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The structural and energetic properties of the compadunttermediate in the catalytic reaction of peroxidases
and catalases are compared in order to investigate why catalases, unlike peroxidases, rarely form compound
[I. Our calculations, based on the density functional theory (DFT)/@arrinello molecular dynamics
methodology (CPMD), show that catalase compolinds a stable intermediate with respect to ligand
dissociation, with Feligand binding energies comparable to those found for other hemeproteins such as
myoglobin and cytochrome. Nevertheless, catalase shows much weaker-tigand bonds compared to
those of peroxidase, which is due to the opposite effect of the proximal hydrogen-bonded residdes (Arg
catalase and Aspin peroxidase). Comparison with the available structural information suggests that, contrary
to the often assumed oxoferryl bond of compolindsome of the reported structures might instead correspond

to a hydroxyferryl bond. Some hints on the role of the proximal hydrogen-bonded residues in modulating the
stability of the different species during the catalytic reaction are provided.

1. Introduction H;0, H,0

Heme-based catalases and peroxidases are present in almost “Fe™ u - —F”e— “Zf}fxc
all aerobically respiring organisnisPeroxidases oxidize a original state comp('mn dI P Y
variety of substrates by reacting first with hydrogen peroxide 4
and c)f:ltalases protect )':he cell ggainst the t>(/)xicgeffe2ts of the (porphyrin-F') H0+02  Hi0: - (porphyrin *-Fe'"=0)
hydrogen peroxide by decomposing it into molecular oxygen
and water without the production of free radicals. peroxidatic

The catalytic mechanism of these enzymes shares manya +H" pathway
features, as it is depicted in the general scheme of Figure 1.
Although the details of the mechanism are not yet fully
understood, it is generally accepted that it occurs in two stegjes. _Fe_
In the first stage the heme active center reacts with a molecule
of hydrogen peroxide to form compoundntermediate. This compound IT ﬁ compound 11
intermediate has an oxygen atom axially coordinated to the iron (porphyrin-F&V=0) (porphyrin-Fé"'-0,")

and is an Fe(IV)-porphyrin cation radical.Next, a second 10

molecule of hydrogen peroxide becomes oxidized and com- Figure 1. Main reaction scheme of the catalytic cycle of peroxidases
poundl returns to its original state. Alternatively, compound ~ and catalases.
can also react with one electron donors such as aliphatic alcohols
and be reduced to compound intermediate, for which the
porphyrin has lost the cation radical character. This intermediate
may either evolve to compoundl (which, in the case of
catalases, inactivates the enzyrf)eor it may react again with
one electron donors and restore the resting state of the enzyme
The reaction from compouridto compound| occurs rarely
in catalase$>as compound generally reacts with a second
molecule of hydrogen peroxide via the so-calledtalatic
pathway(Figure 1). In the catalases of some species, compound;
Il has never been detectedOn the contrary, peroxidases
generally react with hydrogen peroxide via the formation of
compoundd andIl (peroxidatic pathwa)!b-6

This different behavior between peroxidases and catalases
may arise from several factors. It could be that kinetic or
mechanistic factors favor different reaction paths in the two
cases. It could also be that the stability of compolinid lower

for catalases than for peroxidagess a matter of fact, catalases
have a negatively charged tyrosine axially coordinated to the
hemel?2while peroxidases have a neutral histidine (see Scheme
1). In addition, the tyrosine proximal ligand forms two hydrogen
bonds with a conserved arginine residue (positively charged)
in catalase$? while the proximal histidine of peroxidases is
hydrogen-bonded to a conserved aspartic acid residue (nega-
tively charged}d Therefore, peroxidases and catalases show
significant differences not only in the type of proximal residue
coordinated to the iron but also in the residues interacting with
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function of the enzyme and, in particular, to the stability of
compoundl intermediate. Our goal is to quantify the changes
introduced by the TyrArg™ diad (catalases) with respect to
the His/Asp pair (peroxidases). We will investigate the
structural and energetic properties of compolindy means

of DFT/molecular dynamics within the CaParrinello scheme.
This methodology has already been applied with success in

studies of other hemeproteins such as myoglobin and cyto- ."0 C
chromec’®). In addition, DFT has also been used to investigate N
the compound intermediate of catalases (Figure 1), peroxi- Hs

dase$ and cytochrome P45. Interestingly, Green demon- Figure 2. Compoundll models used in the calculations (see text).
strated that the hydrogen-bonded residue of compbwehdnges

the localization of the porphyrin radictl.Therefore, there is |, hoth cases, the ground state was found to be an Fe(IV) triplet,
already evidence of the contribution of the hydrogen-bonded agreement with experimental resditShe spin density is
residue. Previous investigations have been performed for qcgjized in the FeO bond in both cases.

peroxidase compount at a fixed geometry using models

lacking the proximal andfor the hydrogen-bonded residue. Our calculations were carried out using the €Barrinello

molecular dynamics methd8which is based on DFT. Previous
work has demonstrated the reliability of this method in the
description of structural, energetic, and dynamical properties
Optimization of the molecular structures was performed, with of systems of biological intere$t. The Kohn-Sham orbitals
no symmetry constraints, starting from the X-ray structures of are expanded in a plane wave (PW) basis set with the kinetic
Micrococcus lysodeikticusatalas&® and Horseradish peroxi-  energy cutoff of 70 Ry. Earlier calculations on metpbrphyrin
dasé* (PDB entries 1GWE and 1ATJ, respectively). Previous model$2 showed that this cutoff is sufficient for achieving a
QM/MM calculations on myoglobiff showed that the effect  good convergence of energies and structural properties. We
of the protein on the heme-proximal bond structure is not employed ab initio pseudopotentials, generated within the
significant. Therefore, the complete protein was not included Troullier-Martins schemé? including the nonlinear core cor-
in the present calculations, keeping only the charged residuesrectiorf® for the iron atom. Our calculations were made using
close to active center (Afgin catalase and Aspin peroxidase,  the generalized gradient-corrected approximation of the spin-
which are not present in myoglobin). On the other hand, this dependent density functional theory (DFT-LSD), following the
approach allows us to analyze the intrinsic properties of the prescription of Becke and Perdé¥Structural optimizations
active center and its interaction with the hydrogen-bonded were performed by means of molecular dynamics with annealing
residue. of the atomic velocities, using a time step of 0.12 fs, and the
The models used for the calculation are shown in Figure 2. fictitious mass of the electrons was set at 700 au. Ligand binding
The complete heme b group is used with all porphyrin energies were computed by subtracting the energy of the
substituents. The axial tyrosine residue of catalase is replacedoptimized isolated fragments from the total energy of the
by a phenolate anion and the hydrogen-bonded arginine by acomplex. Additional calculations keeping the hydrogen-bonded
methylguanidinium cation. Similarly, the proximal histidine residues fixed at their position in the protein (relative to the
residue of peroxidase is replaced by imidazole and the hydrogen-position of the iron-porphyrin) gave very similar results. Because
bonded aspartic residue is replaced by a carboxylate anion. Itof the use of a PW representation of the electronic density, our
is not expected that such replacements (routinely used inoptimized structures and computed binding energies are free
modeling of protein active centers) introduce any bias in the from the basis set superposition error (BSSE) that affects
properties investigated. On the other hand, the size of the modelscalculations performed using atom-centered basis set functions.
used (101 atoms for catalase and 92 for peroxidase) is at the
limit of what can be done using first-principles methods. The 3 Results and Discussion
systems are enclosed in a isolated supercell of sizes 18 x
12 A3 (catalase) and 20« 19 x 15 A3 (peroxidase). The 3.1. Optimized Structures. The optimized structures of
peroxidase compound was computed as neutral, while the catalase and peroxidase compolindre shown in Figure 3. In
catalase compound was computed with a negative charge. addition, Table 1 lists the most relevant structural parameters
With the addition of the hydrogen-bonded residue, the total defining each structure, namely the distances and angles
charge of the complex is'1 for peroxidase and 0O for catalase. involving the Fe-ligand bonds and the hydrogen-bonded

2. Computational Details
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(b)

Figure 3. Fully optimized structures corresponding to the compound
Il models. (a) Catalase. (b) Peroxidase.

TABLE 1: Main Structural Parameters Defining the
Optimized Structures of the Compound Il Models of Figure
2a

catalase peroxidase
structural parameter value structural parameter value
Fe=0O 1.68 Fe=O 1.69
Fe-O 2.12 Fe-N, 2.09
Fe—Np 2.01-2.03 Fe-N, 2.02-2.03
0O=Fe-0O 177.7 O0O=Fe—N. 179.2
OFe-0O-C 125.4
N(argh)—H 1.06,1.07 N—H 1.12
O---H (arg") 1.69,1.76 H--O(asp) 1.50

a Distances are given in angstroms and angles in degrees.

residues (the complete list of optimized atomic coordinates is
given as Supporting Information).

Both catalase and peroxidase compolin@re stable upon
optimization and show similar Fdigand bond distances (Table
1). The distance with the proximal ligand is only 0.03 A shorter
for peroxidase (FeN, = 2.09 A) than that for catalase (F©
= 2.12 A). The hydrogen-bond distance in peroxidase (1.5 A)

Rovira and Fita

TABLE 2: Computed Binding Energies (BE) of the Fe-Axial
Bonds®

catalase peroxidase
bond BE bond BE
Fe=0O —86.3 Fe=O —108.3
Fe-O —6.3 Fe-N. —-31.1

aValues in kcal/mol.

2CAG), both the Fe=O and Fe-O distances are restrained at
1.71 and 1.72 A, respectively. On the other hand, a recent
structure by Murshudov et al. oklicrococcus lysodeikticus
catalase (MLC) at 1.96 A resolution (PDB entry 1GWF) gives
1.87 and 2.05 A, respectively, for these boktls the case of
peroxidase, two EXAFS measurements for horseradish peroxi-
dase (HRP) have reported very different distances for the Fe
O bond (1.93! and 1.642 A, the latter being similar to our
computed distance of 1.69 A). Interestingly, a recent structure
on myoglobin compoundl at 1.35 A resolution reports an
iron—oxygen bond of 1.92 A, and the authors suggest that it
could correspond to an F@H bond instead of Fe0.2% The
recent high-resolution X-ray structure of HRP gives also a long
iron—oxygen bond (1.8 A), and the authors suggest that a proton
has migrated to the ferryl oxygérin view of all these results
and our computed values (1:68.69 A for the Fe=O bond),

we support the hypothesis that some of the reported compound
Il structures could contain a hydroxyl group coordinated to the
iron atom. In fact, additional calculations on a putative OH-
based compount show that it is also a stable intermediate
with respect to ligand dissociation, with a much longer-Be
distance (1.77 A in both catalase and peroxidase). Therefore,
although a more thoughtful investigation of the OH-based
intermediate is needed, our results evidence that two type of
compoundl| species (oxo and hydroxyl based) might have been
trapped by the structural determinatics.

Concerning the other Fdigand bonds, values in the range
1.72-2.05 A have been given for the FO(tyr) and 1.86-

2.06 A for the Fe-N,, distances for catalases. The recent high-
resolution structure of HRP compourd gives an Fe-N.
distance of 2.10 & which compares well with our computed
value (2.09 A). Therefore, our computed distances are in the
range of values given by structural analyses and, in the case of
the Fe=O bond, might help to understand the variability of
results that have been reported.

3.2. Ligand Binding Energies.Table 2 lists the computed
binding energies of the Fdigand bonds in catalase and
peroxidase. In both cases, the=R@ bond is stronger than the
Fe-proximal bond (FeN, in peroxidase and FeO in catalase).
This is expected as most of the electron density of the Fe atom
is used in the double bond with the distal oxygen, and as a
consequence, there is little density available for the single bond
with the proximal residue. The same trend is found in the
computed bond orders (1.26 for thesF® bond in both catalase
and peroxidase and 0.33/0.39 for the-f&'Fe—N, bonds).

In comparison with the results obtained for other hemepro-
teins, the strength of the Fe(I¥D proximal bond of catalase

is also shorter than any of the two hydrogen bonds of catalasejs between that of the Fe(t)N, bond in myoglobin {12 kcal/

(1.69 and 1.76 A, see Figure 3), indicating that the hydrogen
bond is likely to be stronger in the peroxidase case.

mol)’2and that for the FeS bond in cytochrome (—7.5 kcal/
mol for Fe(ll)-S and—3.5 kcal/mol for Fe(ll1}-S) 8 The results

Comparison between our computed structures and the X-rayof Table 2 also evidence that the-Hegand bonds are stronger

information available is not straightforward, as very different

for peroxidase comparing to catalase: the strength of the Fe

values have been given for the local structure around the FeO and Fe-N. bonds in peroxidase amounts t6108.3 and
atom. In the case of catalase, there are two X-ray structures—31.1 kcal/mol, respectively, much larger than the values found

available for compound . In the structure of Gouet et &l.on
Proteus mirabiliscatalase (PMC) at 2.7 A resolution (PDB entry

for catalase £86.3 and—6.3 kcal/mol, respectively). At first
sight, this is surprising since the phenolate residue is expected
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(O=Fe-0O = 86°). As a result, the binding energy +©
increases from-6.3 (Table 2) to—26.2 kcal/mol. Thus, the
methylguanidinium cation weakens the Fe-proximal bond and
distorts the position of the phenolate ligand. This situation has
some similarities with what was found by Green for catalase
compound intermediaté! with the exception that no change
in the spin density distribution is observed for compouhd
Moreover, the position of the phenolate group in the complex
of Figure 3a is slightly different than what was found for
compound B¢

Figure 4b shows the optimized structure of peroxidase
compoundl in the absence of the hydrogen-bonded carboxylate
anion. In this case, the orientation of the imidazole ligand does
not change but the FeN. bond weakens by 23 kcal/mol. At
the same time, the Fe atom goes out-of-plane toward the apical
oxygen, as if trying to recover the structure of a five-coordinated
oxoheme complex, and the +&l. distance enlarges by 0.04
A. Additional calculations at different FeN, distances show
that the energy changes very little with the elongation of the
bond, which indicates that the potential with to the—’e
coordinate is relatively shallo#/.

The reason of the weakening of the bond with the axial
imidazole can be inferred by the analysis of the highest energy
occupied spir-orbitals. Figure 5 shows the three highest energy
. spin—orbitals of the peroxidase compourt after having
Figure 4. Fully optimized structures corresponding to the compound remoyed the hydrogen-bonded carboxylate group. The two
Il models, in the absence of the hydrogen-bonded residue. (a) CatalaseL.‘np"’“red ellectr'ons of the §ystem Corresponq to thexge(dq
(b) Peroxidase. Fe(d,) orbitals in combination with the p orbitals of the apical

oxygen (Figure 5a). The next spiorbital, in decreasing order
to be a better donor than the neutral imidazole. A possible Of energy, is a porphyrior orbital in antibonding interaction
explanation is that these differences are partially due to the With the lone pair of the imidazole Natom (hereafter referred
different orientation of the propionate groups (toward the distal @S¢ orbital) (Figure 5b). If we monitor the shape of this orbital
side in peroxidase and toward the proximal side in catalases).during the optimization we observe that as the-feidazole
However, calculations with the heme upside down in peroxidase bond increases the weight of the porphyrin nitrogens and that
gave the same results. Therefore, the stronger binding found inof the imidazole Natom decrease. As a result, the antibonding
peroxidases comparing to catalases is fully due to the differencescharacter of, disappears (Figure 5b) and its energy shifts down
in the His/Asp pair comparing to the TWArg+ one. As a (it becomes the fourth occupied spiarbital, below that, the
matter of fact, it is generally accepted that the aspartate residuedxy orbital of Fe). Therefore, the occupationgf desestabilizes
gives some degree of imidazolate character to the proximal the bond with the proximal ligand in peroxidase compoltind
imidazole in peroxidase$.Our calculations show that the effect ~ in the absence of the hydrogen-bonded residue. Further evidence
of the hydrogen-bonded aspartate residue is so strong as tdor this comes from the results obtained upon removing one
reverse the order of stability of the iron-proximal bond. In the €lectron from the system (i.e. generating the compound

next section, this effect will be quantified. intermediate of Figure 1). Analysis of the spin density reveals
In summary, we find that the Fdigand bonds are signifi- that an electron has been removed frggnand in consequence,

cantly stronger for peroxidase comparing to catalase, which canthe elongation of the FeN. bond is less pronounced.

be fully attributed to the effect of the His/Aspair with respect The situation is different in the presence of the carboxylate

to the Tyr/Arg® one. This could explain the lower tendency group. In this case, the Fémidazole bond is stabilized by the
of catalases to give compouritl compared to peroxidases. change in the sigma donor character of the imidazole. Analysis
However, this could only be part of then reason, as compound of the computed charges (Mulliken and ESP charges) on the
Il is a stable intermediate with respect to ligand dissociation in imidazole before and after addition of the carboxylate group
both cases. show an increase in the charge on the imidazole. This indicates
3.3. Role of the Hydrogen-Bonded ResiduéAs a way to that the Fe-N, bond is reinforced by hydrogen bonding with
grasp the role of the conserved hydrogen-bonded residué (Arg the carboxylate anion. Other hemeproteins with histidine
in catalase and Aspin peroxidase), we performed additional proximal ligands are expected to exhibit a similar behavior upon
calculations removing these residues from the model. Figure formation of compoundl. In the case of myoglobin and
4a shows the optimized structure of catalase compdund hemoglobin, the imidazole of the proximal His is hydrogen-
without the hydrogen-bonded methylguanidinium cation. There bonded with a neutral peptide oxydéinstead of an anionic
is a drastic change in the relative position of the phenolate residue. Thus, stabilization of the +Elis bond by the hydrogen-
ligand: the angle between the six-membered ring and th&dFe  bond interaction is also expected, although to a lesser extent.
bond increases by 31see Figures 3a and 4a) The phenolate In fact, the axially coordinated imidazole of the myoglobin
ligand bends toward the opposite porphyrin quadrant@eC cavity mutant H93G is little affected by formation of compound
= 156°) to minimize the steric repulsion with the heme 11.2° Our calculations predict that the Fe-proximal bond
propionate substituents. There is also a slight tilting of the®Ge  should weaken significantly if the proximal hydrogen-bonded
bond with respect to the perpendicular to the porphyrin plane residue is mutated to an apolar residue in compolind
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(@)

Figure 5. Highest energy occupied spiorbitals of peroxidase model of Figure 4b, in decreasing order of energy. (a) The tweospitals
carrying out the spin density. (b) The third occupied smrbital (denoted ag, in the text). Variation during with elongation of the i, bond

(Fe—=N. = 2.09 A in the first picture and 2.46 A in the last one). The orbital is viewed along théNFeond. Only one of the two spirorbitals
is represented.

intermediate. Unfortunately, we are not aware of such type of such as steric constraints in the entrance channel for electron
mutations. However, the D235N mutant of cytochrome  donors! or the different barriers associated to the steps of the
peroxidase (Asp-Asn mutation) shows a decrease in the-Fe reaction mechanism are likely to play a key role.
N, stretching frequenc$® Thus, despite the conservative The very short FeO bonds computed for the compouhd
replacement (Asn is also hydrogen-bonded to the imidazole of intermediate (1.68, 1.69 A for catalase and peroxidase, respec-
the proximal His), a weakening of the Fe-proximal bond takes tively) compared to values reported in some of the available
place. structural analyses (in particular those givingf2> 1.80 A)

In summary, our calculations reveal that the carboxylate group suggests that the latter could correspond te-Gél bonds.
of the aspartic acid residue is responsible for stabilizing the iron- Therefore, the traditional picture of an oxoferryl compouhd
proximal histidine bond in peroxidase compouhdin contrast, intermediate should be interpreted with care, as the proton of
the hydrogen-bonded arginine residue of catalase compibund the electron donor (AH in Figure 1) could migrate to the
weakens the Fe-proximal bond. Therefore, the hydrogen-bondedoxoferryl bond, resulting in a stable intermediate.
residues are able to modulate the strength of the Fe-proximal Our analysis of the role of the hydrogen-bonded residue reveal
bonds: the energy ordering of the+&yr~ and Fe-His bonds striking differences between catalases and peroxidases. In the
(Fe-Tyr is stronger than FeHis) is reversed in the presence case of catalases, the hydrogen-bonded residue weakens the Fe-
of the hydrogen-bonded residues {Feyr—--Arg™ is weaker proximal bond, while the opposite occurs in peroxidases. In this

than Fe-His:-Asp"). case, the Feimidazole bond is significantly weaker in the
absence of the hydrogen-bonded residue. This could have
4. Conclusions essential implications for the catalytic reaction of the enzyme,

as the hydrogen-bonded residue can control the strength of the

In this study we have investigated the structural and energetic Fe-proximal bond and, in turn, the strength of the opposite Fe-
properties of compoundl of peroxidases and catalases in order axijal bond. Therefore, the proximal hydrogen-bonded residue
to have some hints concerning the question of why catalases,can modulate the stability of the different species coordinated

unlike peroxidases, rarely form compouihdin relation to this,  to Fe in the distal side during the catalytic reaction (Figure 1).

the effect of the conserved proximal hydrogen-bonded residue | this respect, our previous experience in herimeidazole

has been quantified. . complexes as models for the active center of myogl®bin

~ Our results show that catalase compouhdis a stable  demonstrated that the strength of the Fe-proximal bond influ-

intermediate with respect to ligand disociation, with-figand ences that of the Fe-distal bond. Therefore, changes in the

binding energies comparable to those found for other heme- polarity of the residues interacting with the proximal ligand can
proteins, such as myoglobin and cytochromesing the same  be transmitted to the distal side of the heme and affect to the
methodology. Nevertheless, catalase shows much weaker iron stability of the reaction intermediates. To quantify these aspects,
ligand bonds compared to peroxidase, which could contribute an investigation of the catalytic mechanism of hydrogen
to the lower tendency to form compourltl compared to  peroxide decomposition (Figure 1) is needéd.

peroxidases. Overall, our results do not reveal any indication
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