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Density functional theory calculations have been performed on the active species (Compound I) of cytochrome

¢ peroxidase (€P) and ascorbate peroxidase (APX) models. We have calculated a large model containing
oxo—iron porphyrin plus a hydrogen-bonded network of the axial bound imidazole ligand connected to an
acetic acid and an indole group, which mimic the jrisAspss, and Trpe: amino acids in cytochrome

peroxidase. Our optimized geometries are in good agreement with X-ray and crystallographic structures and

give an electronic ground state in agreement with EPR and ENDOR results. We show that the-quartet

doublet state ordering and the charge distribution within the model are dependent on small external perturbations.
In particular, a single point charge at a distance of 8.7 A is shown to cause delocalization of the charge and
radical characters within the model, thereby creating either a pure porphyrin cation radical state or a tryptophan
cation radical state. Thus, our calculations show that small external perturbations are sufficient to change the
electronic state of the active species and subsequently its catalytic properties. Similar effects are possible

with the addition of an electric field strength along a specific coordination axis of the system. The differences
between the electronic ground states oP@Gnd APX Cpd | are analyzed on the basis of external perturbations.

Introduction

Heme-type enzymes appear in many different biosystems and Hiss, Hissy
are involved in oxygen transport as well as monoxygenation S5 e,_\}g%
processe$2 One of the first heme enzymes of which the active T T ot 8 Trpa; W

species (Compound I, Cpd I) was characterized is cytochrome
¢ peroxidase (€P); as such, it has been the topic of many

scientific studie$® The major function of the enzyme is to His 75

reduce hydrogen peroxide to wafeBtructurally, the active _ - .
center of the enzyme contains an iron atom embedded into a )L)‘ Pio1 /\/P 179
heme group that is bound to two more ligadd3ne of these is Aspass Aspagg

the axial ligand and is the connection of the iron-heme group Cib situciite. APX shuctire. e

with the protein t')ackbone'. In the case of 'perO).(IdalseS, S,UCh aS'Figure 1. X-ray structures of the resting states affc(left) and APX
CcP or horseradish peroxidase (HRP), this axial ligand is the (right) as taken from the 1CC#and 10ARS pdb files of the Protein
imidazole side chain of a histidine residue, while in chloro- Data Banki8 Characteristic amino acid groups have been identified
peroxidase (CPO) it is a thiolate of a cysteinate resfd@ét and are labeled as in the X-ray structures. Water molecules are identified
was shown that the nature of this axial ligand creates either awith W.
push or a pull effect on the iron center that influences its catalytic
propertie€:10The sixth ligand bound to iron is an exchangeable states are close in energy. Instead of an unpaired electron in
moiety; in the resting state, it is a water molecule. Upon the heme @ molecular orbital, it was found thate® has a
hydrogen peroxide binding, the water molecule is displaced andradical located on a nearby tryptophan residue {djpas
the catalytic cycle starts, thereby converting the irtiydrogen  identified by EPR and ENDOR studiés!>Many studies have
peroxide into iror-oxo (F&=0) and watet! For many years, been performed to identify the nature of the protein radical in
CcP was considered as the benchmark peroxidase model;CcP Cpd I, but until now no answer is conclusive.
however, unlike other peroxidase systems, the electronic ground An enzyme related to € is ascorbate peroxidase (APX)
state of Cpd | is quite different, namely, that it contains a protein that has an analogous structure and an almost identical active
radical rather than a heme radical. Typically, peroxidases havesite!®*’ Figure 1 displays the active sites of the resting states
a Cpd | state with close-lying quartet and doublet spin states, of these two enzymes side-by-side with labels from the pdb
both containing a triradicaloid system with two unpaired Structures:'6!8 The resting state contains a water molecule
electrons inT* o Orbitals coupled to a third unpaired electron bound to the sixth coordination site of the enzyme. As can be
located in a nonbonding heme orbital with, aymmetryl2.13 seen, structurally the active sites offCand APX are almost
Since the coupling between th&rcoorbitals and the 4 orbital identical, since they contain the same amino acid residues in
is small, the ferromagnetic quartet and antiferromagnetic doubletroughly the same position. The three amino acid groups depicted
in the distal site are the tryptophan, histidine, and arginine
* Tel: +44-161-3064882. Fax: +44-161-3064399. E-mail: rESidueS, which are involved in the prOtOﬂatiOﬂ maChineI'y to
sam.devisser@manchester.ac.uk. convert hydrogen peroxide into water. The axial site contains a
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triad of hydrogen-bonded amino acids: histidine, aspartate, andin APX is 330 mV more difficult to oxidize than the related
tryptophan residues. These axial groups fine-tune the redoxtryptophan group in €P. Part of this was attributed to the'K
potential of the metal, and their push or pull effects determine binding site in APX, but in fact it was the sum of a series of
the nature of the iron cent@The only difference between the  smaller contributions rather than one major specific effect.
CcP and APX active sites appears to be a cation binding site, Therefore, heme enzymes such as peroxidases seem to be
occupied by a Na ion in APX, in the axial region at  able to change their electron affinity due to small perturbations,
approximately 8.7 A from Trge Thus, it was shown that  some local and others nonlocal. Since heme enzymes possess
engineering the CP structure with a cationic binding loop  close-lying doublet and quartet spin states, it is the environ-
containing a K ion gave destabilization of the tryptophan mental factors that determine which of these is the ground%tate.
radical although the formation of the tryptophan radical was Although the doublet and quartet spin states of Cpd | have the
not altered-® same orbital occupation, their reactivity patterns can be quite
Subsequent mutations in this hydrogen-bonded triad and thedifferent!3 Specifically, substrate oxidation by Cpd | occurs via
effects this has on the properties of the enzyme were stddied. competing reaction processes on the two spin state surfaces,
In particular, mutation of Asps to glutamic acid showed thatis, there are doublet and quartet reaction mechanisms. This
retention of most of the structure and an activity similar to that process has been termed two-state reactivity and appears to be
of the wild-type enzyme. However, disruption of the hydrogen- general in oxe-iron porphyrin system$: In the past we
bonded triad by mutation of Asgs by either glycine or alanine  calculated many different reaction mechanisms of P450 models
resulted in major structural changes and activity loss. Especially, and found several examples whereby the doublet and quartet
in these mutants the tryptophan residue moved away from its reaction mechanisms were differéAt3! In particular, on the
original position to form a new hydrogen bond with a Lgu doublet spin surface, alkene epoxidation occurs via a concerted
group. These mutations also strongly affected the reduction mechanism; however, on the quartet spin surface, the process
potentials of the active species due to the fact that the axialiS Stepwisé’2° Thus, a stepwise mechanism creates an
ligand histidine was not protonated in the mutéh&urther intermediate complex with a finite lifetime, which may rearrange
mutations with the axial histidine amino acid replaced by glycine and create (unwanted) side-products. For instance, it was shown
(H175G) and the addition of imidazole gave imidazole as axial that intermediates in the epoxidation reaction on the quartet spin
ligand instead of histidine. Although it was found that imidazole surface can rearrange to form suicidal complexes or aldehyde
(ImH) is a weaker ligand than histidine, most of the hydrogen- Products, whereas these processes are not accessible on the
bonded interactions, such as the hydrogen-bonded triad (ImH-doublet spin surfac#. Consequently, in the case of alkene
Aspss-Trpror), stayed intact and the ability of the mutant to epoxidation reactions by P450 enzymes, the doublet spin
react with hydrogen peroxide was more or less retained althoughmechanism is stereospecific, whereas the quartet spin mecha-
the oxidation process was found to be ineffici&tt Electroni- nism is not. Other reactions carried out by P450 enzymes, such
cally, the H175G mutant with axial imidazole bound was found as the hydroxylation dfans-methyl phenyl cyclopropane, were
to be in an antiferromagnetically coupled doublet ground state, also studied and these calculations showed that on the doublet
whereas the wild-type enzyme has a ferromagnetically coupled spin surface rearrangement is unlikely, whereas it is dominant
quartet ground stafé. Thus, seemingly small changes to the On the high-spin surfac€.As a consequence the two processes
structure of the enzyme may lead to large electronic differencesgive a product isotope effect, which was matched with

and sometimes even to reversal of the quartewblet energy ~ experimental data. In other work, it was shown that the
gaps. sulfoxidation reaction as catalyzed by P450 enzymes is dominant

In the past, many theoretical studies have been performedOn the high-spin_ (ql_Jartet) _surface, in contrast to benzene
on peroxidase model systers32225 The smallest models hydroxylation which is dominant on the low-spin (doublet)

studied oxe-iron porphyrin with an imidazole group for the surface?lThgse regctivity studies show that the doubtmartgt .
histidine axial ligand. Major conclusions from these studies were €N€rgy 9ap is an important feature of heme enzymes, since it
that the imidazole side chain of Higis likely to be protonated can influence thg reactivity and catalysis of substrates as well
since calculations on a peroxidase model with imidazole (ImH) &S the product distribution. _ _ _
reproduced experimental quartetoublet splittings, whereas In this paper we present a detailed study of the active species
imidazolate (InT) did not!2 Moreover, with imidazole as an of cytochromec peroxidase and the ordering of the low-lying

axial ligand, specific spectroscopic features could be repro- electronic states as a function of external perturbations. We will
ducedt3 show that the quartetdoublet splitting in peroxidase model

systems is dependent on local electrostatic interactions, such
as a point charge. Furthermore, the quartiublet energy gap
can be fine-tuned by specific interactions of the active center
residues with its surroundings.

One specific study orientated around the electronic properties
of Cpd | of CcP and included a large model which apart from
oxo—iron porphyrin also included an imidazole group replacing
His;75 a formate ion in the place of Agg, and an indole group
for Trp1e1.24 Only the quartet spin state was studied, but it was
shown that although it was expected that the radical should beMethOdS
located on the indole group there still was partial spin density Al structures as described here were fully optimized using
found on the hemepforphyrin = 0.48; pindole = 0.47). It was  the Jaguar 5.5 program packagasing previously described
ascertained that this mixing of porphyrin radical with indole procedure8® We use the unrestricted hybrid density functional
radical was the result of close-lying ionization energies of these method UB3LYB334 in combination with an LACVP basis
two groups. Several protonation states within the hydrogen- set35 This basis set essentially uses an LACVP doutdeality
bonded triad Higr>AspzssTrpior Were tested, and the most  pasis set on iron and a 6-31G basis set on all other atoms.
stable configuration contained a deprotonated aspartate groupsubsequently, an analytical frequency using the Gaussian-98

Other theoretical studies of Warshel etalised the Langevin ~ packagé® confirmed that the structures discussed here were local
dipoles method to calculate the redox potentials oP@nd minima with real frequencies only. Thereafter, single point
APX. Their calculations showed that the axial tryptophan residue calculations with the LACV3P* basis se¥® using the triplet
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states, respectively. These values are in line with the X-ray data
of Chance et at® on CcP Cpd |, who obtained a value of 1.67
A, and with DFT calculations on a smaller quartet spin state
model of &P Cpd | where a value of 1.657 A was calculatéd.
Our calculated FeO bond distances are somewhat longer than
the ones obtained for a small peroxidase system with either only
an imidazole axial ligand or with an extra formate anion
hydrogen-bonded to imidazole. With these models=6e
distances of 1.6211.625 A were obtaine@?

The axial ligand (histidine) is bound by a relatively long
Fe—N bond of 2.109 (2.113) A in the HS (LS) spin states, which
is in good agreement with distances obtained for the resting
state of @P of 2.10 and 2.0 A, while for HRP @ a value of
2.1 A was obtained.3° Previous work on smaller peroxidase
models gave FeNn distances of 2.173 (2.175) A for a model
containing only imidazole, whereas a model with a hydrogen-
bonded formate ion gave distances of 2.158 (2.160) A in the
HS (LS) spin state® Thus, a hydrogen-bonding interaction
toward the axial histidine group shortens the- & distance
slightly, and further extension of the hydrogen-bonded network
with the corresponding tryptophan residue as shown here in
Figure 2 shortens the F&N,4 distance even further. Therefore,

1) using a large model in Jaguar. Bond lengths are in angstroms. Also pyqrogen-bonding interactions toward the imidazole axial ligand

shown are group spin densities as obtained from the Gaussian frequenc

calculation.

quality LACV3P basis set on iron and a 6-32G* basis set
on the rest of the atoms were performed.

As a model for the active site of cytochromseperoxidase
Compound | (€P Cpd I), we used the coordinates of the crystal
structure of Goodin and McRé&aNe limited our model to oxe
iron porphine with imidazole replacing the Hlis axial ligand

¥ncrease the strength of the Fiy;s bond and as a result will
influence the electron affinity and electronic properties of the
catalyst. Regarding the protonation state of this hydrogen-bonded
triad on the axial side of the heme, all our calculations predict
a deprotonated acetic acid group (Agp in agreement with
Siegbahn et &*

Previous work* on the quartet spin state otE Cpd | showed
group spin densities distributed over both the heme and the

and acetic acid and indole replacing the axial amino acid side tryptophan residues. We find this to be the case for both the
chains of Aspss and Trpo; as these three amino acids form a HS and LS spin states. Specifically, the FeO group has two
hydrogen-bonded tria®iThe overall charge of this system is  spins indicating two unpaired electronsifireo orbitals (z* reoy
zero, and the spin multiplicities tested by us were the doublet andz*reo,), Whereas the third spin is equally distributed over
and quartet spin states. In the following, HS stands for high- the porphyrin and tryptophan residues. Thus, both spin states

spin (quartet) and LS for low-spin (doublet).

To model the effect of the environment on the ordering of
the low-lying electronic states, we tested two typical dielectric
constantse = 5.7 ande = 10.65, mimicking the dielectric

in the ground state contain a triradicaloid system with two
ferromagnetically coupled electrons in two orthogonékeo
orbitals and a third electron in a mixed porphyrinjawith
tryptophan orbital (& + 7rp), and the overall electronic states

constant range in these type of enzymes. These calculations weravill have occupationt® reoyt 77* Feo7* (8ou + 71ip)* in both the

performed with the Jaguar 5.5 program packagad used a

doublet and quartet spin state. In the doublet spin state, the

probe radius of 2.72 and 2.51 A, respectively. On the basis of mixed (&, + 7p) oOrbital is occupied by one electron with
earlier work, we also tested the effect of an applied electric 5-spin. As a result of the mixing of these two molecular orbitals

field on the low-lying electronic states of Cpd | following
previously reported procedurés.

The two closely related enzymes APX andfChave similar
active sites but differ due to a cation binding site in APX. Thus,

(aou @andrrryp), the spin densities on the porphyrin and tryptophan
groups areppor = 0.45 (—0.46) andotp, = 0.48 (—0.50) in the
HS (LS) spin states.

For small peroxidase model systems it was shown that

to test differences between these two enzymes we tested theslectronic states with the nonbonding porphyrin orbital singly
effect of a point charge on the nature of the electronic ground occupied could be as close as 983 kcal mot? above the
states by placement of this point charge exactly in the position ground staté® Therefore, we altered the occupation of the spin
of the ion in the X-ray structure with respect to the heme group states and created t#éA, electronic states with occupation
as taken from the 10AF pdi§.Single point calculations using T Feoy! T Feost @ aud T These states, however, were
the UB3LYP/LACVP method in Gaussian-98 gave the corre- found to lie 6.9 A1) and 4.2 fA1,) kcal mol® higher in energy
sponding relative energies and charge distribution. than the lowest-lying quartet spin state, so they obviously play
a minor role in @P Cpd I. Attempts to swap orbitals to create
pure2A,, states with occupation* reoy* 77* Feo7* .t 1 1’

or pure*?[Iry, states with occupation® reoy* * Feo @ a0

Results

Figure 2 shows the optimized geometries of the lowest-lying
quartet and doublet spin states of our model of cytochrome 71" failed and converged to the mixed state described above.
peroxidase (@3) de . Also shown is the energy difference In all states tested, the Spin densities on the imidazole and
between the lowest quartet and doublet spin states of 0.12 kcal@spartate groups are negligible.
mol~1 in favor of the quartet. The system is characterized by  Therefore, in the gas-phase, the quartet and doublet spin states
short Fe-O distances reflecting the double bond between the are virtually degenerate with a slight preference for the quartet
two atoms and are 1.665 and 1.663 A in the HS and LS spin spin state. Subsequently, we tested the effect of a dielectric
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Cpd I (“Cpd D) single point UB3LYP/LACVP calculations ond® Cpd | with an added
Figure 3. Single point UB3LYP/LACVP calculations with= 5.7 [¢ point charget+1 [—1] to the system.
= 10.65] for the lowest quartet (doublet) spin states on optimized
UBSBLYP/LACVP structures. Also shown is the energy difference tryptophan residue and a spin densitypgf, = 0.82 (HS) and
between the quartet and doublet stat®qp. prip = —0.82 (LS) is obtained. Furthermore, with a point charge
with chargeQ = —1 added the doublet state becomes the ground
constant on the relative energies of the spin states and the spinstate, while with a positive charge the quartet state is stabilized
density distributions. We ran single point calculations on the oyer the doublet state. Therefore, the addition of a single point
optimized geometries discussed above with a dielectric constantcharge at a distance of 8.7 A away from the tryptophan moiety
of € = 5.7 ande = 10.65 in order to cover a range of dielectric changes the relative electron affinities of the tryptophan and
constants as may be expected in peroxidases, and the resultgorphyrin groups as well as the quarteloublet energy splitting.
are shown in Figure 3. The addition of a dielectric constant |n particular, a positive charge drives the cation radical character
leads to small spin density polarization from the oxygen atom away from the tryptophan to the heme due to charge repulsion
toward the iron. More importantly, the orbital mixing between petween the point charge and the nearby tryptophan group. By
the porphyrin and tryptophan residues is retained and hardly contrast, a negatively charged point charge pulls the cation
affected by a dielectric environment. This implies that the radical to the tryptophan and away from the heme. Our
tryptophan radical should not be affected by a polar or apolar calculations predict that the effect of the point charge of
amino acid environment. The quartetoublet energy gap stays  magnitudeQ = +1 leads to destabilization of the quartet spin
more or less the same, as well as most group spin densitiesstate by 7.8 kcal mok. This value is in good agreement with
Thus, the differences between the active speciesasf &nd Warshel et ak? who calculated the effect of the cation binding
APX cannot be explained by differences in a dielectric environ- |oop using the Langevin dipole model and estimated the energy
ment, since otherwise the above results should have showncontribution to be 6.3 kcal mot. The spin density distributions
major differences. The dielectric constant calculations seem toand charges on the aspartate and imidazole groups are hardly
stabilize the4?Ay, states slightly, although the energy gap affected by the point charges.
between the lowestlying quartet state and ttfé,, state stays Subsequently, we investigated the effect of an applied electric
above 3.5 kcal mof. field strength along one of the principal axes of the structure.
Next, we tested the effect of a point charge on the relative Previously, we studied the competition of propene=C
energies of the lowest-lying spin states and the spin density epoxidation versus €H bond hydroxylation using a cytochrome
distributions. To this end, we added a point charge exactly in P450 modef32° These calculations showed that the regiose-
the position of the cation binding site in APX as obtained from lectivity of propene oxidation is strongly dependent on the
the X-ray structur® and embedded this point charge in the environment of the catalyst. Thus, in the gas-phase the reaction
optimized geometries of Figure 2. Subsequently, we carried outwas predicted to proceed by epoxidation, whereas in a polar
single point calculations with a point charge with magnit@e  environment and the addition of hydrogen bonding as appears
= +1 or —1 in both the quartet and doublet spin states. The in enzymes the regioselectivity changed in favor of hydroxyl-
obtained spin density distributions and spin state ordering are ation. Subsequently, we showed that the addition of an electric
shown in Figure 4. As can be seen from Figure 4, the point field strength along one of the principal axes of the model could
charge hardly affects the electronic situation on the FeO moiety change the character of the catalyst, that is, Cpd I, from a
where the spin density stays roughly 2 indicating two singly porphyrin radical to a thiolate radic#.As a result of this,
occupiedr* geo Orbitals. However, a point charge with magni- changes in the character of the active species were shown to
tudeQ = +1 dramatically changes the third unpaired electron influence the regioselectivity of epoxidation versus hydroxyla-
from a mixed porphyrirtryptophan radical into a porphyrin  tion of propene as well. Thus, it was found that the regiose-
cation radical leading to spin density pfo, = 0.75 (HS) and lectivity was strongly dependent on the magnitude of the applied
pror= —0.87 (LS). The opposite effect occurs with a cha@ge  electric field as well as its direction. Therefore, we tested the
= —1 applied, whereby the radical moves completely to the effect of an applied electric field strength along one of the three

AEqp = 0.17 [0.13] keal mol™!
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x Similar results are obtained for an applied electric field along
0 the y- or zaxis, as well as for’Cpd |, see Supporting
Information. Some interesting features can be seen from Figure
6. First, the spin densities of the FeO moieties add up to
/ approximately 2, but their individual values change with the
z o nature of the field strength. In particular, in positive fields the
spin densities of the FeO moiety are polarized toward the iron
atom with spin densities qdre = 1.17 andpo = 0.91 using a
2.0 q field Eqelg = 0.015 au. By contrast, using an electric field of

15 :§ opposite directionHseig = —0.015 au) spin densities ke =
AEqgp 1 0.87 andpo = 1.17 are obtained, which is almost a complete
(keal/mol) *Z

0.5 - reversal from the field in the positive direction. Since the charge
of the oxygen atom is dependent on the spin density, the catalytic

_g'g | properties of the iroroxo system may be influenced by electric

1'0_ field effects as a more negatively charged oxygen atom, for

o instance, will more easily abstract a proton from a substrate.

159 Thus, an electric field effect as induced by the protein backbone

2.0 T T i ' on the active center of the enzyme influences the FeO charge
-0.020 -0.010 0.000 0.010 0.020

distribution and thereby the catalytic properties of the ion
Electric Field Strength (au) 0X0 center.

Figure 5. Quartet-doublet energy gap as a function of an applied  Other effects visible in Figure 6 are the accumulation of some

external electric field along one of the three principal axes. A positive spin density (of up tgasp = 0.20) on the aspartic acid residue

value of AEqp reflects a quartet ground state. The location of the iy 5 nositive electric field applied. This changes the anionic

coordination system with respect to the central romo group is shown - .

at the top. character of this group to more radical character and may
weaken the hydrogen bonds toward the aspartate group. It may

12 further result in reorientation of the protonation state of the
10 ~Fe hydrogen-bonded triad on the axial site of the enzyme.

P ’ =0 The most striking point shown in Figure 6, however, is the
081 - Por sharp differences in spin density on the porphyrin and tryptophan
0.6 1 ‘Cpd I; E > ImH groups. Initially, in the gas-phase without applied electric field
0.4 *?Sp (Esiels = 0) almost identical group spin densities on porphyrin
02 RaRY and tryptophan are obtained (Figure 2 above), but with an

x electric field Erelg = 0.015 au) applied along the positixeaxis

_2'; ' . ' . the spin densities move_completel)_/ to the_tryptopharap(z _
0,020 0,010 0,000 0.010 0.020 0.84) and at the same time the spin d_ensny on the porphyrln
reduces to almost zero. By contrast, in a field with opposite
electric field (au) direction Eselq = —0.015 au), the reverse happens and spin
Figure 6. Group spin densities as a function of the applied electric density accumulates on the porphyriped; = 0.95) while it
field strength along the molecularaxis for “Cpd | species. All reduces strongly on the tryptophan. Thus, whereas the system
calculations performed with Gaussian-98 using UB3LYP/LACVP. in the gas phase has a mixed porphyiiryptophan orbital (a,

+ 7rp) With single occupancy, with an electric field applied
principal axes of our € Cpd I model. Specifically, the-axis along the negative-axis the electronic state changes to a pure
is along the Fe O axis, they-axis is along one of the FeNpor porphyrin type orbital (a), while pointing in the opposite
distances parallel to the axial ligand, while thexis is along direction it generates a pure tryptophan orbital4). Therefore,
an orthogonal FeNpr distance perpendicular to the axial ligand  the nature of the electronic state and the location of the radical
(see Figure 5). At the bottom of Figure 5 we show the quartet in CcP is strongly dependent on environmental effects, such
doublet energy splitting as a function of the electric field strength that a simple point charge or an applied electric field strength
along each of the three principal axes. As can be seen, an applie¢an change the location of the radical and consequently change
electric field strength affects the quartet and doublet spin statesthe nature of the catalytic properties of the enzyme.
differently. Therefore, an electric field strength can alter the .
quartet-doublet energy gap as well as the quartitublet state ~ Discussion
ordering. Generally, the energy gap between the quartet and In this work we presented results on the quartiublet
doublet states stays within 0.5 kcal mblalthough it can reach  energy splitting and the electronic properties of the ground state
values of up to 1.5 kcal mot. The strongest effects are obtained of Cpd | of a @GP model. Thus, since heme enzymes contain
with a field along thex-axis which is along the FeO axis and close-lying doublet and quartet spin states, the general reactivity
perpendicular to the plane of the porphyrin. Since, thg a pattern is via two-state reactivity (TSR)whereby different
molecular orbital is a nonbonding-orbital of the porphyrin, it reaction mechanisms on the separate surfaces can compete. It
is exactly in this plane that the amolecular orbital is located, was shown, for instance, that side reactions during alkene
so that the effects are the most efficient there. Therefore, local epoxidations, such as rearrangements to form aldehydes or the
effects such as an applied electric field strength of the protein formation of suicidal complexes, occur only on the quartet spin
on the active site of the enzyme can change the nature of thesurface?” Therefore, the doubletquartet energy splitting is an
electronic state from a quartet to a doublet spin state and viceimportant feature of the enzyme which decides the substrate
versa. specificity and product distributions.

In Figure 6 we show the group spin densities'@pd | as a Generally, the system can exist in two different electronic
function of an applied electric field strength along thexis. situations, namely, with a porphyrin hole and a closed-shell
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Figure 7. The different electronic configurations oftE Cpd | (top)

and the group spin densities of the FeO, porphyrin, and indole groups
and the gquartetdoublet energy splitting (in kcal mof) under various
environmental conditions. A positive quart@toublet energy means a
guartet spin ground state. From left to right the perturbations include
(i) optimized geometry in the gas-phase=t 1), (ii) single pointin a
dielectric constant withe = 5.7, (iii) single point calculation in a
dielectric constant witlh = 10.65, (iv) single point calculation with a
point charge of) = +1, (v) single point calculation with a point charge
of Q = —1, (vi) single point calculation with an electric field of
magnitudeEses = 0.015 au along the-axis, and (vii) single point
calculation with an electric field of magnitud®es = —0.015 au along

the x-axis.

tryptophan group (Pdr Trp) or with a cation radical situation
located on the tryptophan and a closed-shell porphyrin (Por
Trp*), Figure 7 (top). Electronically, the Por Trp state
corresponds to an electronic state withreo,! 7* Feo7* @t 771rp?
configuration, while the Por Trp state corresponds ta@ reoy*

7T* Feo7 82 7ript configuration. In the gas-phase calculations,

however, these two states mix and an electronic state with partial

cation radical on both porphyrin and tryptophan groups is
obtained with spin densitigso; = 0.48 andor, = 0.48 in the

quartet spin state. This charge and spin delocalization is the

result from comparable electron affinities between the tryp-
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direction generates a Por Trpstate. This implies that indeed

a cation binding loop as has been observed in APX systems
influences the nature of the cation radical in the Cpd | state
and thereby creates a different electronic situation as appears
in CcP Cpd I. This effect can also be induced by an electric
field strength along one of the principal axes of the active center.
For instance, an applied electric field strength alongxtagis,

that is, along the FeO bond, has an effect similar to that of the
addition of a point charge in a sense that either a pure porphyrin
cation radical or a pure tryptophan radical is created. It should
be emphasized that the quarteioublet splitting is influenced
differently; for instance, in Figure 7 we show two ways to create
a porphyrin cation radical state. In one case, the quartet spin
state is stabilized with the addition of a point chargeQof=

+1, while in another the addition of an electric field strength
along the negative-axis is seen to stabilize the doublet spin
state instead more strongly. As a result of this, the point charge
calculation gives a quartet ground state, whereas the electric
field calculation gives a doublet ground state. Therefore, this
shows that the differences between the active speciex®f C
and APX Cpd | are determined by small environmental
perturbations, such as the cation binding loop and also by the
electric field strength as applied by the protein. These factors
do not necessarily contribute equally and additively.

One of the criteria for the enzyme to be a good and efficient
catalyst is its capability to accept electrons efficiently. Thus,
HRP functions as an electron sink and has a high electron
affinity (EA) of 6.41 eV In the case of €P Cpd I, we calculate
an electron affinity of 4.11 eV for the quartet spin state at the
LACV3P+* level of theory, while this value increases to 5.17
eV in a dielectric constant of = 5.7 and to 5.30 eV in a
dielectric constant oé = 10.65. Therefore, the EA of &P is
significantly lower than the one obtained for an HRP Cpd |
model, mainly as a result of the mixing of the porphyrin and
tryptophan molecular orbitals, Figure 7. Similar results were
obtained for cytochrome P450 models, which showed that the
axial thiolate ligand mixes with the porphyrig@rbital, thereby
decreasing the electron affinity of Cpd | significantly to 3.06
eV 4941 Since the interactions ind® Cpd | between the,a
and s orbitals are much less than between thg and s
orbitals in P450, the electron affinity is higher ircie

On the basis of these results we can make some predictions

tophan and porphyrin groups in the gas phase. For an isolated®9arding the reactivity of the enzymec with respect to

porphyrin group (Pork) we calculated an electron affinity of
6.71 eV, while for an isolated indole (IndH) a value of 7.56 eV
is obtained at the B3LYP/6-3#1G* level of theory. However,
environmental interactions, such as the hydrogen bond from
Asp3s to indole, may influence the electron affinity so that it
is lowered and becomes competitive with the porphyrin group.
Indeed, small external perturbations influence the electron
affinity of the indole and porphyrin groups, so that the electronic
state of @P Cpd | varies under different environmental
conditions. Figure 7 summarizes the spin density contributions
of the FeO, porphyrin, and tryptophan groups for the quartet
spin state of €P Cpd | as well as the quartedoublet energy
splitting (AEgp) under different environmental conditions. The

typical substrates, assuming that the model mimics the enzyme
sufficiently and that substrate bonding and the accessibility of
the substrate to the pocket are not hampered within the enzyme
environment. First, the electron affinity of Cpd | is much smaller
than the one obtained by HRP, but it is not as small as the one
obtained for P450. This means thatRCCpd | is less suitable

as an electron sink than HRP. Furthermore, its reactivity pattern
will likely be somewhere midway between the ones observed
for P450 and HRP enzymes. A recent study on the comparisons
between propene epoxidation versus propene hydroxylation with
an HRP model Cpd | and a P450 model Cpd | showed marked
differenceg942First, the reaction barriers with the HRP model
were significantly lower than the ones obtained with a P450

results for the doublet state are analogous and not shown. Themodel and mainly as a result of the difference in electron affinity

addition of a dielectric constant to the model gives minor
changes in spin densities and quartgbublet energy splittings

between HRP and P450 enzymes. Due to the fact thi®x C
contains a tryptophan radical rather than a heme radical, it means

and keeps the mixed character of the ground state. However, ghat the electron affinity is reduced with respect to HRP but

single point charge at 8.7 A from the active center influences
the ground-state properties and quattdublet energy splittings
considerably. In particular, a point charge w@gh= +1 creates
a Por* Trp state, whereas a point charge in the opposite

not as much as in P450 enzymes, which means tlkc&t i€
between these two extremes.

Figure 8a shows the epoxidation reaction mechanism of a
heme enzyme with a substrate (propene in this case), whereby
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applied electric field strength along one of the principal axes
of the active species can change the system into a pure porphyrin
radical or a pure tryptophan radical. Moreover, these perturba-
tions give varying quartetdoublet energy splittings, which
eventually may influence the reactivity of the enzyme. Effects
of the quartetdoublet energy splitting on the activity ofc

Cpd | and its reactivity patterns are analyzed.

(a)

+ propene

4.2 =gt g | 1
AEu_‘K xz T ¥z day
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