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We have performed density functional theory calculations on an active-site model of catalase compound | and
studied the responses of the catalytic center to external perturbations. Thus, in the gas phase, compound | has
close-lying doublet and quartet spin states with three unpaired electrons: two residing in 7*ro orbitals and the
third on the heme. The addition of a dielectric constant to the model changes the doublet—quartet energy ordering
but keeps the same electronic configuration. By contrast, the addition of an external electric field along one of the
principal axes of the system can change the doublet—quartet energy splitting by as much as 6 kcal mol™ in favor
of either the quartet or the doublet spin state. This sensitivity is much stronger than the effect obtained for iron
heme models with thiolate or imidazole axial ligands. Moreover, an external electric field is able to change the
electronic system from a heme-based radical [Fe=O(Por-*)OTyr"] to a tyrosinate radical [Fe=0O(Por)OTyr]. This
again shows that oxo—iron heme systems are chameleonic species that are influenced by external perturbations
and change their character and catalytic properties depending on the local environment.

Introduction electron nuclear double resonance (ENDOR) techniques as
a triradical system with the metal in oxidation staté’Fend

two unpaired electrons on the FeO moiety, which are
ferromagnetically coupled to a third unpaired electron located

Heme enzymes have many different functions in biosys-
tems ranging from oxygen transport by hemoglobins to

detoxrl:ﬂcatlon P”;ggg??}'smsh a||1|d deug metabolism by Fhe on the heme (Por).2 Moreover, these studies indicated that
cytochromes thougn all of these enzymes contain o 4y ligand of iron heme systems fine-tunes the intrinsic

an ron he”?e actlye center, there are small d|ﬁerenpes in properties of the catalyst and thereby influences the nature
the active-site regions of these enzymes that establish the

' . and catalytic properties of the enzyme.
nature and catalytic properties of these enzymes. Catalases
are |rr_1por_tant heme-type enzymes that detoxn‘y hydrogen Por—Fe" + H,0, — Por—Fé"—H202—>
peroxide into water and molecular oxygéio this end, W
hydrogen peroxide binds to the resting state of the enzyme PorFe'=0 (Cpdl)+ H,0 (1)
that contains an Featom inside a heme group (porphyrin, Y

Por). A protonation machinery subsequently converts the Por" Fé=0 (Cpdl)+ H,0, —

hydrogen peroxideiron complex into an oxeiron species Por—Fd" + H,O0+ O, (2)

(compound |, Cpdl) and water (reaction 1). Cpdl was

characterized by electron paramagnetic resonance (EPR) and Catalase Cpdl reacts with a second molecule of hydrogen

peroxide to form another water molecule and molecular

Fa;:E;rnjlii_'ilGif"gfggf?"’é%S_er@mamhes‘er-ac-“k- Tet44-161-3064882.  oxygen, whereby the system returns to the resting state and

(1) (a)The Porphyrin Handbogk<adish, K. M., Smith, K. M., Guilard, the catalytic cycle is completed (reaction 2). Catalase is one
R., Eds.; Academic Press: San Diego, CA, 2000. (b) Ortiz de of the most thoroughly studied heme enzymes, and as a

Montellano, P. R., EdCytochrome P450: Structure, Mechanism and : :
Biochemistry 3rd ed.; Kluwer Academic/Plenum Publishers: New result, there are many CryStaI structures available with

York, 2004.
(2) Nicholls, P.; Fita, I.; Loewen, P. @\dv. Inorg. Chem200Q 51, 51— (3) Benecky, M. J.; Frew, J. E.; Scowen, N.; Jones, P.; Hoffman, B. M.
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Chart 1. Structure of the Active Site of Catalase Cpdl with Labels
Taken from the IMQF pdb
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aW is a water molecule. All bond lengths are in angstrdms.

characteristics as shown in Chart* Tthe active center
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interactions of the Args side chain with the phenolate
oxygen atom of the tyrosinate axial ligand because it moved
charge and spin density away from the axial ligand onto the
porphyrin group in agreement with the EPR and ENDOR
studies mentioned aboveYet other theoretical studies on
the activity of catalase focused on formate binding to the
active sitet!

In previous work, we showed that the electronic properties
of heme enzymes such as the doubkpiartet energy
splitting and the ordering of the electronic states can be
influenced by external perturbations such as H bonding or
an applied electric field These types of effects can have a
considerable impact on the activity and catalytic properties
of the enzyme. For instance, benzene hydroxylation by a
model of P450 Cpdl was shown to proceed via-a@Cbond

contains an Fe atom embedded in a heme group that is bound,(jyation step, leading to a cationic intermediate with low

to the protein backbone via a tyrosinate axial ligand ¢37)ir
The phenolate oxygen atom of By forms H-bonding

interactions with the two amine groups of a nearby arginine

residue (Argsg). On the distal side, several polar amino acid
groups, such as Hisand Asn.z, and crystal water molecules
(W) are involved in proton relay mechanisms as well as
substrate and product binding processes.

One of the important factors that influence the catalytic

properties of Cpdl of heme enzymes is the nature of the axial
ligand. Thus, it was realized that the axial ligand can induce

a push or a pull effect on the oxaron moiety and thereby
subtly change the electronic properties of the enzyme.
Further studies into this phenomenon on synthetic-6xan

porphyrin systems indeed confirmed that the axial ligand can
regulate the oxidative power of the catalyst because of

electron-donating or -withdrawing properties particular,

the thiolate ligand in cytochrome P450 and chloroperoxidase

(CPO) enzymes induces a push effect on the-asan group
that enhances the oxygenation properties of the catalyst.

Oxo—iron heme complexes have been amply studied with

theoretical method%.In particular, Ryde and co-workérs
showed the effect of the axial ligand on the catalytic cycle

barriers on the doublet spin state surface but much higher
barriers on the quartet spin state surf&tBy contrast, the
sulfoxidation reaction as catalyzed by the same system
proceeds on a dominant quartet spin state surffayet,
alkenes, such as propene or styrene, react on competing
guartet and doublet spin state surfaces with close-lying
barriers and similar reaction mechanisthén a model for
cytochromec peroxidase (€P) Cpdl, an applied electric field
shifted the charge and spin densities away from the tryp-
tophan (Trp) onto the heme and the system essentially
changed from FeO(Por)-Trp'+ to Fe=O(Por™)—Trp.12
Generally, oxe-iron heme systems have close-lying quartet
and doublet spin states and react with substrates via two-
state reactivity pattern$. Therefore, understanding the
mechanisms that influence the quartdbublet energy split-
ting is important because a change in this splitting may lead
to changes in the catalytic properties of the enzyme.
Recent experimental work showed that induced electric
fields by proteins shift the vibrational frequencies (Stark
shifts) and thereby influence protein functibhThus, the
polar and charged groups in proteins create electric fields

geometries of several heme enzymes. In the case of catalasfat perturb the rest of the protein, thereby changing its

Cpdl, Greef? identified the importance of the H-bonding

inherent properties and function. These electrostatic effects

(4) (a) Berman, H. M.; Westbrook, J.; Feng, Z.; Gillland, G.; Bhat, T.
N.; Weissig, H.; Shindyalov, I. N.; Bourne, P. Hucleic Acids Res.
200Q 28, 235-242. (b) Andreoletti, P.; Pernoud, A.; Sainz, G.; Gouet,
P.; Jouve, H. MActa Crystallogr., Sect. 2003 59, 2163-2168.

(5) (a) bawson, J. H.; Holm, R. H.; Trudell, J. R.; Barth, G.; Linder, R.
E.; Bunnenberg, E.; Djerassi, C.; Tang, SJCAm. Chem. Sod976
98, 3707-3709. (b) Poulos, T. LJ. Biol. Inorg. Chem1996 1, 356—
359.

(6) For effects of the axial ligand on the reactivity of exicon porphyrins,
for example, see: (a) Gross, Z.; Nimri, Blorg. Chem.1994 33,
1731-1732. (b) Gross, ZJ. Biol. Inorg. Chem1996 1, 368-371.
(c) Nam, W.; Lim, M. H.; Oh, S.-Y.; Lee, J. H.; Lee, H. J.; Woo, S.
K.; Kim, C.; Shin, W.Angew. Chem., Int. E@00Q 39, 3646-3649.
(d) Song, W. J.; Ryu, Y. O.; Song, R.; Nam, \l.Biol. Inorg. Chem.
2005 10, 294-304.

(7) (a) Green, M. T.; Dawson, J. H.; Gray, H. 8cience2004 304, 1653~
1656. (b) Ogliaro, F.; de Visser, S. P.; Shaik,JSInorg. Biochem.
2002 91, 554-567.

(8) (a) Loew, G. H.; Harris, D. LChem. Re. 200Q 100, 407—419. (b)
Harris, D. L. Curr. Opin. Chem. Biol2001 5, 724-735. (c) Shaik,
S.; Kumar, D.; de Visser, S. P.; Altun, A.; Thiel, Whem. Re. 2005
105 2279-2328.

(9) Rydberg, P.; Sigfridsson, E.; Ryde, Ul.Biol. Inorg. Chem2004 9,
203-223.
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(11) (a) Rovira, C.; Fita, IJ. Phys. Chem. B003 107, 5300-5305. (b)
Loewen, P. C.; Carpena, X.; Rovira, C.; lvancich, A.; Perez-Luque,
R.; Haas, R.; Odenbreit, S.; Nicholls, P.; FitaBiochemistry2004
43, 3089-3103.
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S0c.200Q 122 12892-12893. (b) de Visser, S. P.; Shaik, S.; Sharma,
P. K.; Kumar, D.; Thiel, WJ. Am. Chem. So2003 125 15779~
15788. (c) Shaik, S.; de Visser, S. P.; Kumar,JDAm. Chem. Soc.
2004 126, 11746-11749. (d) de Visser, S. B. Phys. Chem. 2005
109 1105G-11057.

(13) de Visser, S. P.; Shaik, $. Am. Chem. So2003 125 7413-7424.

(14) (a) Sharma, P. K.; de Visser, S. P.; Shaik].3Am. Chem. So2003
125 8698-8699. (b) Kumar, D.; de Visser, S. P.; Sharma, P. K.; Hirao,
H.; Shaik, S.Biochemistry2005 44, 8148-8158.

(15) (a) de Visser, S. P.; Ogliaro, F.; Sharma, P. K.; Shaikngew. Chem.,
Int. Ed.2002 41, 1947-1951. (b) de Visser, S. P.; Ogliaro, F.; Sharma,
P. K.; Shaik, S.J. Am. Chem. So002 124, 11809-11826. (c)
Kumar, D.; de Visser, S. P.; Shaik, Shem—Eur. J.2005 11, 2825~
2835.

(16) Shaik, S.; de Visser, S. P.; Ogliaro, F.; Schwarz, H.; St#moD.
Curr. Opin. Chem. Biol2002 6, 556-567.

(17) Suydam, I. T.; Snow, C. D.; Pande, V. S.; Boxer, SS@ence006
313 200-204.
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were found to vary strongly between various proték.
should be noted that not only can electric fields influence
protein and enzyme function but also magnetic fields can

do this although there is debate going on about the magnitude

of this effect!® Nevertheless, it is important to understand
the way in which an active site of an enzyme reacts to local

perturbations, such as a dielectric constant or an external

electric field. To this end, we have investigated the electronic

properties of catalase Cpdl and its behavior under extreme

conditions.

Thus, although many heme enzymes are very much alike,
there are small differences that distinguish them from each
other and that give each heme enzyme its own distinctive
qualification. In particular, the active center of heme enzymes

has been shown to be affected considerably to small external

perturbations that consequently also affect the catalytic
activity of the enzyme. As such, it is important to fully
understand the environmental effects that influence the low-
lying electronic states and the quarteibublet energy
splitting. In the past, we extensively studied these effects
for models of cytochrome P450, horseradish peroxidase
(HRP), and €P enzyme model&:12 A detailed analysis of
this kind has never been performed on catalase Cpdl,
however; therefore, we believe it is timely to present the
results of a thorough analysis of the ordering of the low-
lying electronic states as a function of external perturbations
in order to fully understand and appreciate the factors that
stabilize the active site of catalase Cpdl. As we will show
here, similarly to other heme enzymes the quarttietublet
energy gap is indeed influenced by external perturbations
as well as the charge and spin distributions. There are,

Ay

Ay

Figure 1. High-lying occupied and low-lying virtual orbitals of catalase
Cpdl.

the phenol group of Tyg; and replaced Args by a methylguani-
dinium group. The side chains of the heme were replaced by H
atoms because we showed before that these have little effect on
the electronic properties of the active sit&Subsequently, we added
H atoms to the system to get a model with stoichiometryatics-
FeN;O;]*. Previous work of Green and Ryde et al. showed that
this is an appropriate model of catalase CpHITo identify the
electronic ground state, we tested the system in the doublet, quartet,
and sextet spin states.

We used several procedures to test the effect on the deublet

however, critical differences between the heme enzymes thatyuartet energy splitting such as the addition of a dielectric constant

make catalase Cpdl unique.

Methods

We use generally accepted methods, which we will briefly
summarize her#2d420 As before, we use the unrestricted hybrid
B3LYP density functional theory (DFT) method in combination
with a doubleé-quality LACVP basis set on the Fe atom and a
6-31G basis set on the rest of the atothall structures were fully
optimized (without constraints) using th#&aguar 5.5 program
packagé? and an analytical frequency Baussian-9&erified that
the structures are indeed local minidia.o improve the energetics,
we ran single-point calculations using the LACV/8Pbasis set in
Jaguar?tc

As a model for catalase Cpdl, we used the 1IMQF“palbh a
starting point, of which we selected the exioon heme group and

(18) (a) Simonson, WCurr. Opin. Struct. Bial 2001, 11, 243-252. (b)
Warshel, A.; Papazyan, ACurr. Opin. Struct. Biol.199§ 8, 211~
217.

(19) (a) Afanasyeva, M. S.; Taraban, M. B.; Purtov, P. A.; Leshina, T. V.;
Grissom, C. BJ. Am. Chem. So006 128 8651-8658. (b) Jones,
A. R.; Scrutton, N. S.; Woodward, J. R. Am. Chem. So2006
128 8408-8409.

(20) (a) de Visser, S. R. Biol. Inorg. Chem2006 11, 168-178. (b) de
Visser, S. PAngew. Chem., Int. EQ200§ 45, 1790-1793. (c) de
Visser, S. PJ. Am. Chem. SoQ006 128 9813-9824.

(21) (a) Becke, A. DJ. Chem. Phys1993 98, 5648-5652. (b) Lee, C.;
Yang, W.; Parr, R. GPhys. Re. B 1988 37, 785-789. (c) Hay, P.
J.; Wadt, W. RJ. Chem. Phys1985 82, 299-310.

(22) Jaguar 5.5 Schralinger, Inc.: Portland, OR, 2000.

(23) Frisch, M. J.; et alGaussian-98Gaussian Inc.: Pittsburgh, PA, 1998
(see the Supporting Information).

to the system using the self-consistent reaction field model as
implemented inJaguar 5.5%2 We used a large range of dielectric
constants€) representing chlorobenzene= 5.7,rp = 2.72), 1,2-
dichloroethaneq = 10.65,rp = 2.51), nitrobenzene: (= 35.74,rp

= 2.73), and watere(= 80.37,rp = 1.40), wherebyp is the probe
radius. In addition, we investigated the effect of an applied external
electric field on the energetics and spin densities of the lowest-
lying electronic states using standard procedureSanssiar®® A
typical electric field induced by a dipole moment in a protein is on
the order of 10 MV cm? and may lower the barriers of transition
states by 2.3 kcal mol.Y” In this work, we use a series of applied
electric fields in the range o£0.015 au £77 MV cm™1), which

are well higher than typical protein values but should give the
maximum boundaries of response of the enzyme to local electric
fields.

Results

The oxo-iron species of heme enzymes has many close-
lying molecular orbitals, and as a result, Cpdl has many
close-lying electronic statés?® Figure 1 shows the high-
lying occupied and low-lying virtual orbitals of catalase Cpdl.
On the left-hand side, we show the five metal 3d orbitals,
which split into the usual§—e, set of orbitals. The lower

(24) Ogliaro, F.; de Visser, S. P.; Cohen, S.; Kaneti, J.; Shaik, S.
ChemBioChem2001, 848-851.

(25) Ogliaro, F.; de Visser, S. P.; Groves, J. T.; ShaikAggew. Chem.,
Int. Ed. 2001, 40, 2874-2878.
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Table 1. Low-Lying Electronic States with Relative Energies and

Group Spin Densitiesp] for Catalase CpdP ]'65.4 Ll

label orbital occupation ~ AE® pre po  prPor  PTyr  PArg e

Pou  O%* At yfanfaedt 00 101 102 0.74 0.23 0.00

Aoy 0%ttt ytan et —-0.3 1.10 0.99 —0.85 —0.24 0.00 2.117(2.135)
P 0% At fadtan 31 1.06 1.01 093 0.00 0.00 J.829(1.834)
A1 0%ttt e tand 41 1.05 1.02 -1.03 —0.04 0.00 T

6Agy Ottt to*wlanand 115 3.02 0.72 119 0.07 0.00 ¥I337

~
1.766
Arg
(1.777) 333
aRelative energies in kcal mdl with respect to théA,, state.? Energies
obtained from UB3LYP/LACV3R-* single points on UB3LYP/LACVP- !
optimized structures. The reference energy is1739.406 46 au.
FFeN average 2.022 (2-022]
three of those split further into a one-below-tw®, (*) I 24
subset because tldge_2 orbital is a nonbonding orbital that 2u ("Azu)
cannot form overlap with the orbitals on the heme ligand. Figure 2. Optimized geometries of catalase Cpdl in #he. (°Az,) states
Thez* orbitals (*,, 7*,,) reflect the antibonding interac- as obtained with UB3LYP/LACVP idaguar 5.5 All bond lengths are in

) . . . angstroms.
tions of the 3¢, orbitals on Fe with the 2p orbitals on O

along the Fe-O bond. The gset of orbitals are™,, for the to be at least 3.1 kcal mol higher in energy. This matches
antibonding interactions between the metal and the pyrrole the state ordering obtained for HRP Cpdl, where we found
N atoms and* 2 for the antibonding interactions along the = simijlar excitation energie€ The a, orbital is known to
O—Fe—0 axis. These five orbitals are essentially similar in - mix with orbitals located on the axial ligadeiThus, the lone-
shape to those obtained before with other heme enzymes Wit%air orbital on the thiolate ligand in P450 Cpdl mixes
either thiolate, chloride, or imidazole as axial ligafé*>?*  girongly with the a, orbital and raises it in energy. Because,
The system also has two high-lying heme orbitals, which in i, the P450s, the;aorbital does not mix with other orbitals,
Dan symmetry have the labels.zand a,, and a high-lying  the energy gap between ti,, and*A,, states is quite large
7 orbital on the tyrosinate ligandrty). (21.3 kcal mot?),s whereas @ and a, are degenerate in
The complete set of orbitals shown in Figure 1 is occupied an isolated Por groufs.In catalase Cpdl (Figure 1), there
by nine electrons: we computed the lowest-lying electronic gppears to be a little bit of mixing of the arbital with the
states in various overall spin states (see Table 1). All statesy,, orbital, and as a result, a significant amount of spin
are labeled according to the heme orbital that is singly density has accumulated on the axial ligand. However, this
occupied, and the superscript next to the label identifies the mixing is not large enough to destabilize the arbital over
overall spin state. In all states, the metal is in oxidation state the g, orbital considerably; hence, tha,/*A., energy gap
Fe¥ and therry, orbital is doubly occupied. All attempts to s virtually the same as the one obtained for HRP Gl
create an electronic state withyy, singly occupied failed,  \we also tested the sextet spin state, but because of the
and the calculation converged to one of the lower lying states excitation of an electron from the nonbondiny orbital to
in Table 1. Analogously to other heme enzymes such as P450an antibondingd* ) orbital, this state is considerably higher
and HRP}??32¢ the lowest-lying electronic state has jn energy than the quartet and doublet spin states.
0% /'@ gt occupation. The 4 orbital can be fer- The optimized geometries of catalase Cpdl in4hg, and
romagnetically or antiferromagnetically coupled to the two 2A,, states are shown in Figure 2. The-R@ bond is short
or* orbitals in either an overall quartet or doublet spin state (1.654 A in%A,, and 1.651 A ir?A,y), typical for a double
(*A2u). These two states are virtually degenerate in the gaspong. These bonds are somewhat shorter than the experi-
phase, with a small preference #,, over “Az,. Because  mentally obtained valdeof 1.761 A but match the experi-
of single occupation of ther*s, 7*y, and a, molecular  henta) data of 1.621.7 A for HRP Cpdl excellentlj® The
orbitals, there is.a spin_density of around 2 on the-eixon long Fe-O distance found in the pdb of catalase Cpdl
group. The rest is distributed over the Por (0.74Aa, and presumably indicates that a proton is bound to the oxo group
—0.85in?A,,) and the tyrosinate ligand (0.23 fit\, and because usually distances of this order of magnitude are
—0.24 in?Az,). Our calculated spin densities are in good gptained for Fe-OH bonds rather than for EeO bonds®
agreement with the ones obtained by Gréewho found  \odels on catalase Cpdl predicted-Re distances of 1.622
spin densities oppor = 0.83 andoryr = 0.21, although Ryde (1 620) A and Fe Oy, distances of 2.175 (2.300) A for the
et al? found somewhat more spin density on the axial ligand. quartet (doublet) spin statéghese data are in reasonable

Nevertheless, our results are in line with resonance Raman,greement with our optimized geometry. Earlier calculations
spectroscopy on catalase Cpdl, which also indicated spin

delocalization toward the axial I|gar?éi (28) Ghosh, AAcc. Chem. Red.998 31, 189-198.
In addition, we checked the possibilities of having the a  (29) (a) Chance, B.; Powers, L.; Ching, Y.; Poulos, T. L.; Schonbaum, G.

orbital singly occupied rather tham,dut found these states R VA e AL S P

Renner, M.; Balch, A. L.; Groves, J. T.; Dawson, J. H.; Hodgson, K.
0. J. Am. Chem. Sod986 108 7819-7825. (c) Berglund, G. I.;
Carlsson, G. H.; Smith, A. T.; Ske, H.; Henriksen, A.; Hajdu, J.
Nature (London002 417, 463—468.

(26) (a) Green, M. TJ. Am. Chem. Sod.998 120, 10772-10773. (b)
Green, M. T.J. Am. Chem. S0d.999 121, 7939-7940. (c) Green,
M. T. J. Am. Chem. So@00Q 122, 9495-9499.

(27) Chuang, W.-J.; Van Wart, H. B. Biol. Chem.1992 267, 13293~
13301.
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(30) de Visser, S. P.; Kumar, D.; Cohen, S.; Shacham, R.; Shalk /8n.

Chem. Soc2004 126, 8362-8363.
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Table 2. Relative Energies of th&2A,, and*2A 1, States under the Po =095 (0.92)[0.93 (0.90)]
Influence of a Dielectric Constang)(of Various Strengtis Pre=1.08 (1.18) [1.09 (1.19)]
label AE.=® AE.s5# AEc106f AEc=357f AEc=g03f
Aoy 0.0 0.0 0.0 0.0 0.0
2A0, -0.3 0.2 0.1 —-0.1 —-0.2
A1y 3.1 6.1 6.0 5.7 5.3
2A 1y 4.1 7.0 6.9 7.3 7.1

aRelative energies in kcal mol with respect to théA,, state.? Energies
obtained from UB3LYP/LACV3R-* single points on UB3LYP/LACVP-
optimized structures. Calculated at the UB3LYP/LACVP level of theory.

[ [«

Prye=0.22 (-0.24) Pase = 0.01 (0.00)
[0.22 (-0.23)] [0.01 (0.00)]

£=5.7[e=10.65]

of us and others on oxéiron Por systems gave similar F©
distances of around 1.64L.65 A for P45(%425311 62—1.64
A for HRP modelsi?>26c and 1.6571.663 A for @GP
modelst?¢320ur calculated FeOry, and Gy—Narg distances 4A2u (zAzu)
of 2.117 (2.135) and 2.719 (2.728) A, respectively, for the Figure 3. Group spin densities of thifz, (%As,) states inc = 5.7 and
quartet (doublet)-optimized geometries match the IMQF pdb 10.65. Values in square brackets refekter 10.65.
distances of Chart 1 perfectly. Therefore, our model correctly
reproduces electronic as well as geometric characteristics o
catalase Cpdl.

Although catalase Cpdl has a nonplanar heme (Chart 1),
a full optimization of the model converted to an almost planar
structure. In oxe-iron heme models of peroxidases ruffling
of the Por ring was shown to stabilize the system by about
2 kcal mol1.2 To test the effect of a nonplanar heme on

h I E ingle-poi L .
the quartet—dogb et energy ga qp), We ran single-point therefore it is not expected that theAstates will play a
calculations with the distorted heme group as taken from . ; )

role of importance in catalase Cpdl. To illustrate the effect

the IMQF pdb inserted into the optimized geometry of the of a dielectric constant on the group spin densities, we show
4A,, structure described above. In contrast to peroxidase. group sp j

models? ruffling of the heme raises the energy strongly, ZISFéglrJ]r%:;Z:ngrtC:]lJepSSFi);‘n ddeennssi:it:eessgrr::tr?e'?d?«mr;d 1?0'55'
whereas the group spin densities and quaideublet energy . ’ b . group
gap, on the other hand, undergo only minor changes are slightly more polarized toward the Fe in a dielectric
Therefore, the nonplanarity of catalase Cpdl is not an intrinsic cpngtant, while in the 9as phase, the spin dens_lty IS eql_JaIIy
property of the oxeiron heme system but more likely the distributed over the oxeiron group. No changes in the spin

L . . ; densities on the heme and tyrosinate ligands are obtained in
result of electrostatic interactions of the heme with neighbor- : . :
. . . . a dielectric constant with respect to the gas-phase results.
ing groups in the enzyme active site.

Because the proximal site of catalase Cpdl contains manyWith larger values of a dielectric constant, virtually the same
polar residues, we also ran a series of test calculations ond"ouP spin densities and charges are obtained; therefore, it
the effects originating from this site. Thus, we addeck@H seems that the magnitude of the dielectric constant does not
molecule hydrogen bonded toward the oxo group at a have much effec'F on the charge and spin densn!es. .
distance of 2.0 A and ran single-point calculations. As Thereafter, we investigated the effect of an applied electric
expected, a hydrogen-bonded® molecule polarizes the field on the doubletquartet energy gap and the charge and

B i’n densities on the oxiron aroun toward the Fe spin distributions of the system. In previous work, we showed
gtompstfon ly bre = 1.32; po = 0 749)] Atpthe same time that with an oxe-iron heme model with a thiolate axial
the tyrosingtg Ii;eand Qaiﬁgoradicél cﬁarac‘rﬁ.r (= 0.33) " ligand, an external electric field can change the system from

yl— Y. ) _ - ; ; innl2c
while it is reduced on the Por ringd,r= 0.60). Nevertheless, g‘(r::‘?arﬁe .Sr(?%ilrpagd dl;ptgn ;ystlc_—:-erg gg)c?r'cptf)';%ltg::r?nés the
the doublet-quartet energy gap is similar to the one obtained imiarly, | pal, an appl el hang
in the gas phase withouts®* (AEqs = —0.6 kcal mot? system from a Trp radical to a Por radical or vice veéféa.
for 4°CpdI-H3;0" using the LACV3P-* basié set). Figure 4 shows the energy gap bgtween%@ aqd A .

Subsequently, we investigated the effect of a dielectric ;tates of catalase Cpdl as a fupchon 2f an applied electric
constant on the ordering and relative energies of‘the, field. As can be seen, changes in #e,/*Az, gap of up to

L . . ) .
and#?A,, states (Table 2). A dielectric constant of eitler Elerlrzjosrog kt%al r(?i?éc?éi (l)\;);aruenoevderwilttgoaens iﬁglr']eg r?(l)et%t:f
= 5.7 or 10.65 reverses the ordering“@f,, and?A,, and g they : ' 9 y

. the relative energy between the quartet and doublet spin states
kes th h [though . . ) .
makes the quartet spin state the ground state, although by ak‘)ut also the spin state ordering. Therefore, the active species

mall margin. EPR and ENDOR studies determined ferro-
magnetic coupling of the twa* orbitals with g, which
supports &A,, ground state. A larger dielectric constaat (
= 35.74 or 80.37) only has a minor effect on the relative
energies of these four states and makes the doublet spin state
the ground state again, although by a very small margin.
The separation between thepAand A, states stays
significant and is well higher in a dielectric constant;

(31) Yoshizawa, K.; Kagawa, Y.: Shiota, ¥. Phys. Chem. B00Q 104, of catalase Cpdl is extremely sensitive to external perturba-

12365-12370. . tions, and an induced electric field of the enzyme environ-
(32) gvc,'fgg‘é'\gf'f&?ggl’o'\fég' A Siegbahn, P. E. BLAm. Chem. 01t should be able to modulate the quartinublet energy
(33) Deeth, R. JJ. Am. Chem. S0d.999 121, 6074-6075. gap. In @P, an applied electric field kept the quarteibublet
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de Visser

X Scheme 1. Mixing of Two VB Structures of Catalase Cpdl
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heme ligand gror = 0.74), with a small contribution on the
61 A A e X tyrosinate ligand ¢r,, = 0.23). However, with an electric
2/ A I8P field in the positivex direction, the system changes to a
tyrosinate radical, whereas in the opposite direction, the
system retains the heme radical situation (Scheme 1). Thus,
the system can exist in a charge-separated situation with a
cation radical on the heme and an anionic axial ligand or
have a neutral heme and a radical axial ligand. These two
valence bond (VB) states mix, and external perturbations
-6 T - T ' determine the percentage of each of these VB forms in the
-0.020 0010~ 0.000 0.010 0.020 system. In particular, the mixing depends on the ionization
Electric Field (au) energy of the axial ligand, the electron affinity (EA) of Cpdl,

Figure 4. Quartet-doublet energy gapAEqp in kcal mol™) between - - P -
the*A,, and?A, states as a function of an applied electric field along one and the difference in the electrostatic interaction ené%@y'

of the principal axes of the system as defined on the top. A negative value Furthermore, a spin density ¢f = 1 on the Por ligand

OTyr

AEgp 2 4
(kcal/mol) 0

2 4

4 1

means @Az, ground state. suggests a dominant charge-separated species, ieQ+e
12 - (Port)OTyr-, whereas a spin density of = 1 on the
tyrosinate ligand implies an F&O(Por)OTyr situation. Thus,
1.0 1 in the gas phase, the dominant form is the charge-transfer
P 0s | structure Fe=O(Por*)OTyr™ due topper = 0.74 andory, =
- Fe 0.23. However, applied electric fields can completely reverse
0.6 1 =0 the spin densities and create systems that are either purely
-+ Por Fe=O(Por")OTyr or Fe=O(Por)OTyr.
047 s Tyr Our attempts to create an electronic st#fdq(;) in the
021 * Arg gas phase with%z* . lr* ey 20 21yt Occupation failed and
always converged back to the more stalfte* . lrr* e 2a0.*
0.0 * * * * ' ' ' ' solution. Therefore, the energy gap between 4hg, and
0020 0015 -0010 0005 0000 0005 0010 0015 0020 41 states should be considerable and at least 20 kcaltmol
Electric Field in X-Direction (au) in energy. Note as well that the spin densities on the Arg

Figure 5. Group spin densities in the o, state under the influence of an  residue are minimal and stay negligible during all experi-
applied external electric field along theaxis. . " . . i

ments. The spin densities with an applied electric field along
energy gap withint0.5 kcal mot? even when the strength  they andz axes follow trends similar to the one depicted in
and direction of the field was changed. Figure 5 (see the Supporting Information). Although the Por

In Figure 5, we present the effect of an applied external is in the yz plane of symmetry, the tyrosinate ligand, by
electric field along thex axis on the group spin densities of ~contrast, is not located in eithry, xz oryzplanes but under
the“A,, state of catalase Cpdl. Because of single occupationan angle of each of these. Therefore, a perturbation along
of the n*4, and*y, orbitals, there is a spin density of 2 on one of the three principal axes will influence the charge and
the FeO moiety. In the gas phase, the spin density is equallyspin densities on the tyrosinate ligand and consequently also
distributed over both atoms of the FeO moigty.(= 1.01; on the Por group.
po = 1.02), but an external electric field effect changes the
charge and spin polarization of the exiwon group. Thus,
with an applied electric field of 0.015 au along thef2 In this work, we showed the results on environmental
bond, the spin densities changeote = 1.14 andoo = 0.92, (external) effects that influence the doubteuartet energy
whereas with a field in the opposite direction, the values splitting of a model of catalase Cpdl. Although in the gas
arepre = 0.91 andoo = 1.12. Nevertheless, the sum of the phase, there is a small preference of #Ag, state over the
spin densities on the oxdron group stays virtually the same %Ay, state, in a dielectric constant of either= 5.7 or 10.65
regardless of the direction and magnitude of the applied the quartet spin state is lower. This is in agreement with
electric field. EPR and ENDOR studies, which found a quartet spin ground
By contrast, the spin densities on the Por and tyrosinate state for catalase Cpdl.

residues change considerably. In the gas phase, most of the To verify the effect of an oxygen bound axial ligand on
spin density for single occupation of thg, arbital is on the the quartetdoublet energy splitting, we present in Table 3

Discussion
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Electronic Properties of Catalase Compound |

Table 3. Doublet-Quartet Energy Splitting/Eqp) and the EA of Cpd the electron addition to Cpdl leads to a triplet spin state with

| for Several Fe=O(Por)L Heme Systems with Various Ligands L orbital occupatioraixz_fzn*len*yzlaguz; i.e., the a, molecular
L AEqp #® (kcal mol™) EA(CpdIy (eV) orbital accepts one electron. Because thesbital in Fe=
OH~ 0.98 3.30 O(Por)SH mixes strongly with a lone-pair orbital on the
oser 0.19 3.40 thiolate ligand, this results in a small EA of 3.06 eV because
'S“L'Z' _8:2; g:gg of the push effect of the thiolate ligarilAxial ligands, such
OTyrd —0.30 6.12 as ImH and tyrosinate, are much weaker ligands that show

a A positive value denotes a quartet spin ground stamergies obtained mU(.:h lesser mixing of the,@orbital with other hlgh-lylng.
at the LACV3PH* level of theory with zero-point-energy corrections at ~ Orbitals. As a result, the energy to accept an electron into
the LACVP Ie_veI.C Model of CcP Cpd | from ref 12d9 Model of catalase the g, orbital is much h|gher and, hence, the EA is |arger_
Cpd I from this work ¢ From ref 12b From ref 7b. Table 3 shows also the EA values for systems with arm OH
the quartetdoublet energy splittingXEqp) of a series of or serinate axial ligand. These ligands apparently also induce
oxo—iron Por systems FeO(Por)L with oxygen-based axial ~ a push effect on the metal and give low EAs of 3-48044
ligands L (L= OH-, OSer, and OTyr) and non-oxygen-  €V. Nevertheless, the EA of the system with thiolate as the
based axial ligands L (& SH-, ImH). These ligands mimic  axial ligand is by far the lowest, so it is not surprising that
the active sites of Cpdl of P450 (SH HRP (ImH), and nature has chosen a thiolate ligand for a catalyst that can
catalase (OTyr), whereby ImH represents an imidazole Oxygenate substrates. The reason that no enzymes with a
group. In addition, we also calculated other hypothetical serinate axial ligand exist is probably because it requires too
oxygen-bound axial ligands, such as the minimal system OH Mmuch energy to deprotonate serine, while this is much more
and a deprotonated serine amino acid (O%ehs can be thermodynamically favorable for a cysteine residue.
seen from Table 3, the axial ligand distinctly influences the
quartet-doublet energy splitting in such a way that a strong
electron-donating ligand like OHstabilizes the quartet over DFT calculations on a model of catalase Cpdl show that
the doublet spin state by almost 1 kcal miglwhile a the active center is extremely sensitive to external perturba-
tyrosinate ligand as in catalase seems to stabilize the lowtions. In particular, a dielectric constant or an applied external
spin stronger. Thus, it was shown that the quartietublet electric field can change the ordering and energy differences
energy gap correlates to the spin-coupling consiawhich of the quartet and doublet spin states. If the reactions
has a positive value for catalase Cpdl, is neutral in HRP catalyzed by Cpdl in the quartet spin state differ distinctly
and negative in P458:26 These trends were assigned to from the ones in the doublet spin state, this effect can have
differences in the axial ligand8However, here we find no  serious consequences on the activity of the enzyme.
correlation betweerEqp and the EA of Cpdl (Table 3). In
principle, the quartetdoublet energy gap is dependent on
the amount of mixing and therefore exchange stabilization
of the g, molecular orbital with the twor* orbitals. With
the Fe atom in the plane of the Por ring, this mixing will be
negligible and the doublet and quartet spin states are Supporting Information Available: Twelve tables with relative
degenerate. If the mixing is favorable, it will increase the energies, group spin densities, and charges of various Cpdl
exchange stabilization and lower the quartet over the doubletstructures under different environmental conditions. Also provided
spin state considerably. are nine figures with effects of an electric field on energies and

Also shown in Table 3 are the EAs of the various Cpdl 9rouP spin densities. This material is available free of charge via
species, which is the energy difference between Cpdl andthe Intemet at http://pubs.acs.org.
Cpdll, the one-electron-reduced form of Cpdl. Generally, 1C061019R

Conclusions
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