ‘“0—3“’ )-Jo-o«;-m:
% - > %
Fe(III)—POf'r Fe(II)PO PO-I f—{ PO-II f—fl
S=5/2 - S=112 S=1 9
’-J
J
~ "WLJJ‘
0 >O-EB HGLGR S *‘4‘*0;-&00'1 4
*
Fe(Ill)-PO- prf‘ Fe(ll) PO H,0 PO-I-H, o PO II- HZO
S=1/2 s=112
*&W WJ "Mj&”" *&)oi-.rdﬂ
Protonated
**A - *QA **A
Fe(lll)—PO-H,{‘ Fe(ll)-PO- Hf-:l PO-I-H f-{ PO-II-H f':ﬂ'
S=1/2 9 s=1 S=112 S=1

Figure 3. Structures optimized at the B3LYP/cc-pVDZ computational level and at the most stable

Unprotonated

With H,0

feasible spin state for Fe(lll) native peroxidase, ferrous species, compound I, and compound I, either

unprotonated or with a bonded H,O discrete molecule or protonated at a distal axial position.
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Relative Gibbs free energy values are collected in Table 1. The parent unprotonated species with the
experimental most stable spin were used as reference, their absolute free energy values, as well as other

employed data, are compiled in Table S4.

Table 1. Gibbs free energy obtained with B3LYP/cc-pVDZ (T = 298.15 K) for all the compounds under
study optimized at low and high spin (and intermediate spin for ferrous species). Most stable species of
each unprotonated compound was taken as reference. Relative data of protonated and aquo complexes
were worked out with respect to separate parent unprotonated species plus H* or H,O as appropriate.

Species Spin AG° / kJ mol™
Fe(I11)-PO 172 49.73
5/2 0.00
Fe(lll)-PO-H,0  1/2 1244
5/2 0.86
Fe(l1)-PO-H 1/2 269.21
5/2 307.07
Fe(11)-PO 0 46.38
1 59.96
2 0.00
Fe(I1)-PO-H,0 0 25.66
1 63.38
2 5.13
Fe(11)-PO-H 0 231.01
1 179.50
2 221.61
PO-I 1/2 0.00
5/2 49.61
PO-I-H;0 1/2 9.95
5/2 59.44
PO-I-H 1/2 24.06
5/2 86.53
PO-II 1 0.00
2 56.93
PO-II-H,0 1 453
2 62.60
PO-II-H 1 —-48.66
2 -9.19

10
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3.1 Unprotonated species

Ferric and ferrous intermediates

B3LYP computations yield a high-spin Fe(111)-PO 50 kJ-mol~ more stable than the doublet. A similar
difference (46 kJ mol?) was obtained between high- and low-spin species in the case of Fe(I1)-PO, while
the triplet is 60 kJ mol~ above the resting state. Bare Fe(l11)-PO and Fe(11)-PO share similar geometry,
even closer when considering equivalent spin states. Slightly out-of-plane Fe atom in the proximal
direction is observed, more evident in the case of high-spin species, while heme planarity remains
despite the shift of the metal. Metal bonding to imidazole is clearly tighter for low-spin species, as
indicated by both the Fe—N; (imidazole N) distances and bond orders. Distances between the heme iron
and pyrrole nitrogens, Fe—N, (pyrrole N), are nearly equal for Fe(111)-PO and Fe(11)-PO, with variations
of only ca. 0.02 A. Computed values for both high-spin species adequately fit in the empirical ranges
observed (except for the two representatives of the peroxidase-cyclooxygenase superfamily, namely
LPO and MPO), but the outer position of Fe with respect to heme plane is more pronounced in the
calculations, probably due to the lack of distal interactions in the model. Higher positive charge (approx.
0.3 a.u.) is observed on Fe(lll) atom with respect to Fe(ll). Additionally, ca. 0.6 a.u. more negative
values were obtained for the porphine ring in the case of Fe(ll)-PO, accounting for the one-electron
reduction process in going from ferric to ferrous species, and the fact that the formation of this species
should involve the gain of a proton at the heme moiety.

Compound I and compound 11

Calculations yielded an appreciably more stable low-spin in the case of hexacoordinate-Fe compounds
PO-1 and PO-II (=50 kJ mol™?), which also exhibit a very similar geometry. The iron atom is
hexacoordinate, forming a strong bond with ferryl oxygen (Og), characterized by a short distance (<
1.63 A) and bond orders higher than one (~1.4). This results in a somewhat longer Fe—N; bond with
respect to Fe(111)-PO, especially in the case of PO-II. Similar Fe—Og distances have been measured for
CCP compound | both by X-ray and neutron diffraction crystallography, whereas other peroxidases
show a slightly longer bond. This bond distribution involves an out-of-plane metal centre displaced
towards the distal direction, which is strongly influenced by the spin state. For both compounds, Og.
exhibits a charge between —0.30 and —0.35 a.u., mostly counterweighed by less negative charge in the
porphine ring and slightly higher positive charge on Fe, with respect to ferric and ferrous species.
Compound I in most heme peroxidases contains a porphyrin n-cation radical, and analogously a positive
charge on this ring is obtained in the case of PO-I, only observed in the protonated form of other
oxidation states. In the real system, the porphyrin charge must be more positive considering the effect
of heme side chains and interactions with adjacent protein. Upon addition of ferryl oxygen to the model,

heme planarity is mostly conserved, although minor saddle-type conformation is observed.
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3.2 Aquo complexes

Ferric and ferrous intermediates

Addition of one water molecule causes minor molecular reorganization, primarily a displacement of Fe
into porphyrin plane, more evident in the case of the ferric species, which results in some lengthening
of the Fe—N; bond, while heme planarity is retained. The obtained geometries of the aquo complexes of
ferric and ferrous intermediates are, therefore, more similar than observed with bare species. A very
weak bond is formed between the metal and water oxygen (Ow). The associated Wiberg bond indices
[74] are characteristic of hydrogen bonding. Fe—Ow distance calculated for the ferric species is shorter
than for most of the reference peroxidases, although APX shows a water molecule even closer to the
metal. On the other hand, calculations on the aquo-ferrous complex yield the water molecule situated at
a further distance compared with experimental data. These complexes were produced by photoreduction
of a ferryl species (compound I), and in this process ferryl oxygen converts into water. Structures
obtained by direct reduction of ferric native enzymes could be different, at least with regard to the
location of this water molecule. The water molecule is axially placed in all optimized geometries, as
revealed by a ~180° angle with respect to N;, observed in crystallographic structures as well, and shows
a net positive charge, indicating that charge transfer takes place between porphine ring and water
molecule.

The presence of water at the sixth coordination site stabilizes preferentially low- (and, to a minor extent,
intermediate-) spin species, but the effect is different depending on the enzymatic species considered.
In the case of Fe(l11)-PO-H-0, the low-spin species is much more stabilized, arising from the effective
hexacoordination of the metal atom (Fe—Ow bond order = 0.39, almost twice the high-spin value, and
more charge is transferred in this case), due to the more adequate electronic occupancy of iron d-orbitals
for distal binding. Thus, the single species with S = 5/2 is preferred, but the ordering is inverted when a
discrete water solvation is considered. The water molecule linked to Fe(ll)-PO-H,O presents an
interaction with Fe that becomes stronger for decreasing spin values. It modifies consequently the
relative stability of spin states but the Gibbs free energy preference is not altered. Water addition also
causes a charge reallocation in these two species, the positive charge on Fe decreases as some electronic
density is transferred from H>O; this effect is more evident in the ferric complex, where obtained Fe—
Ow bond orders are higher (Tables S1 & S3).

The obtained dissociation energies of water complexes, AG°a.n,0(aq), at preferred spin states are
collected in Table 2. The negative value calculated for Fe(ll)-PO-HO indicates that this complex is
unstable: bonding to ferrous centre is weak and AG°a.n,0(aq) = -5.12 kJ mol . In the case of Fe(Ill)-
PO-H.0 the stabilization caused by Fe—O interaction is also weak but enough to compensate the loss of
aqueous PCM solvation energy, and the formation of the complex (at B3LYP/cc-pVDZ level) is
favourable. However, hydrogen bonding of the water molecule to either other water molecules or
available adequate residues in the distal cavity (typically 5 to 30 kJ mol per H-bond) could rule out the

possibility of formation of thermodynamically favourable aguo-complexes. However, calculations with
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other basis sets (Table S5) yield negative AG°an,0(aq) values for this species, the more negative the
bigger the basis employed. Furthermore, results obtained employing the M06-2X functional yield more
positive numbers, which also decrease to very low values when increasing the basis set. Contrary to
B3LYP results, structures calculated with M06-2X are more stable at high spin, and, therefore, Fe—Ow
distances are longer and show weaker interactions. To summarise, results with B3LYP plus (at least)
triple-C basis sets and with M06-2X with any basis set, which are consistent with empirical data, show
that ferric iron of native peroxidases is pentacoordinated while a water molecule is situated at a distal

position but at a long non-bonding distance.

Table 2. Gibbs free energy values in kJ mol for the dissociation equilibrium of the different considered
aquo complexes (AG°a-H,0(aq)), and pKa values for corresponding protonation processes, calculated
directly (pKa!) and with the isodesmic method (pK.?). All data calculated by B3LYP/cc-pvVDZ (T =
298.15 K). The most favourable spin multiplicities were used; first value under spin columns refers to
unprotonated species, second number to the aquo complex or protonated compound.

Species Spin  AG°an,0(ag)  Spin pKat pK,?
Fe(lll)-PO  5/2-1/2 12.44 5/2 -1/2 —47.2 —60.7
Fe(11)-PO 2-2 -5.12 2-1 314 —45.0

PO-I 1/2-1/2 -9.95 1/2-1/2 4.2 -17.7
PO-I11 1-1 —4.53 1-1 8.5 -5.0

Compound I and compound 11

Contrary to previous heme-aquo complexes, addition of H-bonded water to PO-I and PO-I1 causes only
a minor polarization on both the water molecule and the heme moiety. Some negative charge is
transferred to the ferryl oxygen from the metalloporphyrin, whereas significant net charge transfer from
water is not observed, but this molecule undergoes a certain charge polarization as well. This discrete
water molecule does not lie at the distal axis. Connecting H forms a ~120° angle with respect to Fe,
typical of an sp? hybridised orbital, which corresponds to the electronic configuration of a double bonded
oxygen atom (Fe=0) [75]. Wiberg bond analysis yields a very low Og—H value, which indicates a weak
H-bond, accompanied by a slight change in the length and strength (a weakening) of the Fe—Or. ferryl
bond and an opposite effect on the Fe—N; bond. Still, calculated forces seem stronger than in peroxidase
crystals, where the angles are also different, as water molecules in the distal cavity generally lie at a
quite further distance from Or. and are stabilized by other surrounding interactions.

The dissociation energies are consequently affected, with AG°a-n,0(aq) values ranging from -5 to —10
kJ mol, but the spin preference is not modified. The effect on oxygen charge, and on length and strength
of the Fe—Or. double bond is quite similar for both ferryl species. The calculated Fe—Or. distance is
adequate in the case of PO-1-H,0 (1.634 A vs experimental 1.635 —1.743 A), while the short elongation
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observed for this bond in PO-11-H,0 (also 1.634 A) does not seem enough to reproduce the longer Fe—
Ore distance determined by crystallography for compound 11 (1.830 — 1.879 A). The interaction is weak
and the dissociation process is favourable. However, the position of the water molecule in this case
(distance from the metal to water oxygen > 3.8 A) could allow a less stressed cooperative interaction of
H»0 with both the ferryl group and other suitable residues placed above heme in the distal cavity, taking
advantage of the stabilization by extensive H-bonding. Therefore, water molecules, present in the distal
cavity, may easily interact with compounds I and Il while they keep away from the metal centre of ferric
and ferrous species, as this sole interaction reveals thermodynamically unfavourable. Furthermore,
hydrogen bonding cannot solely explain the differences observed between compound | and compound
I

3.3 Protonated species

The effect of protonation on geometry, charge and spectral properties is more relevant than in the
previous results obtained with water complexes. Thus, when a proton is added to the model, electronic
density is transferred from the heme moiety to H*, while H,O only caused certain bond polarization and
the net charge transferred was much lower. This leads to some structural modification and subsequent
thermodynamical changes.

Ferric and ferrous intermediates

Protonation does not produce any significant effect on heme structure. However, a shift is observed in
the Fe position, which becomes closer to the heme pyrrole plane. The bond to imidazole nitrogen
weakens in low-spin species and the opposite effect is observed in high-spin structures. Formation of a
bond between H* and the iron atom of the ferric and ferrous species (Fe(l11)-PO-H and Fe(l1)-PO-H)
seems a very unfavourable process, as it involves a cation with no electron density available for donation
acting as sixth ligand of Fe** / Fe?*. However, when linked to the metal centre, the calculated charge on
this atom approaches to zero for any spin state, but the high-spin ferric complex, while effective Fe—H
bonding is observed (bond orders > 0.5). This electronic density has been fully transferred from the
porphine ring. Proton addition to ferrous and ferric species produces some distortion on heme planarity.
The shorter the Fe—H bond, the more evident the effect, causing a saddle-shape conformation of heme
(displacement of two opposite meso carbon atoms of methine bridges towards distal side while the other
two move in the proximal direction) that is coupled with asymmetric Fe—N, linkages.

Protonated Fe(l11)-PO-H presents a more stable low-spin state, which develops from the hexacoordinate
Fe(l111) atom, while S = 1 species is more favoured for Fe(l1)-PO-H. Furthermore, protonation involves
a very significant destabilization effect on the ferric and ferrous species. Therefore, both Fe(111)-PO and
Fe(I1)-PO present very negative pKa values, either calculated directly or with the isodesmic method
(Table 2). This can be explained by the high positive charge on the iron atom plus the partial desolvation
of H* in the distal cavity. Therefore, these two species do not accept a proton coordinated to iron even

at high acidic aqueous conditions. Besides, extreme acid media lead to inactivation and denaturalization
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of the enzymes, which would occur ahead of any iron protonation.

According to the above, the protonation processes experimentally observed for ferric and ferrous species
must be assigned to other ionizable groups in the heme or its close vicinity. Chiavarino et al. studied
computationally the relative energies of ferrous heme protonated at different sites [76]. A much more
favourable protonated species (61.9 kJ mol) was obtained at the B carbon atom of a vinyl group, and
this position was assigned to the gained proton. Anyway, the observed stabilization relative to the
protonated iron species would only lead to an increase of ~10 pKa units, still insufficient to account for
the proton addition upon Fe(I1)-PO formation.

Compound I and compound 11

Of great significance is the evident lengthening coupled with bond order decrease observed for Fe—Ore
in the case of protonated compound | and compound Il. The distance calculated for PO-I-H is longer
than all experimental values, whereas the Fe—Or. bond distance obtained for PO-11-H (1.807 A) is in
good agreement with all four compound I1 structures used as reference (1.830 — 1.879 A). A concerted
strengthening of the Fe—N; interaction both in terms of distance and bond order is produced as the metal
undergoes a slight in-plane shift (PO-11-H at spin S = 2 reveals anomalous, but it also shows a weaker
Fe—Or bond than the other structures). This effect is not clearly observed in the experimental data.
Besides, heme planarity becomes somewhat distorted, attaining saddle-like conformation, more
apparent at the lowest spin states. The proton effectively binds Or. (bond order ~0.75) and charge
transference takes place from the heme but, in this case, keeping some proton character, i.e.
computations yield a remaining positive charge ca. 0.2 a.u. on this atom. Further polarization is also
observed upon protonation. Thus, Or. increases its negative charge very little (< 0.1 a.u) while the
positive charge mostly accumulates on the porphine ring. The weakening of the Fe—Or. bond results in
a different hybridization of O atom, approaching to sp? revealed by the lower Fe-Or—H angle.
However, the opposite behaviour was observed for protonated APX compound 11 (142°), perhaps related
to other distal interactions, although this proton does not form a linear H-bond to any other neighbouring
atom, but the proximity of a water molecule could be responsible for some steric distortion.

Changes in structure and charge distribution are rather similar for the protonation of these two species
(but the abnormal high-spin PO-1I-H), and also parallel to the effect observed upon water addition,
although to a higher extent. Still, no change in the relative stability of the different spin states is observed,
and low-spin species are again preferred. The effective Ore—H linkage is the responsible of the more
favourable free energy values obtained for these protonated species. It must be noted that the
stabilization upon protonation is always higher for PO-I1-H, and that the protonation of compound I is
a spontaneous process (49 kJ mol™).

The pKa obtained for compound | with both methods is negative (Table 2), which means that this species
is never protonated. Still, PO-1-H is much more stable than the ferric and ferrous structures protonated
at the metal centre. The protonated form of compound |1 presents a geometry very similar to PO-1-H but

with lower Gibbs free energy with respect to the unprotonated species, resulting in a positive pKa value
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when computed directly, but again negative when the calculation is performed with respect to phenol.
Results obtained with other basis sets (Table S6) follow the same trend: negative values for PO-I-H, and
around 8 for PO-II-H, which become mostly negative when calculated with the isodesmic method.
However, this profile changes drastically when the M06-2X functional is employed. In this case, PO-I-
H pK, data range from 8 to 18 (direct method), decreasing to values close to 0 when calculated with
respect to phenol deprotonation. These amended results also rule out the possibility of compound |
protonation. On the other hand, pKa values in the range 21 — 23 are obtained for PO-11-H, which reduce
to 8 — 15 after the isodesmic correction. In both cases, this indicates that this compound is protonated at
the normal enzyme function. These numbers may correspond to the pK, range found in the literature for
compound Il of HRP A (6.9) [15,77], other HRP isozymes (8.5) [15], or other peroxidases (~9) [78,79].
As commented above, protonation on ferryl oxygen of compound Il is still controversial. Often, this
process has been ascribed to the distal histidine, despite the pKa corresponding to the deprotonation of
free histidine imidazole is only 6.0, much lower than the value observed in peroxidases. Besides, the
neutral form of imidazole should be favoured in the interior of a protein. It does not seem reasonable
that the effect of a ferryl oxygen situated at 3.6 — 3.8 A from imidazole N atom [14,67] could cause such
an increase (2.5 to 3 pK, units). However, the presence of this neighbouring distal imidazole and some
water molecules could lead to a more moderate variation of the ferryl oxygen pK, (ca. £ 1 unit). Thus,
even considering that this effect is neglected in the molecular model used and the error of the
computational method, we can assume that the pK, value around 8.5 — 9.0 measured for compound 1l
could correspond to the ionization of protonated ferryl group. Recently, another study obtained pK,
values for a basic compound Il ferryl oxygen of porphyrins [80] similar to the model used in this paper
but lacking the proximal imidazole. The effect of this coordination bond is quite relevant as other
hemoproteins with different proximal ligands show rather dissimilar activities and, presumably, the
acidity of this proton also diverges. Additionally, the nature of ferryl group interactions within distal
cavity should be different for PO-1 and PO-11-H. We could suggest a different protonation state of distal
His, as the interaction with unprotonated or protonated ferryl group must also have a different effect on
this imidazole, but it does not conform to neutron diffraction results, where this group appears
protonated in both CCP compound | and APX compound II. Although it should be taken into account
that there is not a porphyrin w-cation radical in the former but a proximal tryptophan radical [81].

Considering that compound | exhibits a very low pK, value and that the pK, obtained for compound Il
could be equivalent to the experimentally measured value around 8.5 — 9.0 or even higher, the ferryl
oxygen of these two species must be unprotonated and protonated, respectively, as observed with
neutron diffraction crystallography [27,28], except for all the enzymes belonging to three heme

peroxidases superfamilies.
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3.4 Spectral properties

Despite the particular structure of the different proteins, the position and intensity of the Soret band for
the different redox intermediates are quite conserved for the whole peroxidase family. Differences arise
from the specific protein environment surrounding heme moiety and, in particular, from the covalent
linkages between heme and protein. Soret band of ferric peroxidases is located around 405 nm with a
molar absorption coefficient ca. 100000 cm*-M2, In the case of compound I, the intensity is reduced
to approximately 50% at the same wavelength. On the contrary, compound Il exhibits a band of similar
intensity to that of ferric species (~90000 cm™*-M) but shifted to the 420 nm region. Ferrous species
presents a more red-shifted Soret band (440 nm) with £ = 85000 cm*-M™. All these data are average
values of experimental results found in the literature for several peroxidases after excluding outliers,
namely MPO, which holds three covalent bonds to the protein via two ester bonds and one sulfonium
linkage, and nonplanar porphyrin group. As a consequence MPQO exhibits a particularly red-shifted band
scheme [50,82].

Convoluted calculated spectra at the UV region, showing the Soret band area, of the four here studied
unprotonated species at the most stable spin state are collected in Figure 4A (more spectral data are
presented as supplementary material, Table S7). Absorption maxima exhibit a net blue shift of 30 — 50
nm relative to the experimental data, along with an adequate intensity profile. This blue shift has been
previously reported and is due to the known low performance of the employed TD-DFT functional in
the description of excitation energies [83,84], as well as the absence of the porphyrin side chains in the
molecular model [50]. As the origin of this deviation is the same, the absolute error obtained in the
calculations can be expected to be similar for all considered species. Thus, relative wavelengths would
reproduce experimental spectral shifts more accurately.

A minor red shift on the computed Soret spectra was obtained when a water molecule is considered
(Figure 4B), coupled with some reduction of the extinction coefficient, except for Fe(ll1)-PO-H:0,
where it increases slightly. The predicted relative wavelength of PO-1 is 5 nm higher than that of Fe(ll1)-
PO (368 nm), but very similar to its aqueous complex (372 nm), and PO-I relative extinction coefficient
is too high (58000 cm™ M), although lower than in both ferric species (70000 — 72000 cm™ M), The
spectrum of the aquo complex of compound I, PO-1-H0, has less intensity (52000 cm™* M at 375 nm)
but still much higher than half the ferric peaks. Red shifts of 11 — 16 nm and 15 — 20 nm were obtained
for compound 11 and ferrous complexes, respectively, with respect to ferric species. This behaviour is
consistent with observed experimental red shifts, although to a lesser extent.

Computed protonated enzymatic complexes (Figure 4C) yield UV-vis absorption profiles at the Soret
band region with very low intensity with respect to both unprotonated species and the experimental
spectral properties. Only PO-11-H shows a significant peak (57000 cm™ M at 370 nm), which is not
adequately red shifted; this could be related to the lack of some interactions with surrounding groups,

missing in the computational model employed, and would need further analysis.
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Figure 4. UV-vis spectra (Soret region) obtained by TD-DFT calculations with the B3LYP/cc-pVDZ
computational level at the most stable spin multiplicity for (A) unprotonated Fe(l11)-PO (—), Fe(I)-PO
(=), PO-1 (—), and PO-I1I (—); (B) corresponding aquo complexes; and (C) protonated species.
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35 Redox properties
Peroxidases participate in one- and two-electron oxidation processes. The native ferric state is oxidized
to compound I, which is either directly reduced by two-electron donors (e.g. halides) to the ferric state
or by one-electron donors to compound Il and subsequently to the resting state, which can also be
reduced to ferrous state (Scheme 1). Both oxidized intermediates exhibit a higher oxidation capacity
compared to ferric and ferrous species. Redox properties of all these intermediates have been measured
for different peroxidases. The standard reduction potential of the redox couple Fe(ll1)/Fe(ll) typically
ranges between —120 and —310 mV [65]. Human myeloperoxidase is unique in having a globin-like
reduction potential at +5 mV [85] due to an electron withdrawing covalent sulfonium ion bond between
the prosthetic group and a methionine.
The redox intermediate with the highest oxidation capacity is compound 1. In heme b peroxidases the
reduction potential E°’ values of the couple compound I/ferric state and compound I/compound 11 were
reported to be in the range 750 — 950 mV and 900 — 1150 mV, respectively [65]. By contrast, in
representatives of the peroxidase-cyclooxygenase superfamily, which typically have posttranslationally
modified and covalently linked heme, the E°’ values of the redox couples compound I/compound IT and
compound I/ferric state are more positive, namely 1000 — 1150 mV and 1150 — 1350 nm, respectively
[86,87]. Reduction potentials for the redox couple compound Il/ferric state were reported to be in the
range of 750 — 950 mV for heme b peroxidases and 950 — 1050 mV for members of the peroxidase-
cyclooxygenase superfamily [3].
Reduction of ferric species and all individual redox processes involved in the peroxidase cycle were
calculated theoretically, including oxidation of native peroxidase to yield compound I, reduction of
compound I to compound Il and, finally, reduction of compound Il to the ferric state:
Fe(ll)-PO + e~ — Fe(I1I)-PO
Fe(l1)-PO + H,O — PO-1 + 2H* + 2¢~
PO-1 + H* + e~ — PO-lI-H
PO-II-H + H* + e~ — Fe(Ill)-PO + H,0

The respective standard reduction potentials relative to SHE, E®°, for all these individual redox steps

have been calculated (Table 4). Half reactions were modified to account for the protonated and

unprotonated forms of compound 11, while only unprotonated ferrous species was considered.
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Table 4. Standard reduction potential (E°) values in mV relative to SHE calculated with direct and
isodesmic methods, at B3LYP/cc-pVDZ and M06-2X/cc-pVTZ computational levels (T = 298.15 K).

The most favourable spin multiplicities were used (as specified in parentheses).

Reduction half-reaction
Fe(I11)-PO/Fe(11)-PO  PO-1/Fe(111)-PO PO-1/PO-11 PO-1/PO-I1-H PO-11/Fe(l11)-PO PO-I1-H/Fe(I11)-PO

(5/2-2) (1/2 -5/2) (1/2-1) (12-1) (1-5/2) (1-5/2)
Direct method
B3LYP/cc-pVDZ 377 1066 741 1245 1391 886
MO06-2X/cc-pVTZ 662 2358 1120 2380 3596 2336
Isodesmic method
B3LYP/cc-pVDZ 237 798 601 1105 1251 747
MO06-2X/cc-pVTZ ~770 955 -312 948 2164 904

Obtained reduction potential values calculated with the direct method are very dependent on the basis
set and, particularly, on the functional employed (Tables 4 and S8). Some of the obtained numbers differ
considerably from the experimental ranges, but it can still be noticed that the overall redox profile
resembles the experimental one only when protonated compound Il is considered. On the other hand,
isodesmic method results allow a better discussion. Reduction of PO-I to Fe(l11)-PO yields E° values
between 798 and 1069 mV with B3LYP, and somewhat lower with M06-2X (621 to 989). In both cases,
reduction potentials increase with larger basis sets, so that, although all the values seem reasonable, the
results obtained with M06-2X plus the best basis sets (triple-C at least) are very close to or within the
experimental peroxidase range. However, in the case of the B3LYP functional, more adequate results
are obtained with the lowest basis sets. Calculation of the reduction potential of the couple compound
I/compound Il yielded unsatisfactory results when the latter was unprotonated. On the other hand, the
values calculated with PO-11-H range 834 — 1105 mV (B3LYP) and 914 — 1282 mV (M06-2X). In this
case, the highest values were obtained with double-{ basis sets and, again, the data that better mirror the
experimental values were calculated with lesser and larger basis sets, for B3LYP and MO06-2X,
respectively. Similarly, E° of the redox couple compound Il/ferric state was too high when calculated
with unprotonated PO-II (> 1250 mV), and much more adequate data are obtained with PO-I1-H, again
suggesting the presence of protonated compound Il. As in the formation of compound I, the results
increase with the basis set and they are closer to the experimental values with worse sets at B3LYP (747
— 918 mV) and with better ones at M06-2X (834 — 938 mV). Finally, the values calculated for the
reduction potential of the couple Fe(I11)-PO/Fe(11)-PO with B3LYP (373 to 237 mV) are more suitable
than those of M06-2X (-698 to —1133 mV), which are significantly more negative compared to the
experimental values. However, assuming that the protonated ferrous species, Fe(l1)-PO-H* (protonated
on a position other than ferrous centre), is more stable than the unprotonated Fe(l11)-PO, more positive

reduction potential should be obtained, which would be closer to experimental values. These data
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indicate that the origin of the redox properties of the different peroxidase intermediates mostly lies on

the metalloporphyrin ring together with proximal imidazole.

3.6 Adequacy of the computational molecular model and method

It was our clear aim to check the performance of a molecular model comprised of ferriporphine and a
proximal imidazole, the only fully common part for three out of four heme peroxidase superfamilies.
Distal catalytic residues were not incorporated in the model as their chemistry and distance from the
metal centre significantly vary in peroxidases from the four superfamilies. Also, heme side chains are
modified in members of the peroxidase-cyclooxygenase superfamily, and the position and environment
of proximal histidine greatly differs among peroxidases.

Very slight geometrical changes have been obtained among the different computational methods
employed, but some relevant differences have been found in the thermodynamical parameters studied.
The changes in optimized geometries are negligible for the purpose of this study and, more important,
they do not affect the conclusions. The most important divergence in thermodynamical results occurs
between the two functionals used. So, much more positive values have been obtained for AG°a-n,0(aq)
of Fe(ll)-PO-H,0, and a more favoured high-spin aqueous complex, with M06-2X. However, when
combined with large basis sets, the results discard the possibility of a distal water molecule bonded to
ferric iron, but agree with this axial water molecule situated at a non-bonding distance. The direct
calculation of pKss and standard reduction potentials yields defective values, which can be highly
improved with the isodesmic method. To this end, the use of one of the half-reactions from the
peroxidase cycle (two-electron reduction of PO-I to Fe(l11)-PO) to correct the potential values of the
other steps was quite successful. Consistent redox profiles were obtained with all computational levels,
always provided that compound I1 is protonated; but the data calculated with M06-2X plus cc-pVTZ (or
higher) fit better the experimental results. Furthermore, too low pK, values were computed with B3LYP
for PO-I1-H, which do not support the protonation of this species at neutral pH, and notably higher with
MO06-2X. Therefore, thermodynamical values calculated with the B3LYP functional are in general worse
compared to those obtained with M06-2X, in particular when they are employed together with at least
triple-C basis sets.

We do not claim that this reduced model of the active site of peroxidases could reproduce the detailed
behaviour of a particular enzyme as it does not include the effect of heme side chains, heme-protein
linkages, and full protein environment. However, it does include the most important common structural
features of their active site, and reproduces the general behaviour and common characteristics. Despite
their different protein structure, peroxidases share a variety of physicochemical properties (similar
spectroscopic and redox characteristics, reactivity, active site geometry, etc.), and the specific features
of any particular peroxidase must be attributed to slight variations of external influences on the core of
the active site. Therefore, this simple molecular arrangement coupled with PCM solvation at the

B3LYP/cc-pvDZ computational level revealed adequate for a general elucidation of the geometry of
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the studied structures, while M06-2X/cc-pVTZ is necessary to reproduce satisfactorily several common
thermodynamical properties of peroxidases. The latter method can be also successfully employed in

computational studies with other similar systems.

4. Conclusions

Electronic structure calculations have been carried out to examine the effect of protonation and
hydrogen-bonded water molecules on peroxidase species at a distal axial position. This is the first
comprehensive computational study on ferric and ferrous states, as well as compound | and compound
Il of peroxidases, by using a minimal molecular model common to all these enzymes and at different
spin multiplicities. The use of this simple molecular arrangement together with B3LYP full geometry
optimization and frequency calculations, with unspecific surrounding interactions simulated by means
of PCM water solvation, and employing LANL2DZ for Fe and cc-PVDZ for other atoms, allowed a
correct prediction of electronic ground states as well as a reasonable description of the UV spectra at the
Soret region. Besides, obtained geometries show a good correlation with experimental structures. To
calculate adequate thermodynamic parameters, such as AG°a.n,0(aq) values, pKa values, and reduction
potentials (E°), the M06-2X/cc-pVTZ computational level is required.

Gibbs free energy data revealed that distal bonding of a water molecule at the sixth position of ferric
peroxidases is thermodynamically unstable, thus supporting five-coordinate metal atom of these
enzymes with a water molecule axially situated but at non-bonding distance from the Fe(lll) centre.
Furthermore, unfavourable interaction with discrete water molecules was also obtained for other studied
species since aquo complexes are less stable than separate solvated corresponding heme model and H.O
(AG°a-H,0(aq) < 0). Similarly, axial proton addition at the distal side does not occur under physiological
conditions, as revealed by the low pK, values, except for a more favourable ferryl oxygen protonation
in the case of compound Il. This proton is responsible for the longer Fe—Okg. distance observed with X-
ray diffraction experiments. Besides, a protonated ferryl oxygen of compound Il is necessary to justify
the redox potential obtained for processes involving this species. Current computational results indicate
that this feature must be common to all peroxidases and not only APX, which was already established
by neutron diffraction studies, and the estimated pKa could correspond to the value around 8.5 — 9.0
experimentally measured for compound |1, the first time a value has been proposed.

In summary, although specific characteristics of particular enzymes arise from the environment and
heme-peptide linkages, obtained results tell about the adequacy of both the molecular model for
characterization of most common peroxidase features and the employed methodologies, which can be
extended to other similar systems, with no experimental data available. Observed agreement between
computation and experiment suggests that the origin of the general oxidative profile of peroxidase
species, as well as their reactivity towards water and protons and Soret spectral properties, mostly resides

on just the iron porphyrin and the proximal histidine moiety.
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Supplementary Information

Relevant geometrical parameters, bond orders, Mulliken atomic charges, and spectral properties
calculated with B3LYP/cc-pVDZ; absolute energies used as reference values; experimental values for
comparison; and dissociation equilibrium values of Fe(l11)-PO-H-0, pKas of compounds I and Il, and

standard reduction potentials obtained by B3LYP and M06-2X functionals with different basis sets.
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