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Abstract: The electronic structures of [Fe(Por)(ImjOand [Fe(Por)(Im)O] (model compountsndll , respectively)

have been studied on the basis of density functional theory or DFT=Pgorphine, Im= imidazole). The @&,
s-cation radical state’f\,,) was determined to be the ground state of compduwith total spin equal t&/,, while

the a, zr-cation state4A;,) was found to be 0.15 eV higher in energy than 4Ae, state. Since, in both states, the
spins were localized to the porphyrin rin§ £ /,) and the Fe-O center §= 1), the magnetic coupling interaction
between the two spin sites was examined by using a broken symmetry method. The caltuizliesl revealed

very weak magnetic coupling for thexfstate, which corresponded to the experimental data. The calcJlatdde
revealed strong antiferromagnetic coupling for the, Atate. The calculated NMsbauer spectrum parameters
(quadrupole splitting and asymmetry) were similar for both thg #d Ay, states, and both agreed well with
experimental values. On the other hand, the calculated hyperfine coupling constants for the nitrogen and the proton
of the porphyrin ring were different in the two states. Although the experimental coupling constant values of the
pyrrole nitrogen atoms were intermediate between the calculated values fos thadM, states, the experimental
values for the meso protons were closer to the values calculated for,thetate. These results suggest that the
electronic structure of compoundis closer to the A, state than to the £ state. However, these results also
suggest that there is the possibility that the electronic structure of compdarah admixture of the A state and

the Ap, state. The electronic structure of compouhdvas calculated and compared with the electronic structure of
compound. The energetics of the redox reaction between the two compounds is discussed.

Introduction Ramarez-27 EXAFS 617 and X-ray crystallograph$® Mag-

Peroxidases, such as horseradish peroxidase (HRP) ar@etic susceptibility measurements have indicated that there are

hemeprotein enzymes _that cataly_ze subst_rate oxidation by (6) Simonneaux, W. F.; Scholz, W. F.; Reed, C. A.; LangB&chim.
hydrogen or alkyl peroxides. Two intermediates, compounds Biophys. Actal982 716, 1.
I (HRP-I) andll (HRP-II), have been shown to be involved in (7) Boso, B.; Lang, G.; McMurry, T. J.; Groves, J. I.Chem. Phys.

. . ; . 1983 79, 1122.
the HRP reaction proce’sas shown in the following scheme: (8) Schappacher, M.; Weiss, B. Am. Chem. Sod.985 107, 3736.
1)

(9) Mandon, D.; Weiss, R.; Jayaraj, K.; Gold, A.; Terner, J.; Bill, E.;
Trautwein, A. X.Ilnorg. Chem.1992 31, 4404.

2

®3)

HRP+ H,0, — HRP-I+ H,0

(10) Schulz, C. E.; Devaney, P. W.; Winkler, H.; DeBrunner, P. G.; Doan,
N.; Chiang, R.; Rutter, R.; Harger, L. FEBS Lett.1979 103 102.

(11) Dolphin, D.; Forman, A.; Borg, D. C.; Fajer, J.; Felton, R.Roc.
Natl. Acad. Sci. U.S.AL971, 68, 614.

(12) DiNello, R. K.; Dolphin, D.J. Biol. Chem.1981, 256, 6903.

(13) Fujii, H. J. Am. Chem. S0d.993 115, 4641.

(14) Roberts, J. E.; Hoffman, B. M.; Rutter, R.; Hager, L.JP.Am.
Chem. Soc1981 103 7654.

HRP-1+ AH, — HRP-Il + AHe

HRP-Il + AH, — HRP+ AHe -+ H,0

HRP-I is two oxidizing equivalents above the ferric resting state
of the enzyme and is considered to have a8ebond with a
porphyrinz-cation radical. HRP-II, produced by one-electron
reduction of HRP-I, is also considered to have a-Bebond,
but thes-cation hole on the porphyrin disappears following
recombination with an electron.

The electronic and magnetic properties of HRP-I, HRP-II,

and their related compounds have been extensively investigated

by magnetic susceptibilit§® Méssbauef,® ESR?1%electronic
absorptiontt~13  ENDOR415 NMR,3131821  resonance
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12, Shimo 3-Chome Kita-ku, Tokyo 115, Japan.

® Abstract published irAdvance ACS Abstractdyovember 15, 1997.

(1) (a) Dunford, H. B.; Stillman, J. $oord. Chem. Re 1976,19, 187.
(b) Dunford, H. B.Adv. Inorg. Biochem1982 4, 41. (c) Hewson, W. D.;
Hager, L. P.The PorphyrinsVol. 7, p 333.

(2) Theorell, H.; Ehrenberg, AArh. Biochem. Biophysl952 41, 442.

(3) Groves, J. T.; Haushalter, R. C.; Nakamura, M.; Nemo, T. E.; Evans,
B. J.J. Am. Chem. S0d 981, 103 2884.

(4) Moss, T. H.; Ehrenberg, A.; Bearden, A.Biochemistry1969 8,
4159.

(5) Harami, T.; Maeda, Y.; Morita, Y.; Trautwein, A.; Gonser, .
Chem. Phys1977, 67, 1164.

S0002-7863(97)00574-X CCC: $14.00

(15) Roberts, J. E.; Hoffman, B. M.; Rutter, R.; Hager, L.JPBiol.
Chem.1981, 256, 2118.

(16) Penner, J. E.; McMurry, T. J.; Renner, M.; Latos-Grazynski, L.;
Eble, K. S.; Davis, I. M.; Balch, A. L.; Groves, J. T.; Dawson, J. H.;
Hodgson, K. OJ. Biol. Chem1983 258 12761.

(17) Penner, J. E.; Eble, K. S.; McMurry, T. J.; Renner, M.; Balch, A.
L.; Groves, J. T.; Dawson, J. H.; Hodgson, K. DAm. Chem. S0d986
108 7819.

(18) Morishima, I.; Ogawa, Sl. Am. Chem. Sod.978 100, 7125.

(19) La Mar, G. N.; de Ropp, J. S. Am. Chem. S0d.98Q 102 395.
(20) La Mar, G. N.; de Ropp, J. S.; Latos-Grazynski, L.; Balch, A. L.;
Johnson, R. B.; Smith, K. M.; Parish, D. W.; Cheng, RJ.JAm. Chem.
Soc.1983 105, 782.

(21) Thanabal, V.; La Mar, G. N.; de Ropp, J. Biochemistry1988
27, 5400.

(22) Hashimoto, S.; Tatsuno, Y.; Kitagawa, Froc. Jpn. Acad. Ser.
1984 B60, 345.

(23) Hashimoto, S.; Tatsuno, Y.; Kitagawa, Froc. Natl. Acad. Sci.
U.S.A.1986 83, 2417.

(24) Bajdor, K.; Nakamoto, KJ. Am. Chem. S0d.984 106, 3045.

(25) Proniewicz, L. M.; Bajdor, K.; Nakamoto, K. Phys. Chenl986
90, 1760.

(26) Schappacher, M.; Ghottard, G.; Weiss,JRChem. Soc., Chem.
Commun.1986 2, 93.

(27) Paeng, K. J.; Kincaid, J. R. Am. Chem. S0d.988 110 7913.

(28) Schappacher, M.; Weiss, B. Am. Chem. Sod 985 107, 3736.

© 1997 American Chemical Society



Electronic Structures of Model Peroxidase Compounds

three unpaired electron§ & 9/;) for HRP-1 and two unpaired
electrons $= 1) for HRP-1123 Mo&ssbauer spectra, as well as
ESR spectra, suggest that both HRP-1 and -1l have an Fe(lV)
configuration § = 1).#710 The observed quadrupole splitting
was determined to be approximately 1.3 mm/s; the isomer shift

was roughly equal to 0.1 mm/s, and the asymmetric parameter

was 0.0 for both compounds. These values are different from
ferrous and ferric Fe porphyrin values, but they are similar to
values for model compounds considered to be ferryl Fe
porphyrins such as FeTPP(py)O. In addition, electronic spec-
trum studies have suggested that the extra spir (1/,) in
HRP-I is distributed on a porphyrin ring asmacation radical,
yielding a net spin of/, when theS = /, porphyrin is coupled

to the Fe(IV) center witls = 1.1112 ENDOR study for HRP-|

by Roberts et a° provided direct evidence foracation radical
center. Their observations of hyperfine structures'd, C,,

and G protons and their comparisons with the theoretical studies

J. Am. Chem. Soc., Vol. 119, No. 4711893
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Figure 1. Geometry used for the calculations of model compounds
andll. The imidazole molecule lies in the plane.

dazole of HRP.Ab initio RHF and CASSCF calculatiofison
model HRP-I and HRP-II that incorporated pyridine as an axial
ligand revealed that configuration interaction effects are essential

led them to conclude that the structures came from the porphyrinfor the description of the FeO bond in both HRP-I and HRP-

radical formed when one electron was removed from thera
molecular orbital.

That one O atom is bound to the Fe(IV) was suggested by
earlier*0 isotopic substitution studies on chloroperoxid#se.
Structural information on the FeO bond in HRP-I and HRP-

Il was provided by EXAFS studi€$;1” and structural data on

Fe(IV)-oxo-“picket-fence” porphyrin were collected from an
X-ray crystallographic stud$® The Fe-O distances were

reported to be 1.64 and 1.604 A, respectively. Tii:ENDOR

Il. Although the character of the F&© center and of the
porphyrinz-cation radical are essentially the same, iultiple
scattering calculatiod® yielded an electronic structure that
differed from that obtained with other types of calculations. The
two dr—pwr orbitals of the Fe-O center were calculated to be
lower in energy than the;aand &, porphyrinz-orbitals and

to admix more with occupiedggporphyrin-orbitals. These
alternative descriptions are significant because they point out
slight differences concerning the spin distribution of the

study on HRP-I suggested that about 25% of the spin on the POrphyrin ring that are important for the interpretation of

Fe—O center was located at the oxygen site with axial
symmetry'4 Similarity between the FeO electronic structures
in HRP-I1 and HRP-Il was further revealed by "Skbauer
spectrum parameters® and EXAFS spectroscopy:l’
Theoretical studies for HRP-1 and HRP-II were performed

hyperfine structures. Local density functional (LDF) calcula-
tions*® using the local von Barth-Hedin functional also exhibited
almost the same spin distribution as thex Xalculations,
although a sixth, axial ligand was not included in the model
compounds.

by using several quantum chemical methods. Charge iterative Electron correlation is an important part of the description

extended Hakel calculation®-31for model compounds of the
ground state of HRP-1§ = 3/,) indicated that two unpaired
electrons were located over the-F@ center in nearly degener-
ate and extremely delocalized antibonding (# pxr) orbitals.

of the electronic structures of HRP-I1 and HRP-Il. Previous
disparities, including the results ofoXcalculations, prompt
thorough analysis. Nonlocal density functional theory (NL-
DFT) incorporates electron correlation and is more sophisticated

These studies also indicated that the remaining unpaired electrorthan Xa calculations. The DFT calculations presented in this

was located in the highest energy, half-filleg, @orphyrin
s-orbital. UHF? and RHF334INDO methods were also used
to investigate the model compounds. “88bauer quadrupole
splittings and the NMR chemical shifts of HRP-I correlated with
the electronic configuration corresponding to Fe(I\®)= 1)

and porphyrin-cation radical $= 1/,). Approximately 20%

of the unpaired spin density in the +© center was calculated

to be on the O atom; this value was in agreement with the
experimentally determined value of approximately 25%. How-
ever, the g, -cation radical (theA,, state) was found to be
several kilocalories per mole higher in energy than the a
s-cation radical (théA,, state). Ab initio UHF study®36also
insisted that the ground state of the HRP-1 model compound is
the %Ay, state rather than th#\,, state. It is important to note
that the structure of the model compound used in those
calculations lacked an axial ligand corresponding to the imi-

(29) Hager, L. P.; Doubek, D. L.; Silverstein, R. M.; Hargis, J. H.; Martin,
J. C.J. Am. Chem. S0d.972 94, 4364.

(30) Loew, G. H.; Kert, C. J.; Hjelmeland, L. M.; Kirchner, R.F.Am.
Chem. Soc1977, 99, 3534.

(31) Hanson, L. K.; Chang, C. K.; Davis, M. S.; FajerJJAm. Chem.
Soc.1981, 103 663.

(32) Loew, G. H.; Herman, Z. SI. Am. Chem. Sod.98Q 102, 6173.

(33) Loew, G. H.; Axe, F. U.; Collins, J. R.; Du, lhorg. Chem1991
30, 2291.

(34) Du, P.; Axe, F. U.; Loew, G. H.; Canuto, S.; Zerner, C.Am.
Chem. Soc1991, 113 8614.

(35) Strich, A.; Veillard, A.Theor. Chim. Actal981, 60, 379.

(36) Strich, A.; Veillard, A.Now. J. Chim.1983 7, 347.

study will provide new insight into the electronic structures of
compounds andll, including the ground state of compouhd
and the spin coupling between the-H@ center and tha-cation
radical. The DFT calculations treat the energetics of the
compoundl — compoundll redox process, and the nature of
the orbitals involved.

Details of the Calculations

A. Molecular Geometry. Fe—porphyrin complexes with O and
imidazole axial ligands were used as model compounds of HRP-I and
HRP-Il. The geometries of the Fgorphyrin complexes were based
on the X-ray structures of previous model compounds published by
Collman et af® In the model compounds, the distance between the Fe
atom and the axial imidazole was set to 1.98 A. The distance between
the Fe atom and the axial O atom was set to 1.70 A. In the HRP-II
model, the Fe-O distance was varied in order to examine the potential
energy curve. The porphyrin X-ray structure was idealized}p
symmetry. The coordinate axes were arranged so that the nitrogen
atoms were on the bisector of tikeandy axes. The imidazole was
placed in thexzplane so that the molecular symmetry was Cs (Figure
1). Following this convention, the notation of tBa, symmetry group

(37) (a) Yamamoto, S.; Teraoka, J.; KashiwagiJHChem. Physl988
88, 303. (b) Yamamoto, S.; Kashiwagi, i€hem. Phys. Lett1988 145
111.

(38) Sontum, S. F.; Case, D. A. Am. Chem. S0d.985 107, 4013.

(39) Ghosh, A.; Aimid, J.; Que, L., JrJ. Phys. Cheml994 98, 5576.

(40) Collman, J. P.; Gagne, R. P.; Reed, C. A.; Robinson, W. T.; Rodley,
G. A. Proc. Natl. Acad. Sci. U.S.A976 71, 1326.
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Scheme 1 AE, v (1 7 )1/2 .
AG(Q) seQvai(t+2 )
[Fe(Por)(Im)O]* (g) + e ——#=  [Fe(Por)(Im)O](g) The V values are the principal components of the electronic field
- gradient (EFG) at the Fe nucleuf is the quadrupole moment of the
Fe nucleus (equal to 0.15 bdth ande is the electron charge. The
AG) AG)) EFG tensors were approximated by using the Sternheimer factors for
AG(s) Fe. The EFG tensors represent the contribution of both valence
electrons in orbitals centered on the Pé?) and ligand charges
+ - surrounding it ).
[Fe(Por)(Im)Ol*(s) + e —®  [Fe(Por)(Im)O] (s) g it @y
pa = VZZ" + V'fé (8)
was employed in labeling the molecular orbitals (MO’s) of the porphyrin
ring, although the symmetry was not perfectly maintained. 3r o™ (; r
B. Density Functional Calculations. All calculations were carried =—eg1- RS)Z ZPrsts —y, dv 9)
out with the Density Functional LCAO computer program of Baerends,
Ros, and co-workers (AMOL codé$pn a Cray-YMP supercomputer
at the Scripps Research Institute. Vosktilk —Nusair (VWN) LSD? 3RR, — (3qu2
potential was used with nonlocal Becke exchange correétiand VIat el- Voo)z qg———— (10)
nonlocal Perdew correlation correctitin The nonlocal corrections were R

incorporated into the potential during the SCF procedure (except as
noted). The Slater-type basis set was applied with a frozen core
approximation. For Fe, the 1s, 2s, and 2p atomic orbitals (AO) were
frozen, and the 1s AO were also frozen for C, N, and O. The

calculations were performed with a triplebasis set with polarization

The factors (1- Ry and (1— y.,) are the Sternheimer corrections
0.92 and 10.5, respectivel\R is the vector to a ligand with a Mulliken
charge ofg. The Mtssbauer calculations used a small frozen core
through Fe(2p), but with properties evaluated over valence Fe(3d,4s,4p)
. orbitals and all ligand orbitals. This both gave the most stable
funct_lons (4p AO for Fe, 3d AO for C, N, and O, and 2p AO for '__')' Méssbauer resultg and is an appropriate bgasis set for using the
A spin-unrestricted open-shell method was used for all calculations. gternheimer factors above to account for nonspherical core deformation.

Calculations including all electrons were performed in order to C. Redox Potential Calculations. A thermodynamic cycle (Scheme
estimate hyperfine coupling constants. For the study of the total 1) was used to calculate the redox potential between compoand
bonding energy dependence on the-Eedistance in the HRP-II model, compoundl in aqueous solution. Electrostatic calculations were used
the doubleg basis set and VWN potential without nonlocal correction  to obtain the free energies of solvatidi, andAG,. DFT calculations
were employed in the SCF calculation. This change was neccesary toyielded the enthalpy differenc&H(g) for the gas phase for the redox
keep CPU working periods within reasonable limits and to reduce disc reaction. The entropy differenceS(g) was ignored since it is expected
space. Following the SCF calculation, nonlocal corrections were addedto be insignificant compared taH(g). In solution, the free energy
to the total bonding energy as the perturbation energy. difference is given by the following equation:

The hyperfine coupling constants were evaluated on the basis of _ _
the SCF wave functions derived from calculation where core orbitals AG(s)= AG(g) + AG, —~ AG, 11

were unfrozen (described above). The equations were: The redox potential can be calculated with this equation. An

experimental value for the standard hydrogen potentid.%§ V) was

a= (47133)g4B8InOnp"(0) — pﬂ(O)] (4) used for calculation of the standard redox potential. Electrostatic
solvation energies were calculated by using the MEAD (Macroscopic
3rr —o.r2 Electrostatics with Atomic Detail) suite of programs developed by

p'a pq 6 ; ; ; :
2 spin s—— . dv (5 Bashford!® This approach is based on the Poisson equation for
Poa = CEE 3)229 f x r® ' ®) solvation free energies. The solute was treated as a set of irregularly

shaped objects with point charges at positions corresponding to the
atomic nuclei, and the solvent as a continuous dielectric medium. The
ESP charges obtained from the DFT calculations were used as a set of
atomic charges. The free energy difference for charging the solute in
a gas phase and in solution was calculated by solving the macroscopic
Poisson equation with a finite difference method. More details of this
approach are described in the refererfées.

where a and Ay, are isotropic and anisotropic hyperfine coupling
constants, and whe®= Sze 0 = 1 or Sior = ¥- for intrinsic hyperfine
parameters on the F® or porphyrin radical centers, respectively. In
the Ayq calculation for atom A, the contribution from the AO of A
(on-center contribution) was analytically obtained. The contribution
of overlap portions and of other atoms (off-center contribution) was
estimated by numerical integration. Results

The Mitssbauer spectrum parameters fdFe, the asymmetry
parameters) and quadrupole splitting\Eg), were calculated by using
the following equations:

1. Effect of Basis Sets and Nonlocal Corrections on the
Calculations for Compounds | and Il. The calculations for
compounds (*A,, state) andl were carried out using double-

V., — V.| or triple-¢ basis sets. VWN potential was applied as exchange
= % (6) and correlation potentials with and without Becke and Perdew
Z (BP) nonlocal corrections. The douhbleand triple{ basis sets

@) @) B 5 E 3. Els. D. E. Ros.Ghom. Phye1973 2 41 yielded significantly different MO energies for the two com-
a) baerenas, . J.; IS, D. E.] ROS, em. S. y . ’

(b) Baerends, E. J.. Ros, Bhem. Phys1973 2, 52. (c) g’aerends' E. 3. pounds, althpugh the character of the MO_s a_lnd _the value qf
Ros. P.Chem. Phys1975 8, 412. (d) Bickelhaupt, F. M.; Baerends, E. J.; the energy difference between them were similar in both basis

Ravenek, Winorg. Chem199Q 29, 350. (e) Ziegler, TChem. Re. 1991, sets. In both compounds, the MO energies of the tripbasis
91, 651.

(42) (a) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200. (45) Lauer, S; Marathe, V. R.; Trautwein, Rhys. Re. A 1979 5, 1852.
(b) Painter, G. SPhys. Re. B 1981, 24, 4264. (c) Ceperly, D. M.; Alder, (46) (a) Lim, C.; Bashford, D.; Karplus, Ml. Phys. Chem1991, 95,
B. J. Phys. Re. Lett. 198Q 45, 566. 5610. (b) Bashford, D.; Gerwert, KI. Mol. Biol. 1992 224, 473. (c)

(43) Becke, A. D.Phys. Re. 1988 A38 2398. Bashford, DCurr. Op. Struct. Biol1991 1, 175. (d) Mouesca, J.-M.; Chen,

(44) (a) Perdew, J. FPhys. Re. 1986 B33 8822. (b) Perdew, J. P. J. L.; Noodleman, L.; Bashford, D.; Case, D. A.Am. Chem. S0d.994
Phys. Re. 1986 B34, 7406 (erratum). 116 11898.
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Table 1. Effect of Basis Sets and Nonlocal Corrections on AO Table 2. AO Population and Spin Population in Model
Population and Spin Population in Model CompoundA,, state) Compounds | andl 2
AO population (spin population) compd|
doubleg triple-¢ 4A,, State 4Aq, State compdi
VWN? VBPP VWN VBP Fe dy, 0.75 (0.06) 0.73 (0.06) 0.74 (0.06)
Fed,  084(0.06) 0.77(0.06) 081(0.05 0.75(0.06) d 148 ég'jgg 147 gg'igg 140 Eg'ggg
dy, 1.50(0.45) 1.49(0.47) 1.50(0.47) 1.48(0.49) dz; 1ol (0'06) 196 (0'01) 196 (0'01)
dh, 1.52(0.45) 1.51(0.46) 1.51(0.47) 1.49(0.48) dzz-yz 0.89 (0.03) 0.88 (0.03) 0.88 (0.03)
dey 1.77(0.21) 1.93(0.05) 1.82(0.15) 1.91(0.06) OPp, 145 (0'50) 145 (0'50) 1.46 (0.48)
dz 0.96 (0.03) 0.93(0.04) 0.92(0.02) 0.89(0.03) 146 (0'49) 146 (0'49) 147 (0'48)
O 1.43(0.53) 1.44(0.53) 1.44(0.51) 1.45(0.50) Py 150 (0'00) 1'51(_0' o1) 152 €0 '01)
Py 1.44(052) 1.45(0.51) 1.45(0.50) 1.46(0.49) P : : : : : :
p: 1.43(0.02) 1.44(0.00) 1.50(0.02) 1.50(0.00) Fe 0.66 (1.24) 0.66 (1.15) 0.66 (1.19)
Fe 048(122) 063(L.17) 053(L.13) 0.66 (1.24) 8; " _8'32 %8'333 _064218((()6953)) :8'22 gﬁ’g";)z)
o —0.37 (1.06) —0.40(1.04) —0.38 (1.04) —0.43 (0.99) Ime 033 (—b 01) 031 H)' 02) 027 (_0'02)
Por 0.45(0.71) 0.36(0.80) 0.49(0.83) 0.45(0.78) : : : : : :
Im 0.44(0.01) 0.41(0.00) 0.36(0.01) 0.33(0.01) aVBP, triple< basis set?® Obital populations and spin populations
I - b - - ) (in parentheses}.Net charges on groups and spin populations (in
aVosko—Wilk —Nusair potential® VWN potential with Becke ex parentheses).

change and Perdew correlation corrections.
) _ (BS) method'® Both S= %/, and?¥, contribute to the BS state

set were approximately 0-3.7 eV higher than the values from  estimate of mixed spin under the conditionMf = /,. The

the doubles basis set. However, the effect of nonlocal energy for the mixed-spin BS state is related to those of the

corrections on MO energies was less than the choice of basistwo pure spin states as follows.

set. In the*A,, state of compount, HOMO and LUMO were

meaningfully, although slightly changed by nonlocal corrections. E(BS)= ".E(S=%,) + 2,E(S="1,) (12)

The HOMO of aB-spin consists primarily of the,d.,2 orbital

of Fe, while the LUMO has the,gorbital character of porphyrin ~ Since bothE(BS) andE(S = 3/,) were estimated directly from

ring orbitals. In the calculation with nonlocal corrections, the DFT calculations involving a single configuration wave function,

HOMO and LUMO were almost completely separated into the energy of the doubleB¢= */2), which can only be expressed

orbitals with the expected characteristics. In the calculation PY @ multiconfiguration wave function, could also be obtained

without nonlocal corrections, the HOMO and LUMO characters PY the above equation. Although the Mulliken charges of the
were partially admixed, although the two orbitals remained antiferromagnetic state represented those of the mixed BS state

distinct. This is reflected in the mulliken charges and spin (Table 3), the total b°”dif‘9 energies of the antiferromagnetic
populations, especially of theed? orbital of Fe and the state and the ferromagnetic state of compounere calculated

porphyrin ring (see Table 1). This change in the charge as pure spin states. - .

distributions leads to the difference observed in thesdbauer The J values were given by the equation:

spectrum parameters: quadrupole splittidd=¢) and asym- _3/y _ _ _

metric parametersyj. With nonlocal corrections, théEqg E(S=",) — E(BS)=2)(S1)(S2)=J (13)
increased from 0.61 to 0.86 and thedecreased from 0.15t0  The J values obtained were-1.1 cnt? for the A, state and
0.02. Both parameters approached the experimental valuessge cm? for the 4Ay, state (see Table 3). These results are
(Table 5). This indicated that the nonlocal corrections were not strictly quantitative, since they were derived from very small
significant in the calculations for compourldand that the energy difference between the ferromagnetic state /., Ms
nonlocal correction should yield superior results. Therefore, = 3/,) and the BS stateMs = ). Nevertheless, these results
we performed the SCF calculations for both compounds with predict that the magnetic coupling between the two spin sites
the nonlocal corrections with the triplebasis set. In compound is very weak for the A, state and strongly antiferromagnetic
Il , however, the effect of the corrections on molecular orbitals for the Ay, state. In addition, it is important to note that the

was relatively small. A1, antiferromagnetic stat@4;,) and both the A, states {A,,,
2. Quantum Chemical Calculations of Model Compounds Az are energetically very similar. .
land Il. (a) State 1: Compound I, [Fe(Por)(Im)O]*. The The spin §= 1) on the Fe-O center was equally distributed

g ©onthe Fe and the O atoms in both e, and thetAy, states
(see Table 2). The MO analysis of th&,, state, expressed as
the ferromagnetic alignment between theJf&ecenter and the
&y radical, is summarized in Table 4. The principal AO of

ap, mr-cation radical state*f\,) was determined to be the groun
state of compound with a total spin of¥/,, and the @, cation
state fA1,) was found to be 0.15 eV higher in energy than the

Az stqte.. In bothl states, the spins were |ocalized to the spin distribution for the FeO center were d and g, for the
porphyrin r|n946 = ') and the FeO center §=1). The ¢ 5i5m and pand  for the O atom. These construct two
states'Ayy a_md _Alu result from parallel spin coupling _between_ nearly degenerate, antibondin¢rbz—pzr) MO's (484 and 334
the two spin sites. In order to assess the magnetic couplingj, o-spin). There are strong-bonding interactions between

interaction, the antiferromagnetic statebls(= /) were  the Fe atom and the O ligand which were principally exhibited
calculated and theJ values, which were defined as the py 394 254', and 41aMO’s in o-spin and 433 284', 314,
Heisenberg parameter in a Hamiltonian of the fokh = and 454MO’s in B-spin. Theo-interaction is relatively weak

JS1°S;,%” were estimated on the basis of a broken symmetry as evidenced by the 36MO in a-spin and the 37aMO in
B-spin. On the other hand, the bonding between the Fe atom

(47) (a) Kahn, OAngew. Chem., Int. Ed. Endl985 24, 834. (b) Hey,
P. J.; Thibeault, J. C.; Hoffman, H. Am. Chem. Sod.975 97, 4884. (c) (48) (a) Noodleman, L.; Norman, J. G. Chem. Physl979 70, 4903.
Anderson, P. W. InSolid State Physi¢sTurnbull, D., Ed.; Academic (b) Noodleman, LJ. Chem. Phys1981, 74, 5737. (c) Noodleman, L.;
Press: New York, 1963; p 99. Baerends, E. . Am. Chem. S0d.984 106, 2316.
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Table 3. Comparison of Ferromagnetic Coupling with Antiferromagnetic Coupling in Model Compbund

mulliken charge (spin populatioh) total bonding enerdy

electronic state Fe (0] porphyrin imidazol (ev)
&, cation, ferromagnetic 0.66 (1.24) —0.43 (0.99) 0.45 (0.78) 0.330.01) —316.427
2y cation, antiferromagnetic 0.65 (1.14) —0.43 (0.90) 0.45+1.01) 0.330.03) —316.427
ayy cation, ferromagnetic 0.66 (1.15) —0.44 (0.98) 0.48 (0.89) 0.3+0.02) —316.281
ayy cation, antiferromagnetic 0.66 (1.03) —0.40 (0.90) 0.41+0.90) 0.33¢0.02) —316.411

aThe charges and spin populations reported for each antiferomagnetic state are the values for the corresponding broken symmetry (BS) state.
b Total bonding energies for pure spin states, ferromagn8tie,%,, and antiferromagneticS = 5, Az, 2Aay, *A1l, A1, respectively.

Table 4. Composition of the Principal Molecular Orbitals for Model CompoundA,, State,a- and 3-spin)

group population (%) overlap population (%)

energy
MO (EV)  occu. primary contributors (%) Fe O Por Im +© Fe-Por Fe-Im
(a) a-Spin

21d’ —13.172 1.0 Feg(17.7), N(Por) 2p(12.4), N(Por) 2p(12.4), G 2p,(15.0), 17.7 0.0 823 0.0 0.0 7.7 0.0
Cs 2py (14.8), H; 1s (18.8)

36d —13.097 1.0 Fed(29.3),0 2p(6.5), N(Por) 2p(5.3), N(Por) 2p(9.0), 30.7 7.3 36.0 255 11 5.4 3.9
Cs 2p, (5.5), Im 2p (19.9)

244" —12.235 1.0 Feg(15.0), G 2p(11.3), G 2p,(9.1), G 2p(21.2), 151 0.0 849 0.0 0.0 4.6 0.0
Cs 2p, (18.5)

39d —12.003 1.0 Fegd(14.6), O 2p(26.0), N(Por)2p(9.3), G. 2p((10.6), 19.3 26.2 544 0.2 7.3 15 -0.1
Cs 2p(8.5)

25d' —12.003 1.0 Fed(20.9), 0 2p(28.2), N(Por) 2p(6.7), G. 2p, (7.2), 240 285 445 31 7.9 1.1 0.4
Cs 2p,(5.1), G 2p, (5.7)

26d' —11.914 1.0 Fegd(8.0), N(Por)2p(8.4), G 2p, (7.8), G 2p, (5.6), 119 02 433 456 0.0 1.6 4.6
Im 2p, (43.6)

414 -11.381 1.0 Fegd(23.1), 02p(10.3), N(Por) 2p(13.5), N(Por) 2p(9.3), 25.7 122 603 1.4 23 51 —-1.2
Cu 2k (6.4)

46d —9.387 1.0 Fegd (934 934 0.0 65 00 0.1 —238 0.0

47d  —8.985 1.0 N(Por) 2p(26.2), G 2p; (5.6), Gn 2p, (56.5) 04 09 965 15 0.0 15 -138

324" —8709 1.0 G2p,(72.8),G2p,(21.4) 0.0 0.0 998 0.1 0.0 0.0 0.0

484 —8.606 1.0 Fegd(52.3),02p(38.7) 528 387 79 06-92 53 0.0

33d" —8562 1.0 Feg(51.9),02p(38.4) 524 384 6.2 30-92 —46 -15

(b) 5-Spin

214’ —13.066 1.0 Feg(12.4), N(Por)2p(11.6), N(Por) 2p(11.8), G 2p,(17.0), 12.4 0.0 876 0.0 0.0 6.5 0.0
Cs 2p,(17.1), H; 15 (19.4)

37d —12.881 1.0 Fegd(24.5), N(Por)2p(7.2), N(Por) 2p(5.3), Im 2p (31.8) 26.1 4.8 279 40.6 0.7 5.0 5.0

24d' —12.116 1.0 Feg(15.8), N(Por) 2p(7.1), N(Por) 2p(7.3), G. 2pc(10.5), 158 0.0 841 0.0 0.0 6.3 0.0
Cu 2py (9.3), G 2, (18.2), G 2p, (17.0)

43d —10.467 1.0 Fe@d(23.8),02r(15.7), N(Por) 2p(9.3), G 2p,(38.0) 238 16.1 59.0 1.0 4.9 3.7 -05

284" —10.299 1.0 Fegd(18.6), O 2p(14.8), N(Por) 2p(11.8), G 2p, (24.8), 186 15.0 44.7 21.6 4.5 3.0 —-20
Im 2p, (20.2)

31d" —9.010 1.0 Feg(18.0), 0 2p(24.5), N(Por) 2p(17.3), G 2p,(29.8) 18.2 246 56.7 05 6.7 —6.0 -0.1

454  —9.002 1.0 Fegd(18.2), 0 2p(24.0), N(Por)2p(18.0), G 2p;(5.1), 183 240 575 0.2 6.6 —6.0 0.0
Cs 2p, (29.8)

32d" 8752 1.0 G2p,(73.2),G2p,(21.2) 0.0 0.0 99.8 0.2 0.0 0.0 0.0

46d —8.598 1.0 Fegd (88.2) 883 0.1 115 0.1 0.1 —-138 -0.2

474  —8.574 0.0 Fegd 2 (5.4), N(Por)2p(26.1), G, 2p;(51.9) 59 09 914 11 0.0 13 -17

484 —6.883 0.0 Fegd(38.1),02p(47.0) 39.2 470 132 09-84 27 0.2

33d" —6.878 0.0 Fegd(37.1), 0 2p(45.6) 383 455 126 38-81 —23 —-0.5

and the imidazole ligand consisted not only seinteraction
(26d" MO in o-spin) but also ofo-interaction (36aand 37a
MO'’s in a- and -spin, respectively). The relatively large
population of ¢ AO reflected electron donation from the
imidazole through the-interaction. The covalency between
the Fe and the porphyrin ring was also shown by 2drad 244
MO’s (in a- andB-spin) and a significant population of,d\O.
The d,and g, orbitals were overlapped with the porphyrin ring
orbitals in several MO’s. For example, the 48ad 284 MO'’s
in B-spin revealedr-bonding interaction between theretpr
orbitals of the Fe-O center and thejorbital of the porphyrin
ring with 318" and 45aforming antibonding MO’s between

The Messbauer spectrum parameters obtained in the calcula-
tions, the quadrupole splittingAEg) and the asymmetric
parameter), were in excellent accord with the experimental
result$®:53-56 in magnitude, sign, and direction. Thd=g value
of the Ay, state was slightly closer to the experimental

(49) (a) Schultz, C. E.; Devaney, P. W.; Winkler, H.; Debrunner, P. G.;
Doan, N.; Chiang, R.; Rutter, R.; Hager, L.FEBS Lett.1979 103 102.
(b)Schulz, C. E.; Rutter, R.; Sage, J. T.; Debrunner, P. G.; Hager, L. P.
Biochemistry1984 23, 4743.

(50) (a) Baso, B.; Lang, G.; McMurry, T. J.; Groves, J.J.Chem.
Phys.1983 79, 1122. (b) Mandon, D.; Weiss, R.; Jayaraj, K.; Gold, A,;
Terner, J.; Bill, E.; Trautwein, A. Xlnorg. Chem.1992 31, 4404.

(51) Bill, E.; Ding, X.; Bominaar, E. L.; Trautwein, A. X.; Winkler, H.;
Mandon, D.; Weiss, R.; Gold, A.; Jayaraj, K.; Hatfield, W. E.; Kirk, M. L.

them. These results indicated that there was a relatively strongEur. J. Biochem199Q 188 665.

interaction between the Fe atom and the porphyrin ring which
would influence the magnetic coupling between these two spin

(52) Reed, C. A.; Mashiko, T.; Bentley, S. P.; Kastner, M. E.; Scheidt,
W. R.; Spartalian, K.; Lang, Gl. Am. Chem. S0d.979 101, 2948.
(53) Hirami, T.; Maeda, Y.; Morita, Y.; Trautwein, A.; Gonser, U.

sites. Furthermore, it was evident that the electronic structure Chem. Phys1977, 67, 1164.

of the Fe atom in this system could not be adequately described

by a simple electronic configuration, such as;e.(@)?(dy)(dy),
as shown in Tables 1 and 2.

(54) Simonneaux, G.; Scholz, W. F.; Reed, C. A.; LangBi&chem.
Biophys. Actal982 716, 1.

(55) Schappacher, M.; Weiss, R.; Montiel-Montoya, R.; Trautwein, A.
X.; Tabard, A.J. Am. Chem. S0d.985 107, 3736.
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Table 5. Mossbauer Parameters of Model Compouhdsd Il

J. Am. Chem. Soc., Vol. 119, No. 4711897

AEq
Vix Vyy Va2 (mm/s) n directior?

compdl

4Ay, state —0.42 —0.44 0.86 0.86 0.02 z

4A,, state —0.55 —0.48 1.03 1.03 0.06 z
compdll —0.62 —0.55 1.18 1.18 0.06 z

Experimental Results

compdl|

HRP-P (4.2 K) 1.25 0.0

JRP-F (77 K) 1.33 z
compdll

HRP-1IP (4.2 K) 1.51 0.0

JRP-IF (77 K) 1.46 0.03 z

Fe(TPP)(1-Melm)®(4.2 K) 1.26 z

Fe(TRwP)(1-Melm)C (4.2 K) 1.37

Fe(TPP(2,6-Cl))(1-Melni)4.2 K) 1.35

a Direction of the principal axis of the electric field gradient tenddReference 47¢ Compound of Japanese radish peroxidase. Referebce 51.

d Reference 52¢ Reference 53 Reference 54.

Table 6. Hyperfine Coupling Constants of Model Compouind
(MHz)

Asso Az Aiso + Azz eprl
4A,, State
N1(Por) 2.35 8.45 10.8 7.2
N2(Por) 2.35 8.29 10.6
4A1, State
N1(Por) —2.25 —2.06 —4.31
N2(Por) —2.17 —2.00 —4.17
4A,, State
Hmeso1 —135 —2.00 —-15.5 9.26-11.90
Hmeso2 —-13.2 —-1.99 —-15.1
Hmesos —-13.4 —2.00 —-15.4
4Aq, State
Hmeso1 2.17 —2.99 —0.82
Hmesoz 1.99 —2.97 —0.98
Hmesos 2.13 —-3.01 —0.88

2ENDOR data for HRP-I. Reference 15.

magnitude than the corresponding value of4hg, state (Table

5). Partial electron outflow from the,d,? orbital to the a,
hole, indicated by the decrease in both the Mulliken population
of the dz—2 orbital and the positive charge on the porphyrin
ring compared with théA, state, may have been responsible
for the smaller value oAEq for the Ay, state. In contrast, no
orbital mixing was observed between the ¢ and the @, hole
due to symmetry differences.

The hyperfine coupling constants for the nitrogen atoms and
the protons on the porphyrin ring and the O atom in the Be
center in compound were evaluated on the basis of the SCF
wave functions. The coupling constants of pyrrole nitrogen
atoms calculated by assigning thenm®overe 10.6 to 10.8 MH
in the4A,, state and-4.2 to—4.3 MHz in the*A, state. The
absolute values were slightly higher and lower, respectively,
compared to the 7.2 MHz ENDOR observation (Table 6). There
was significant3-spin population on the nitrogen in tHa,
state due to the spin polarization effects induced byottepin
in the dr—px orbitals of the Fe-O center and thesporbitals
of neighboring G's. These polarizations also would be
explained by the significant overlap between the-ghz orbitals
and the pr orbitals of nitrogen irB-spin MO’s. The significant
difference between th#\,, state and'A 4, state was illustrated

an electron hole present in thg,arbital rather than in the;a
orbital. The!’O hyperfine constants we have calculated in this
study display axial symmetry in accordance with the ENDOR
observations. As shown in Table 7, the predictedr@pin
population is 50% of the total FeO spin, which is larger than
the ENDOR empirical estimate (approximately 25%) based on
comparison with nitroxide radicals. The 50% value for the O
ot spin population does agree well, however, with previous first
principles calculations. Gho%hobtained 43% for compound
| and 41% for compound with local DFT calculations on an
iron-oxo-porphyrin model (no axial ligand), while Yamamoto
et al3"a using CASSCF, calculated 43% for a compouhd
model (with pyridine as the axial ligand) (see Table 7 for results
from other calculations). To examine this more closely, we
directly computed thé’O hyperfine tensor using the hyperfine
equations cited previously, and usifg= Se-0 = 1 for the
Fe—O center site spin. Then thetensor for the triplet FeO
center was calculated with NL-DFT (no frozen core) from the
sum of the isotropic and anisotropic parts AS = —28.6
MHz, A) = —27.4 MHz, andA}; = +26.7 MHz. These
values compare fairly well with the measured ENDOR of
Roberts, Hoffman, and co-workéfs-A°" = 35 MHz, and
AT = 36 MHz. TheA?" value cannot be measured, and the
signs of AYT and A’" cannot be measured in these ENDOR
experiments. We suspect the significant quantitative discrep-
ancy between the empirical ENDOR estimate of the oxygen
spin (25%) and that predicted by first principles calculations
(40-50%) is due at least in part to the extrapolation from
nitroxide systems (wher&= 1/,) to Fe-O systems (where the
site spin $e-0 = 1), and the factor (X)) required in theA
tensor equations. Further, nitroxide systems and@e&om-
plexes may differ significantly in oxygen covalency, and the
isotropic spin polarization induced by {pp,) spin densities
versus (p densities will also affect the isotropic tensor.

(b) State 2: Compound Il, [Fe(Por)(Im)O]. One-electron
reduction of compound generates neutral compouhdwith
the disappearance of a porphyrircation radical. The electron
affinities of compound were calculated to be 6.11 eV for the
4A,, state and 6.26 eV for th#A,, states. The electrostatic
solvation energies of compounédsndll in agueous solution

by the coupling constants of the meso proton which were equal yere —1.99 and-0.94 eV, respectively, reflecting the positive

to —15.1 to—15.5 MHz and—0.82 to—0.98 MHz, respectively.
Although the calculated values for tha,, state were slightly
higher than the experimental results of 9.26 to 11.90 MHz, the
ENDOR results for the meso protons were more consistent with

(56) Gold, A.; Jayaraj, K.; Doppelt, P.; Weiss, R.; Chottard, G.; Bill,
E.; Ding, X.-Q.; Trautwein, A. XJ. Am. Chem. S0d.988 110 5756.

charge of compountl. The redox potential (versus NHE) for
compound was evaluated to be 1.61 V for the gas phase and
0.56 V for the aqueous solution. The experimentally determined
redox potential for HRP-I/HRP-II was reported to be ap-
proximately 0.95 \A” The experimental redox potential for
HRP is higher than our calculated result in aqueous solution
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Table 7. Comparison ofz-Electron Spin Densities and Energies in HRP-1 and Its Model CompouyRé(Por)(O)(L)}

method experiment PPPCI IEHP INDO-UHF® ab initio UHFY  ab initio RHF® Xof  LDF9 DFT"

axial ligand (L) HRP-I none Im Im none Py Py none Im

cation type & Quu Sou Ay Sou Quu Su Quu Su Ay Su Sou Sou Ay
Npyr +(0.043-0.060) 0.05 0.00 0.10 0.00 0.12 —0.05 0.18 -0.10 0.07 0.05 0.08 —0.02
Cm +(0.17-0.04) 0.19 0.00 0.11 0.00 0.28 —0.14 0.36 —0.18 0.14 0.18 0.18 —0.03
Cu —0.01 0.10 0.00 0.08—-0.08 0.19 -0.14 0.24 —0.01 -0.03 0.12
Cs +(0.036) 0.01 0.03 0.00 0.02 0.00 0.03 0.00 0.03 0.03 0.02 0.00 0.03
(@) 0.5¢ 1.15 110 0.34 0.30 088 085 0.84 0.85 0.99 0.99
AE (eV) 0.00 0.683 0.00 —0.354 0.00 —0.412 0.00-0.054 0.00 0.146

aReference 602 Reference 31¢ Reference 32¢ Reference 365 Reference 370.Reference 38¢ Reference 39! This work.' [Por]". i ENDOR
estimation from ref 15X ENDOR estimation from ref 14.

a ———- dy b
i i a-spin p-spin
-6.0 | a-—spin p-spin i i 4
e Gy T
- — e — = (] e
d -—= ===3= %
6.5 | Xy eg -1 30 eg == eg i
&g ———- eg
s - OyzPy = === BPx
-7.0 dyz-Px - as | dyr Py i
s
: 3
>
5 7S¢ ! S -40 [ ]
g g
Ll 5
(@)
S oy i S a5} 1
dyz-Py
B i a . 50 | L N — dye- i
8.5 dyzPy — . d2l21 5.0 ;z X ax ¥
Py ——— h@-y2 2y a2u
a1y a1y agy 1w
9.0 ag, —— —_— J 55 L |
dy2-2
deyp ——

Figure 2. Energy levels for occupied and unoccupied orbitals of (a) compduBd= 3/, *A,, state, and (b) compound, S= 1.

(lying between this and the predicted gas phase), probably as aboth by the increase of the ligand field for theg orbital
consequence of the lower dielectric protein environment (com- that occurred with the addition of an electron to therbital
pared to water) which surrounds the-Rgorphyrin prosthetic  and by the large intraatomic exchange splitting observed
group. between thex- and-spin orbitals (also seen in compouhd
The addition of an electron had little effect on the electronic  On the other hand, thgspin LUMO of compound! was found

structure of the FeO center. This is demonstrated by the tg be the et—psz orbital formed between the Fe and the O atoms,
similar occupation of the d-orbital of the Fe atom and the a5 was expected.

p-orbital of the O atom (Table 2) and by the similar quadrupole o ] ]
splitting (Table 5) in compoundsandll . The slight difference The equilibrium Fe-O distance and the bond strength in
in quadrupole splitting between the two compounds (0.86 vs compound! were examined by using a doublesasis set and
1.18, the same trend was observed in the experimental data)VWN functional with perturbative nonlocal corrections. Figure
may be related to the subtle change gf @ orbital population 3 shows the potential energy curve where a fourth-order
and the disappearance of a cation hole on the porphyrin ring. polynominal was fitted to the calculated energy values. The
The cause of the population change was considered to be theminimum point of 1.68 A was similar to the 1.64 A bond length
movement of an electron out of thezdp orbital into the a, obtained by EXAFS studies of HRP41.This value was 0.07
hole in the*A,, state of compound. A longer than the bond length of 1.604 A obtained by the X-ray
The character of the MO’s and the order of their energy levels analysis of Fe(fv PP)O8 The force constant of the F€ bond
are similar in compounds andll, although the MO energies  \as obtained as the second derivative of the polynominal at
of compound! shift to levels which are approximately 3.5 eV the equilibrium distance. Using the force constant and reduced
higher than those of compound | (Figure 2). Thepin HOMO masses for Fe and O atoms, the bond stretching frequency was
of compoundil was determined to be thezdy orbital of Fe o\ 4 ated to be 842 criy, in accordance with experimental
rather than theg sr-cation radical orbital of the porphyrin ring, values. The observed values are 790 and 776 ¢or HRP-II

the B-spin LUMO of the %A, state of compound. This . .
o ; . (at high and low pH, respectiveffand 820 cm? for Fe(TPP)-
transition of the g2 orbital to HOMO level can be explained (1-Melm)O5° 807 cnr? for Fe(TF;]i\,P)(l-MeIm)O‘?O and 818

(57) Hayashi, Y.; Yamazaki, J. Biol. Chem1979 254 9101. cm! for Fe(TPP(2,6-Cl))(1-Melm)®!
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Figure 3. Potential energy curve as a function of thef&& distance
of model compoundl .

Discussion

The totalS = 3/, spin structure of compound constructed
from both the Fe-O center withS = 1 and the porphyrin
z-cation radical withS = 1/, (both weakly ferromagnetically
spin coupled), has been supported by various experimental
studies including electronic absorption, ENDOR, $dbauer
spectroscopy, and ESR. The nature of theation radical,
however, still remains controversial. The radical can be formed
by removing an electron from either one of the nearly degenerate
ayy Or & orbitals of the porphyrin ring to yield either they A
or Ay, ground state configuration. The relative energies of these
two orbitals are sensitive to the axial ligands and to peripheral
substitutions of the porphyrin ring:%2 Previous work had
assigned an 4\ radical ground state to HRP-I, because the
optical spectrum was similar to the-cation radical of Cl-
(OEP)(CIQ), thought to be characteristic of the,Aradicall!
Several independent ESRNMR,%4 and resonance Ranf&n
studies of porphyrint-cation radicals, however, have shown
that their optical spectra are not reliable indicators of their
ground state configurations.

On the other hand, Roberts et!aldetected the hyperfine
structure of'H and*N with HRP-I by ENDOR measurements
and estimated the-electron spin densities of the porphyrin ring
based on the hyperfine coupling constants with empirical
equations. They compared their results with theoretical calcula-
tions. In PPP-CI calculatio?? the sz-spin density of pyrrole
nitrogen (Ny) is evaluated to be 0.05 in th8, state and 0.00
in the A, state (see Table 7). Since the former value is in

(58) (a) Terner, J.; Sitter, A. J.; Reczek, C. Biochim. Biophys. Acta
1985 828 73. (b) Hashimoto, S.; Tatsuno, Y.; Kitagawa, Aroc. Natl.
Acad. Sci. U.S.A1986 83, 2417.

(59) Hashimoto, S.; Tatsuno, Y.; Kitagawa, T. Rroceedings of the
Tenth International Conference on Raman SpectroscBpyiolas, W. L.,
Hudson, B., Eds.; University of Oregon: Eugene, OR, 1986; p 1.

(60) Bajdor, K.; Nakamoto, KJ. Am. Chem. S0d.984 106, 3045.

(61) Gold, A.; Jayaraj, K.; Doppelt, P.; Weiss, R.; Chottard, G.; Bill,
X.; Ding, X.; Trautwein, A. X.J. Am. Chem. S0d.988 110, 5756.

(62) (a) Fajer, J.; Borg, D. C.; Forman, A.; Dolphin, D.; Felton, RJH.
Am. Chem. Sod97Q 92, 3451. (b) Hanson, L. K.; Chang, C. K.; Davis,
M. S.; Fajer, JJ. Am. Chem. S04981, 103 663. (c) Fujita, I.; Hanson, L.
K.; Walker, F. A.; Fajer, JJ. Am. Chem. Sod.983 105, 3296. (d) Fujii,
H.; Yoshimura, T.; Kamada, Hnorg. Chem.1996 35, 2373.

(63) Rutter, R.; Valentine, M.; Hendrich, M. P.; Hager, L. P.; Debrunner,
P. G.Biochemistryl986 22, 4769.

(64) (a) Morishima, I.; Takamuki, Y.; Shiro, X0. Am. Chem.S0d.984
106, 7666. (b) Godziela, G. M.; Goff, H. Ml. Am. Chem.S0d.986 108
2237.

(65) (a) Oertling, W. A.; Salehi, A.; Chang, C. K.; Babcock, G.JT.
Phys. Chem1989 93, 1311. (b) Czernuszewics, R. S.; Macor, K. A.; Li,
X.-Y.; Kincaid, J. R.; Spiro, T. GJ. Am. Chem. S0d.989 111, 3860. (c)
Sandusky, P. O.; Salehi, A.; Chang, C. K.; Babcock, GJ.TAm. Chem.
Soc.1989 111, 6437.
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excellent agreement with ENDOR data, it was concluded that
HRP-l is in the*A,, ground state. The DFT calculations in the
present study as well as two other calculations, INDO-EHF
and ab initio UHF 26 however, indicated substantial negative
spin density on W, in the A, state that was induced by spin
polarization effects. Therefore, these calculations did not rule
out the possibility thatA;, was the ground state for HRP-I.

The spin density of meso carbonsf|Ccalculated by DFT
methods cannot exclude either radical state, although the two
UHF methods are consistent with th&,, state rather than the
4A,, state. Since the estimation of spin densities from the
ENDOR spectra was based on several approximations, the
hyperfine coupling constants were calculated directly from the
molecular orbitals obtained by DFT calculations. The calculated
constants for meso protons of thi,, state are comparable with
the experimental data. The values calculated forffg state,
on the other hand, were significantly different (see Table 6). In
addition, the calculated constants gf,Nn the“A,, state were
also consistent with the experimental data. These results
suggested that the electronic structure of HRP-I was more similar
to the %Ay, state than to théA, state.

DFT calculations for the energy difference between the two
radical states supported the contention that the ground state was
the #A,, radical state. This, however, contrasted with INDO
andab initio calculations. The energy difference between the
4A,y and the*Ay, ferromagnetic states was very small (0.15
eV). In fact, there was evidence for the mixing of thg,And
A1, ground states in some-cation radical species. This
indicated that these states did constitute the “predominant
character” of these speci@®¥c66-68 Several spectroscopic
studies, including ESRE NMR,5® MCD,5¢ resonance Raman
spectré” and ENDOR, have determined that the formation of
HRP-1 is predominantly like the 4 m-cation radical.

The ground state of model compounds for the porphyrin
m-cation radical is sensitive to the axial ligands and the
peripheral substituents. Strong donor axial ligands like imida-
zole stabilize the A, state relative to the 4 state. The
calculations performed in the present study have indicated that
the oxidation of compound to the“A,, state of compount
decreases the electron density of pyrrole nitrogen due to the
removal of an electron from theyaorbital which largely
populates the nitrogen atom. Ty, state has almost the same
density as compounid. The Mulliken charge on the nitrogen
is —0.391 for#A,,, —0.405 for*Ay,, and—0.407 for compound
Il. Therefore, the electrostatic repulsion between the pyrrole
nitrogen ligands and the d-orbitals of the Fe atom enhanced by
electron donation from the imidazole axial ligand is less in the
4A,, state than in théA,, state. A related argument is based
on Mulliken population analyses and total charges. Inffhg
state, the @2 B-spin orbital, which is the HOMO iB-spin,
admixes with the g hole orbital. This causes the electron flow
from the imidazole to the porphyrin ring via the Fe orbital. In
the Ay, state, such orbital mixing does not occur because of
the different symmetry. These effects may causéAhg state
to be slightly lower in energy than tH#,, state.

Spin coupling between the F® center § = 1) and the
porphyrinz-cation radical = /,) was observed in compound
I. DFT calculations indicated that in the/configuration, this

(66) (a) Morishima, I.; Shiro, Y.; Nakajima, KBiochemistry1986 25,
3576. (b) Browett, W. R.; Gasyna, Z.; Stillman, M.JJ.Am. Chem. Soc.
198§ 110, 3633.

(67) Chuang, W.-J.; Van Wart, H. B. Biol. Chem1992 267, 13293.

(68) Jayaraj, K.; Terner, J.; Gold, A.; Roberts, D. A.; Austin, R. A;
Mandon, D.; Weiss, R.; Bill, E.; Miter, M.; Trautwein, A. X.Inorg. Chem.
1996 35, 1632.

(69) La Mar, G. N.; de Ropp, J. S.; Smith, K. M.; Langry, K. Biol.
Chem.1981 256, 237.
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coupling interaction was relatively weak-{.1 cnm?). In the

Aj, configuration, however, there was strong antiferromagnetic
interaction (696 cm?). The former is compatible with the
experimentalJ | value of 4 cni! from Mossbauer and ESR
spectra of HRP-I performed by Schulz et*al.Schulz et al.

Kuramochi et al.

energy differences (in quantum chemical terms) with high
accuracy, the DFT calculations do predict a small coupling for
the Ay, radical state, in agreement with experimental trends.
As the mixing of Ay with Ay, increases induced by lowered
symmetry, one expects enhanced antiferromagnetic coupling,

presumed that different heme ligand conformations had different as seen, for example, in chloroperoxidase.

exchange interactions. This resulted in a distributiod vdlues
that introduced apparent anisotropy. In other compound
complexes, the large variation in the magnitude and sigh of
has been reported. These include valges30 and—43 cnt?!

for [(TMP)Fe=0]*+,50514+1.5 and—38 cnt for [TPP(2,6-Cl)-
Fe=0]",5051—22 cnt? for [[TTMPP)Fe=0]*,%% and 76 cm?

for chloroperoxidase compound? (HereJ > 0 is defined to

be antiferromagnetic, consistent with the spin Hamiltorti&n

= JS;-S,.) Significantly, synthetic compound complexes
displayed strong ferromagnetic couplings, while couplings in
the less symmetrical enzymes were found to be weak or
antiferromagnetic.

Since the g, radical forms an antiferromagnetic coupling with
the spin of the Fe O center, it is likely that there is significant
overlap of the radical orbital and the unpaired-tpr orbitals
of the Fe-O center. With theCs symmetry of the model
compound, it is possible that the,aorbital of the porphyrin
ring admixes with the @—py, unpaired orbitals of the FeO
center. This is to be distinguished from the orthogonal
interaction between the two spin orbitals in the synthetic
complexes withCy, symmetry (mentioned above). The anti-
ferromagnetic exchange coupling formed betweentivation
radical and the FeO center unpaired orbital occurs when these
orbitals are non-orthogonal and when they overlap significantly.
In the unpaired orbital of the;gantiferromagnetic cation (BS)
state, the mixing of the,g—py of the Fe-O center with the p
of the G, and G pyrrole atoms was clearly observedy,€py
(73%), B(Cy) (16%), and Cg) (6%0) in theS-spin 324 MO
of the BS state.

In contrast, the analysis of spin population in thg, a
antiferromagnetic cation state exhibited less orbital mixing
compared to theig antiferromagnetic state (data not shown)
despite the fact that similar orbital mixing is also predicted for
the a, radical state. In addition to differences in net overlap
of unpaired electrons in thesAand Ay, states, there should be
a major difference in the size of the ferromagnetic term based
on the following considerations. Theyeorbital has overall
symmetryz in the idealDa4, point group, which means that all
N(pyrrole) p orbitals add symmetrically. These are orthogonal
by symmetry to Fe(d) and Fe(gp) within Dsn. Then the
unpaired electron in the;@orbital and the unpaired electrons
in Fe(d) and Fe(g,) have a large differential overlap, but very
small net overlap, which is just the condition for a substantial
ferromagnetic coupling term. With other antiferromagnetic
interactions from overlap terms, the net coupling fos, As

Our DFT calculations revealed that the three electronic
configurations of compount] the?A,,, the?A,,, and the?Aq,
states, are very similar energetically. This indicated the
possibility that mutual conversions or mixings of states may
readily occur, especially when environmental conditions (such
as proximal ligands, porphyrin substituents, or protein interac-
tions) distort the symmetry of the F@orphyrin electronic
structure. In this way, the specificity and the efficiency of the
compound! reaction could be regulated by subtle structure
modifications. The electrostatic properties of regions within
the protein are important to the compouindeaction. This is
evidenced by the sensitivity of the redox potential between
compounds| and Il to the electrostatic properties of the
environment. The calculated aqueous solution potential (0.56
V) was significantly lower than the corresponding gas phase
potential of 1.61 V.

Comparison of the electronic structures of compounasd
Il revealed the similarity of the FeD centers, and this was
reflected in similar Masbauer parameters for the two com-
pounds. The reactivities of compoundsind Il with respect
to one-electron reduction clearly differ (Figure 2). In compound
II, the two lowest empty orbitals (which are minorjtyspin)
are nearly degenerateretprr orbitals of the Fe-O center where
the electron density on the O atom was 43%. In contrast, the
LUMO (minority 8 spin) of compound is thes-cation radical
orbital of the porphyrin ring, which lies 1.5 eV lower in energy
than the d—psr orbitals of the Fe-O center. During the redox
reaction with substrates, first compouhdnd then compound
Il receives one electron from the substrate. Only after reduction
of compoundll is the Fe-O oxygen activated to labile water
(or hydroxyl). Since in the compound reduction the spin
state changes fror8 = 1 to ¥/, and the electron adds to the
Fe—O center, while the resting enzyme has a ferric site with
total S = 5/, clearly theS = %, to %, transition (along with
increased electron density intetOm) provides part of the
driving force for the reaction. Very recently, theoretical studies
of the transition peroxide intermediate from an earlier step of
the catalytic cycle were reported with useatifinitio and INDO
methods™®

Conclusions

In this study, the electronic structures of model compounds
I andll were well characterized by sophisticated DFT calcula-
tions with nonlocal corrections and triplebasis sets including
polarization functions. The calculated "N&bauer spectrum

expected to be small, as observed from our calculations. As aParameters for both compounds and the magnetic couplings

result, in the A, state of the HRP-I model compound, there
was weak couplingthe result of approximate cancellation of
the ferromagnetic and antiferromagnetic contributionsJto
Further, the closer the situation is to tba, symmetry limit,

the stronger one would expect the ferromagnetic terms to
become compared to the antiferromagnetic terms (giverpgan A

between the porphyrin-cation radical and the FeO center
of compound were in good agreement with the experimental
data. The nonlocal corrections were found to be important in
the description of compound

Our DFT calculations assigned tHa,, state as a ground
state of compound on the basis of the total bonding energy,

ground state), as seen with the symmetrical synthetic compoundWeak ferromagnetic spin coupling (both calculated and ob-

I analogues. By contrast, for thefradical state, there is no
N(pyrrole) g contribution in the radical orbital, giving a very
small differential overlap, and a very small ferromagnetic
contribution to the coupling. With other antiferromagnetic

served), and the hyperfine coupling constants, particularly of
meso protons, which were evaluated directly from the SCF wave
functions. This study, however, also indicated that the energy
difference between thefpand Ay, states was very small and

terms, as discussed above, the net coupling is substantial and™(70) ) Loew, G; Dupuis, MJ. Am. Chem. S0d.996 118 10584 (b)

antiferromagnetic. Despite the difficulty in obtaining small

Harris, D. L.; Loew, G. HJ. Am. Chem. S0d.996 118 10588.
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would be significantly affected by the subtle change of the between the Fe and the porphyrin ring. Our approach to the
electron donation from the axial ligand and the slight distortion magnetic coupling may adequately account for the large
of molecular symmetry leading to the orbital mixing: The variation in the magnitude and sign of thevalue observed in
electron donation from the imidazole and the orbital mixing several types of compouridcomplexes.

between the @ hole orbital of the porphyrin ring and thezd,? Refined NL-DFT calculations for the electronic structure and
orbital of the Fe, which have the same symmetry, cause thethe magnetic interaction of compounddandll, thus, appears
Ay, state to be slightly lower in energy than thgAstate. to provide very useful information on the factors that dominate

Several spectroscopic studies have presented the possibility fothe chemical properties of the two compounds.

the mixing of the A, and Ay, ground states in some-cation ) o
radical species. DFT calculations performed here provide Acknowledgment. We are grateful to Scripps for providing
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alteration of the axial ligand and the peripheral substituents and
the fluctuation of the environmental conditions such as the
protein region.

This study also indicated that the magnetic coupling interac-
tion between the FeO center and the porphyrir-cation radical
was different between thefand Ay, states, i.e., very weak
ferromagnetic for the former state and antiferromagnetic for the
latter state, which was attributed to the significant covalency JA970574C
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