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Abstract: Ferric and ferrous hemes, such as those present in electron transfer proteins, often have low-
lying spin states that are very close in energy. To explore the relationship between spin state, geometry,
and cytochrome electron transfer, we investigate, using density functional theory, the relative energies,
electronic structure, and optimized geometries for a high- and low-spin ferric and ferrous heme model
complex. Our model consists of an iron-porphyrin axially ligated by two imidazoles, which model the
interaction of a heme with histidine residues. Using the B3LYP hybrid functional, we found that, in the
ferric model heme complex, the doublet is lower in energy than the sextet by 8.4 kcal/mol and the singlet
ferrous heme is 6.7 kcal/mol more stable than the quintet. The difference between the high-spin ferric and
ferrous model heme energies yields an adiabatic electron affinity (AEA) of 5.24 eV, and the low-spin AEA
is 5.17 eV. Both values are large enough to ensure electron trapping, and electronic structure analysis
indicates that the iron d, orbital is involved in the electron transfer between hemes. Mdssbauer parameters
calculated to verify the B3LYP electronic structure correlate very well with experimental values. Isotropic
hyperfine coupling constants for the ligand nitrogen atoms were also evaluated. The optimized geometries
of the ferric and ferrous hemes are consistent with structures from X-ray crystallography and reveal that
the iron—imidazole distances are significantly longer in the high-spin hemes, which suggests that the protein
environment, modeled here by the imidazoles, plays an important role in regulating the spin state. Iron—
imidazole dissociation energies, force constants, and harmonic frequencies were calculated for the ferric
and ferrous low-spin and high-spin hemes. In both the ferric and the ferrous cases, a single imidazole
ligand is more easily dissociated from the high-spin hemes.

Introduction reductase (Ifg) in Shewanella frigidimarinawhich contains four
such hemes. The HKcprotein directly couples two-electron

I . o : , reduction of fumarate to succinate with one-electron reduction
present and is involved in the activity of the biological system. ¢ the pemes, Long-range electron transfer delivers electrons,

Examplgs_ include oxygen transport agents such as h":'mOQIObmacquired at the cytoplasmic bacterial membrane, via the heme
metabolizing enzymes such as peromd_ases, and electron t_ranSfeéroups that are lined up as a molecular wire to the flavin adenine
agents such as cytochrom_’eih_e functions of th(_ase protems_ dinucleotide (FAD) active site where the fumarate reduction
are _m(_)c_lulated by the oxidation state Of_ the iron, the spin ,cers. The fourc-hemes have midpoint reduction potentials
multiplicity of the ground and low lying excited states, and the ¢ +10,—108,—136, and—229 mV (pH 7.5) where the last
nature and geometry of the axial ligands. For instance, 0xygenpeme js closest to the FAD active site. The proximities of the
transport heme proteins function only in a ferrous state, switch- o es to each other and their midpoint reduction potentials

ing between high- and low-spin ground states, and electron i jicate that the heme of lowest potential modulates the fumarate
transfer agents function by reversible oxidation/reduction of the .4 ,ction rate and that the reduction potential is affected by

ferric-ferrous staté.Much of the biological activity centers on e nrotein conformation, making more than one electron transfer
the heme unit and, even more specifically, on the 3d-orbitals pathway possiblé.
of the central Iron atom in the complex. o . The CymA and OmcA cytochromes, also found $
Among the axial ligands found bound to iron in heme proteins frigidamarina, contain 4 and 10 bis-ligatedhemes, respec-
are methionine, cysteine, tyrosine, and histidine. In an exhaustivetjvely. Both proteins exhibit UV-vis spectra characteristic of
search of Protein Data Bank structures, bis(histidine) hemes wergow-spin charge transfer between porphyrin and f#oFhis
found to be incorporated into many cytochrome protéins, finding was further verified in the EPR spectrum of fully
including the respiratory enzyme flavocytochromdumarate  oxidized CymA at 10 K, which included features typical of a
low-spin S = 1/,) ferric heme with bis-ligated histidines in a

In heme proteins, at least one iron-porphyrin complex is

(1) Cotton, A. C.; Wilkinson, GAdvanced Inorganic Chemistnth ed.; John
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(2) Loew, G. H.; Harris, D. LChem. Re. 2000 100, 407-419. A. J.; Richardson, D. J1. Biol. Chem200Q 275, 8515-8522.
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parallel orientation. High-spin§(= %) ferric heme was also
detected, but at very low levels (estimated 2% of total heme).
The preferred multiplicity of hemes is determined by the
nature of the iron axial ligands and results from the competition
between ligand field splitting and spin pairing energy. Ferrous
iron has six electrons in its 3d shell, which can adopt a low-
spin configuration $ = 0) or a high-spin configurationS(=
2), which follows Hund'’s rule. Similarly, ferric iron’s five 3d
electrons can adof@= %, or S= %, configurations. When the
ligand field splitting is small, the electron pairing energy
dominates, and a high-spin configuration results. Likewise, a
low-spin configuration will be preferred with strong-field ligands
such as histidine or imidazole. It is interesting to note that the
ligand field splitting in the mono-imidazole heme is smaller
and the lowest energy electronic configuration is high sfin (

= 2) when the central iron atom is displaced from the porphyrin
plane® Figure 1. FeP(Im} model heme.

A characteristic property of protein-bound hemes is the o
presence of low-lying spin states in close energetic proximity, ransfer between hemes in intact cytochromes such asife
which is consistent with our observation in this study. Because &/S0 calculated Mssbauer parameters and isotropic hyperfine
of this small energy separation between spin states, their relative®@UPIing constants to examine the influence of the porphyrin
ordering and their electronic properties are very sensitive to the @1d imidazole ligands on the electronic structure of the central
number and nature of the axial ligands bound to the central I'ON atom. We calculgted ha_rmonlc_ fr_eq_uenmes and dissociation
iron, as well as their relative orientatidn® In fact, the proximity energy curves associated with the iramidazole bor_ld for (_aach
of the different spin states can be essential to protein function. ©f the model hemes and found that the ferrous high-spin heme
For instance, in the proposed enzymatic cycle of cytochrome MOre readily dlss_omates a single imidazole ligand than do the
P450, the iron starts from the resting low-spin ferric form which ferric and low-spin hemes.
converts to high-spin upon §ub§trate pinding, after which one- Computational Methods
electron reduction occurs, yielding a high-spin ferrous stéte.

As a first step toward a full characterization of the redox _ Our six-coordinate model heme is oriented so that the porphyrin
properties of Ifg, we chose bis(imidazole) iron porphyrin [Fep- N9 IS in thexy plane, with the nitrogen atoms on theandy-axes.
(Im)2] as our model complex. The imidazoles are representative Zgi(':?:jgaiztglif::a:fﬁ er?gﬁ):;a(”se;:rggir;ple)rpend'cmar to the porphyrin,
of the histidine amino aC'dS_that bind to the heme group ig lfc Experiments have shown that for low-spin ferric and ferrous hemes,
The net charges of the ferric and ferrous model hemesrare 5 jje| orientation of axial ligands was energetically favored for bulky
and 0, respectively. We optimized the geometries of this model jigands, such as substituted imidazoles, because this orientation
system to explore the relationship between geometry and spinminimizes steric interaction between imidazole hydrogen and porphyrin
state in the same heme complex, particularly the influence of nitrogen atom§:21213X-ray and M@sbauer experiments also demon-
the axial imidazole ligands. Restricted open-shell HartFemck strated that the porphyrin ring adopts a planar configuration when bis-
(ROHF) geometry optimizations of Fe(lll)P(Im)¢B) per- ligated by imidazoles in parallel planes, while imidazoles in perpen-
formed by Loew and Duputs showed that, although the dicular planes cause porphyrin rufflifg. - _
optimized structures of the high- and low-spin complexes are Cglculatlon_s of the opt|_m|zed geometries, ele_ctronlc structure, and
quite similar, the iror-imidazole (Fe-N.) distances in the two relative energies of the high- and low-spin ferric and ferrous model

| dif t Th | b d light diff hemes were performed using NWChem, the software package for
compiexes are arfierent. They also observed a slig ierence computational chemistry on massively parallel computers developed

in the porphyrin “core size”, the average distance between iron p the High Performance Computational Chemistry Group at the Pacific
and the four porphyrin nitrogen atoms, in the different spin Northwest National Laboratorf. Calculations were performed in
states. In the present work, both-F¥. distance and core size  parallel using the IBM SP, employing up to 64 375-MHz Power3
are larger in the high-spin hemes, which indicates that the processors.
environment of the protein could modulate spin state changes As stated earlier in the Introduction, bis(histidine) hemes have states
by imposing geometric changes on the itdigand bonds. of different spin multiplicity in close energetic proximity. Recent
In the present study, comparison of the relative energies andstudies, which compare unrestricted Hartréeck with DFT func-
Fe(3d) orbital configurations of the different spin states of the tionals such as B3LYP, BLYP, and Half-and-Half, provide ample
ferlrlc a,nd ferrous FgFf(Im) complexes yielded a positive . (12) Walker, F. A.; Huynh, B. H.; Scheidt, W. R.; Osvath, SJRAmM. Chem.
adiabatic electron affinity of the system and helped us gain Soc.1986 108 5288-5297.
insight into the molecular orbitals involved in the electron (13 Safo. M. K. Scheidt, W. R.; Gupta, G. Rorg. Chem-1990 29, 626-

(14) Har'rison, R. J.; Nichols, J. A,; Straatsma, T. P.; Dupuis, M.; Bylaska, E.

(6) Kozlowski, P. M.; Spiro, T. G.; Zgierski, M. ZJ. Phys. Chem. R00Q J.; Fann, G. |.; Windus, T. L.; Apra, E.; de Jong, W.; Hirata, S.; Hackler,
104, 10659-10666. M. T.; Anchell, J.; Bernholdt, D.; Borowski, P.; Clark, T.; Clerc, D.;
(7) Elkaim, E.; Tanaka, K.; Coppens, P.; Scheidt, W.ARta Crystallogr., Dachsel, H.; Deegan, M.; Dyall, K.; Elwood, D.; Fruchtl, H.; Glendening,
Sect. B-Struct. Communl1987, 43, 457—461. E.; Gutowski, M.; Hirao, K.; Hess, A.; Jaffe, J.; Johnson, B.; Ju, J.; Kendall,
(8) Safo, M. K.; Gupta, G. P.; Walker, F. A.; Scheidt, W. R.Am. Chem. R.; Kobayashi, R.; Kutteh, R.; Lin, Z.; Littlefield, R.; Long, X.; Meng, B.;
S0c.1991, 113 5497-5510. Nakajima, T.; Nieplocha, J.; Niu, S.; Rosing, M.; Sandrone, G.; Stave, S.;
(9) Safo, M. K.; Nesset, M. J. M.; Walker, F. A.; Debrunner, P. G.; Scheidt, Taylor, H.; Thomas, G.; van Lenthe, J.; Wolinski, K.; Wong, A.; Zhang,
W. R.J. Am. Chem. S0d.997 119, 9438-9448. Z. NWChem, A Computational Chemistry Package for Parallel Computers,
(10) Schunemann, V.; Winkler, HRep. Prog. Phys200Q 63, 263—353. version 4.1; Pacific Northwest National Laboratory: Richland, Washington
(11) Loew, G.; Dupuis, MJ. Am. Chem. S0d.997, 119, 9848-9851. 99352-0999, USA, 2002.
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evidence that both the sign and the magnitude of energy differences Table 1. Total Energies, High-Spin/Low-Spin Relative Energies,
between spin states are very sensitive to the choice of funciéhi. \O/eftt_'ca| %'SGSOC'a“?U E”Efsglfsé r;Adlabatlc 5“;/"3"”9&‘ Affc'r;]'t'esv

: o b e : ptimized Geometries, arges, and Mulliken Charges
Our experience |nd|cates_ that UHF favors hlgh spin states, generallzed(ParentheseS) of the Model Heme Complex
gradient-corrected functionals favor low-spin states, and functionals

that include a fraction of the exact exchange yield small energy [Fe(IDP(Im);]° [Fe(llP(Im),]**
differences between low- and high-spin states. (For intermediate spin property S=0 §S=2 S=1, S="%,
states, this issue, not clearly put fotthis compounded by the fact  ‘nergy (nartrees) —2705.050678-2705.039968-2704.860796 —2704.847378
that spin contamination can be very large for some functionals and not AEg, (kcal/mol) 0.0 6.7 0.0 8.4
for others, depending on the initial guess of the density and the SCF De (kcal/mol) 20.8 8.1 318 21.8
convergence method, so that results for intermediate spin states carf*EA (8V) 5.17 5.21
vary widely.}” The sensitivity of the spin state ordering to the "°'gs"tgﬁ’ggs A
functionals, particularly the fraction of the exact exchange, indicates  Fe-N, (calc.) 2.05 2.36 2.02 2.24
that there is no such thing as the “right” functional for predicting spin Fe-N.(exp) 2.00 197 225
state splitting energies. For example, Scherlis and Bashowed that Fe-Npy (calc.) 2.03 2.09 2.02 2.07
Fe—Nyy: (exp.) 2.00 2.0P 2.0%

Half-and-Half predicts the correct spin state for a pentacoordinate heme, .. 2iomie charge
while B3LYP works best for a closely related hexacoordinate heme. It (electrons)

is natural then that one might consider adjusting the mixture of Ny —0.22 (-0.01) —0.25 (-0.07) —0.23 (-0. 01) —0.27 (~0.04)
; ; 9 ; N. —0.11 (-0.08) —0.22 (-0.16) —0.12 (-0.10) —0.23 (-0.19)
correlation and exchange function&i?to reproduce experimental data Fo 049 (L74) . 059(193) 0.68 (1.89) 0.83 (2.24)

for a class of molecular systems, as has been done for chemical

kl_netlcs?ovz_l Uniil there are a large number of detal!ec_i comparisons aBis(1-substituted imidazoles)(tetraphenylporphinato)ironfiief 13.

with experimental energy data and a number of predictions with a high b gjs(1-methylimidazole)pesetetramesitylporphinato)iron(lll)— ref 8.

level of reliability, it will not be possible to unequivocalyedictenergy ¢ Bis(2-methylimidazole)(octaethylporphinato)iron(IH) ref 7.

splittings for heme systems. In the present study, our aim is to calculate o ) )

spin state splitting consistent with a small energy separation. Toward The geometry was held rigid during the bond stretching, so the

this end, we must turn to other criteria to judge the quality of the Kohn diss_oc?ation energies calculated represent the vertical detachment of

Sham wave function. We will show that molecular electronic properties, the imidazoles.

such as Mesbauer quadrupole splitting, can be used for further ~ Quadrupole splitting measured with'Btbauer spectroscopy depends

comparison between theory and experiment. The ability of the B3LYP ON the occupation of the Fe(3d) orbitals and the charges surrounding

functional to yield M@sbauer parameters that correlate well with the central iron atom and is useful for measuring the oxidation and

experimental values has already been recogri#®dOur results spin state of iron atoms in heme proteins. Theoretical verification of

indicate that the Meshauer parameters for the low-spin states calculated the Massbauer quadrupole splitting\Eq) is an effective means of

with the B3LYP functional are in good accord with the experimentally confirming the electronic environment around the iron atom. Once the

determined data for the ground state and that, further, the same9@0metry optimizations converged, the resulting KeBham orbitals

functional indicates that the low-spin state is the ground state. On that Were used to calculate the electric field gradient (EFG) tensor, which

basis, and other comparisons, we expect that the B3LYP descriptionWas then used to calculate bauer parametersEq and 7, the

of the system at hand is qualitatively and semiquantitatively correct, 8ymmetry parameteAEg andy are related to the components of the

including for the aspects related to spin crossover. EFG tensor as follows:
We used the Ahlrich VTZ basis set for iron, and 6-313** for

the porphyrin and imidazoles. Loew and Harris used a similar basis

set for their calculations of the relative energies of low-lying iron \

porphyrin spin stateSA reasonable starting guess for the open-shell

density of the model heme complex was calculated from UHF AE. — 1EQ|V I(l N _2)1/2 @

(unrestricted HartreeFock) orbitals of the iron, porphyrin, and Q 2 z 3

imidazole fragments. The DFT initial guess for the whole system was

then calculated from UHF orbitals converged from concatenated Where theV values are the principal components of the EFG at the

fragment orbitals. iron nucleus.e is the electron charge, ar@ is the iron quadrupole
To gain more insight into the relationship between the imidazole Moment, equal to 0.16 bath 5% (1 barn= 1072% m?).2*

ligands and iron spin state, we calculated the force constants, harmonic  T0 examine the interaction of unpaired electrons with the s orbitals

frequencies, and dissociation energy curves associated with the Fe ©Of the surrounding atoms, we also calculated isotropic hyperfine

N, bond for each of the model hemes. The force constants were COupling constants for the ligand nitrogen atoms in our model heme

calculated by finite difference using eight imidazole displacements of according to the equation

0.03 A from equilibrium, and the frequencies were calculated from

the force constants using the reduced mass of iron-porphyrin and Aio(N) :éﬂﬁeﬁNgengN’ﬁ 3)

imidazole. The imidazole dissociation energy due to-Re bond S

stretching was calculated for all of the model hemes, using the B3LYP

functional and the same basis set as in the geometry optimizations.

Vi, — V,
Sl &y

whereS, is thez-component of the total electronic spjfis the Bohr
magnetonfy is the nuclear magnetoge is the free electroig-value,

(15) Scherlis, D. A.; Estrin, D. Alnt. J. Quantum Chen2002 87, 158-166. gw is theg-value for nucleus N, angl; ” is the spin density evaluated
(16) Axe, F. U.; Flowers, C.; Loew, G. H.; Waleh, 8. Am. Chem. Sod.989 at nucleus N.

111, 7333-7339.
(17) Dupuis, M., unpublished results. Results and Discussion

(18) Relher, M.; Salomon, O.; Hess, B. Aheor. Chem. Ac001, 107, 48—
55 Table 1 shows the main features of the optimized geometries

(19) Se{Iomon, O.; Reiher, M.; Hess, B. A. Chem. Phys2002 117, 4729~ . . .
4737 obtained for the ferric hemes in doublet and sextet states and

(20) %2"2{;&3;{8?%“’ P. L. Harris, M.; Truhlar, D. &.Phys. Chem. 200Q the ferrous hemes in singlet and quintet states, the total energies,
(21) Lynch, B. J.; Truhlar, D. GJ. Phys. Chem. 2001, 105 2936-2941. the high-spin/low-spin energy differencesHsig obtained for

(22) Godbout, N.; Havlin, R.; Salzmann, R.; Debrunner, P. G.; Oldfield. E.
Phys. Chem. A998 102, 2342-2350.

(23) Havlin, R. H.; Godbout, N.; Salzmann, R.; Wojdelski, M.; Arnold, W.;
Schulz, C. E.; Oldfield, EJ. Am. Chem. S0d.998 120, 3144-3151. (24) Dufek, P.; Blaha, P.; Schwarz, Rhys. Re. Lett. 1995 75, 3545-3548.

these states, and selected atomic Mulliken and ESP charges
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Table 2. Force Constants and Harmonic Frequencies for the
FeP(Im), Model Heme Fe—Im Symmetric and Antisymmetric
Stretching Modes

(point charges fit to the electrostatic poterifialAs seen from
this table, the order of stability for the ferric model hemeSis
=1/, < S=5/,. The order for the ferrous heme$%=0 < S

= 2 and also demonstrates that the low-spin state is energetically [Fe(lPam).P (FeqiP(im):J™
preferred over the high-spin state, which is consistent with property 5=0 s=2 S=" 5=
predictions for the strong-field imidazole ligands. Ksym (kcal/mol A2) 381 123 483 239
o : . Veym(cmY) 213 121 239 169
Optimized Geometries and Net Atomic Charges.The Kanti (kcal/mol A2) 201 109 366 196
optimized structures obtained for each spin state are very similar. ~ vani(cm™?) 186 114 209 153

The most significant differences lie in the iroimidazole
distance, FeN,, and the “core size”, which is the average of
the four iron-porphyrin nitrogen distances (although symmetry
causes only two FeNpy, distances to be unique). For each spin
state species, the four F&ly, distances are nearly equal, with

Table 3. Fe(3d) Population, Fe(3d) Spin Population (in
Parentheses), Fe—N Overlap Population, 5’Fe Mdssbauer
Parameters, Ligand Nitrogen Isotropic Hyperfine Coupling
Constants, and Spin Densities (in Parentheses)

a very small pair-wise differentiation. In the ferrous hemes, the (Fe(IhP(m)z]” EFfé(III)P(Im)z]*1 :
core size is larger than that in the ferric hemes to accommodate____P®" 5=0 5=2 5=" S=%
the larger ferrous ion. For both the ferric and the ferrous heme Fefgglﬁ;’i'gﬂs
complexes, the core size is larger in the high-spin state. The n(d,,) 1.92(0.00) 0.99(0.97) 1.91(0.04) 1.01(0.98)
distances to the axial imidazoles, which, in our model, represent Eggxg i gg Eg-ggg i-fé gggg; 1-% Eg-i?g 1-83 Eg-gég
the presence of the protein, differ significantly between ferric g 2 0.45(0.00) 1.20(0.83) 0.65(0.05) 1.35(0.70)
and ferrous, low- and high-spin hemes. Like the-RNg,, bonds, n(d?) g-ig (8-88) é-ig (2-5792) g-g? ((1)'8? é-;g (2;2)
the Fe-N. bonds are longer in the ferrous hemes and high- Z"nd 0j15( ‘ ),0_:‘,,4 (2.76) 0.40 (1.03) 0.01 (4.26)
spin hemes. Ove”apl _

The Fe-N distances in the low-spin ferrous heme and the ﬁ%@gf,t\;:yr:)s 0.28 0.16 0.31 0.22
low- and high-spin ferric hemes compare very well with those  n(Fe-NJ 0.27 0.10 0.29 0.08
from X-ray data. The optimized geometry of the low-spin e ters
ferrous model heme is comparable to the X-ray structure of low- ﬁEQ (calc.) mm//s g.g;lL Lo 225.(7})9 . 354 ) 3:5'06
spin bis(1-methylimidazole)(tetraphenylporphinato) iron(il), n%ga(li_);p') s s 0,69 oea 009
which varied only slightly when the imidazole methyl substituent  # (exp.) 0.0 1.0

was change# The Fe-N distances in the low-spin ferric model ~ isotropic coupling

. . . ASO
heme are close to those measured for bis(1-methylimidazole)- N, (calc.) MHz 7.89(0.10)—7.35 (-0.02) 9.36 (0.14)
i i i Npyr (€xp.) MHz —7.4 7.6097.98
(mesetetramethylporph|_natc_)) |_ro_n(ll?)and also agree well with va(calc_) MHa 7.38(0.09)-9.86 (-0.03) 9.46 (0.15)
the structures of the bis(histidine) hemes of;If€he X-ray N. (exp.) MHz —7.8¢8.81  11.4699.31

structure for bis(2-methylimidazole)(octaethylporphinato) iron-
7 - A o .

() " contains hlgh spin fe.mc iron and Co"e'f"tes. V.er.y wel WIFh b Chloroperoxidase— ref 31.¢Bis(1-methylimidazole)esetetramesi-

the Fe-N bond distances in the sextet. No blS(hIStldlﬂe) or bis- tylporphinato)iron(lll) — ref 8. d Metmyoglobin— ref 32.¢ Bis(imidazo-

(imidazole) hemes containing high-spin ferrous iron were found le)(tetraphenylporphinato)iron(l1f- ref 33. Cytochromec oxidase (mag-
for comparison. nitude only)— ref 34.9 Metmyoglobin— ref 35." Aquometmyoglobin—

. ref 36.7Includes anisotropic coupling.
The ESP charges show that the charge transfer between iron P ping

and porphyrin nitrogerj atoms is similar in the ferrogs and ferric, small (see Table 2), and the antisymmetric stretching modes
high-spin and low-spin hemes, and correlates with core size. 5.0 consistently smaller than the symmetric modes, which is to
The average ESP charge for trlf porphyrin nitrogen atoms pe oynected for heavy ligands such as imidazoles. For both the
calcu_lated using BSLYP/6'3]ﬂG is —0.51e, which is ferric and the ferrous hemes, the low-spin frequencies are
consistent with the total porphyrin charge 2. The charges  qjgpificantly larger than the high-spin frequencies, consistent
on these atoms in the model heme system-are0.25, sothere i, their shorter bond lengths and greaterKe bond overlaps

is a nearly 2-fold increase due to charge transfer with the iron (e Taples 1 and 3). The low-spin harmonic frequencies are in
cation. The ESP charge for.Nh an isolated imidazole, also gy celient agreement with those measured for myoglobin (220
calculated from the B3LYP/6-3#1G** density, is—0.5%. The cm1) and an iron protoporphyrin IX model hefig211 cntd).
charge transfer between iron and imidazole is greater in the I0W- 1ha ferrous harmonic frequencies are in very good agreement
spin hemes because the distance to the imidazole nitrogen iSyith the 217 et Fe—His Raman band observed for human

shorter and is consistent with the £ overlap population i er oxygenas® and those calculated by Kozlowski and co-
(see Table 3). The ngt Mulliken charges are also C(_)nS|stent W'thworkers for pentacoordinate FeP(Im), which were 227 cfar
the overlap populations and optimized geometries. The net,q singlet and 160 cm for the quinte®

charges on the central iron atoms are consistently lower than
their formal oxidation states, which is indicative of the charge fr
delocalization that occurs between iron and its surrounding
nitrogen ligandg

Iron —Imidazole Bonding. The force constants of the large-
amplitude Fe-N. modes for all of the model hemes are very

a Bis(1-substituted imidazoles)(tetraphenylporphinato)ironiljef 13.

Figure 2 shows the energy of dissociating a single imidazole
om our FeP(Imy model complex. It is clear from these plots
that the imidazole will more readily dissociate in the high-spin

(26) Johansson, M. P.; Blomberg, M. R. A.; Sundholm, D.; Wilkstron, M.
Biochim. Biophys. Act2002 1553 183-187.

(27) Rosca, F.; Kumar, T. N.; lonascu D.; Ye, X.; Demidov, A. A.; etAl.
Phys. Chem. 2002 106, 2540-3552.

(28) Sun, J.; Loehr, T. M.; Wilks, A.; Demontellano, P. R. Biochemistry
1994 33, 13734-13740.

(25) Jensen, Antroduction to Computational Chemistryohn Wiley & Sons
Ltd.: West Sussex, 1999.
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Figure 2. Energy (kcal/mol) of Felm bond stretching (A) for the low-
spin (blue), high-spin (red), ferric (top), and ferrous (bottom) model hemes.
The black curves are Morse potential functions fit to the dissociation
potentials.

hemes, as indicated by their lower force constants. The potential
wells for the ferric states are deeper than those of the ferrous
states, and the potential energy curves for the high-spin ferrous
and ferric states are shallower, as indicated by their dissociation
energies. Vertical imidazole dissociation energ2g,(adiabatic
electron affinities (AEA), and high-spin/low-spin energy dif-
ferences AEng9 for hexacoordinate FeP(Imare indicated on

the plot and tabulated in Table 1.

In the dissociated, pentacoordinated model hemes (FeP(Im)
+ Im), the high-spin Fe(3d) electron configuration is preferred
(AEnsis < 0). Although porphyrin ruffling was not allowed
during the imidazole dissociation, the ferrous dissociated heme
AEngis value of —6.0 kcal/mol is similar to the value 6£2.9
kcal/mol reported in the literature for the pentacoordinate ferrous
heme®

The adiabatic electron affinity (AEA) was calculated from
the energies of the ferric and ferrous hemes, each at their
respective optimized geometries. For the high-spin and low-
spin hemes, the AEA is 5.24 and 5.17 eV (121 and 119 kcal/
mol), respectively. The positive sign and large magnitude of
the AEA indicate that the bis(imidazole) hemes are effective
electron traps.

Spin-Crossover.The point at which the low-spin and high-
spin potentials cross, the “spin-crossover” point, occurs in the
harmonic region of the Felm bond stretching potential in both

in a complex protein such as Kcan investigation into the
dynamics and thermodynamics of the entire protein system is
necessary to elucidate the spin-crossover behavior of these
hemes. It is clear, however, that the irdimidazole bond, which
models the attachment of the heme to the protein’s histidine
side chains, can regulate the spin state of the iron atom. This is
consistent with experimentdland theoreticdf observations in

iron spin-transition complexes, in which the electronic environ-
ment surrounding the central iron atom strongly influences the
spin-crossover rate, low-spin/high-spin equilibrium, and spin-
crossover probability.

Fe(3d) Electronic Structure. In Table 3, the Fe(3d) shell
populations and spin populations, ireligand overlap popula-
tions, and iron Masbauer parameters are given, as well as spin
densities and isotropic hyperfine coupling constants for the
ligand nitrogen atoms.

Analysis of the Mulliken Fe(3d) orbital and spin populations
leads to the following electron configurations for the bis-
(imidazole) model hemes: {@P(dy)?(dy,)? for ferrous low-spin,
(dyy)?(dh )2 for ferric low-spin, (6y)Y(dy dy2)3(de—2)Y(dA)* for
ferrous high-spin, and (g*(dxy)*(dy)*(dhe—»)1(d2)?* for ferric
high-spin. The doublet ferric and quintet ferrous hemes both
utilize the degenerate {gb,;) = d orbitals, which is consistent
with the (7, d;) charge transfer bands observed for low-spin
ferric hemes such as cytochrom? and high-spin ferrous heme
proteins3® A comparison of the Fe(3d) electron configurations
suggests that the,arbital plays an important role in the transfer
of an electron between low-spin or high-spin hemes. The d
orbital is the donor/acceptor orbital because the low-spin ferrous
and ferric hemes differ in the occupancy of the degenergate d
and d, orbitals of iron, and the same can be said for the high-
spin hemes. The number of electrons transferred between the
Fe(3d) orbitals of the hemes is largely localized to thertbitals
and amounts to only 0.21 and 0.35 electrons for the low-spin
and high-spin hemes, respectively, despite the unit change in
oxidation state. This is due to charge delocalization between
iron and the surrounding ligand nitrogens, which is reflected in
the ESP charges. A recent study concluded that this delocal-
ization is required to accommodate the heme in the low dielectric
protein environmem? Because both low-spin and high-spin
electron transfer occurs betweepatbitals, it is not surprising
that the low-spin and high-spin adiabatic electron affinities are
nearly equal.

The Mtssbauer parametersEqg andn depend on the EFG
and reflect the spatial distribution of electrons around the iron.
The EFG has two parts. The largest is a valence contribution,
Qva, Which results from the unequal electronic population of
the valence orbitals, particularly the Fe(3d) orbitgls; can be

the ferric and the ferrous hemes. In the ferric heme, spin-
crossover occurs when the iron and imidazole are 2.47 A apart,
which is atv = 11 in the doublet harmonic well. In the ferrous
model heme, the spin-crossover occurs at 2.50 Awandl12.

Thermal spin-crossover is observed when the vertical separation(32

of zero-point energies between the high-spin and low-spin
potential wells is on the order &T,* which is 0.025 eV (0.6
kcal/mol) at 300 K. Differences in total energy between the
high-spin and low-spin hemes (Tables 1 and 3) are sulfficiently
large as compared tar that only a small fraction of molecules
will populate vibrational levels at which spin-crossover can
occur. Optical excitation can also induce the spin-crossover, but

(29) Dose, E. V.; Hoselton, M. A.; Sutin, N.; Tweedle, M. F.; Wilson, LJJ.
Am. Chem. Sod 978 100 1141-1147.

(30) Gerstman, B. S.; Sungar, N. Chem. Phys1992 96, 387—398.

Champion, P. M.; Chiang, R.; Munck, E.; Debrunner, P.; L. P., H.

Biochemistryl975 14, 4159-4166.

Lang, G.Q. Re. Biophys.197Q 3, 1-60.

Scholes, C. P.; Falkowski, K. M.; Chen, S.; BankJSAm. Chem. Soc.

1986 108 1660-1671.

(34) Martin, C. T.; Scholes, C. P.; Chan, SJIBiol. Chem1985 260, 2857

31)
)
33)
)
2861.
(39)
) 263 448-452.
)
)

1
(33

Scholes, C. P.; Isaacson, R. A.; FeherB@chim. Biophys. Actd972
(36) Scholes, C. P.; Lapidot, A.; Mascarenhas, R.; Inubushu, T.; Isaacson, R.
A.; Feher, GJ. Am. Chem. Sod.982 104, 2724-2735.
(37) Du, P.; Loew, G. HJ. Am. Chem. Sod.991 113 5.
38) Oganesyan, V. S.; Sharonov, Y. Spectrochim. Acta, Part A-Molec.
Biomolec. Spectrosd.997 53, 433-449.
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described in terms of the Fe(3d) orbital anisotropiy,:3° times greater than the overlap with the imidazole, because the
imidazoles are so far away. Therefore, only lattice effects
_ 1 1 contribute to the EFG, causing a small quadrupole splitting. The
Ang = N(de-ye) + n(dhy) — N(dy) — En(d“) B En(dVZ) “) quadrupole splitting for metmyoglolfihimeasured by Lang at
195 K is 1.3 mm/s and is consistent with our value of 1.06
The second, smaller, term is the contribution of the external mm/s.
lattice, ga, Which contributes if the iron nucleus is in a noncubic  Hyperfine coupling constants describe the interactions of
environment. The lattice contribution can be quantitatively unpaired electrons with nuclei. The hyperfine interaction tensor
described by the overlap population between the iron and thecan be factored into an isotropic component, which describes

imidazole or porphyrin nitrogen atoms(Fe—N.) and n(Fe— the interaction between unpaired electrons in s orbitals and
Npyn). In the present studyya will have a significant effect on  nuclei, and an anisotropic component, which describes the inter-
the EFG and therefore the quadrupole splitting, if the-Re action of nuclei with unpaired electrons in orbitals of higher
and Fe-N,y, distances are significantly different. The balance angular momentum. Isotropic coupling constamg,( also

of both valence and lattice effects contributes;tandV, the called Fermi contact terms) can be difficult to calculate to
largest component of the EFG, and thereforé\i, (eq 2). experimental accuracy because the spin density must be eval-

In the low-spin ferrous heme&E 0), all of the electrons are uated on the nuclei, where the cusps of s functions are difficult
formally paired. The configuration of the singlet ferrous heme to reproduce with a Gaussian basis set. Isotropic hyperfine coup-
is (dy)?(dk)(dy)?, so the electrons are evenly distributed in each ling constants and spin densities for ligand nitrogen atoms are
direction, and the valence contribution to the electric field shown in Table 3 with experimental values for low-spin and
gradient is zero (see eq 4). The overlap with the ligand nitrogen high-spin ferric hemes for comparison. Like the”$4bauer
atoms is symmetric, so the lattice contribution is also small, parameters, isotropic coupling constants can be explained in
giving rise to the smallest quadrupole splitting of all of the light of the Fe-N bond densities and Fe(3d) Mulliken spin
hemes presented here. Our calculatetdsdb@uer parameters populations.
compare well with the values measured by Safo and co- The calculatedAs, values compare well with coupling
workers for 1-substituted bis(imidazole) iron(ll) porphyrinates constants measured using the electron nuclear double resonance
at 118 K13 (ENDOR) technique. For the doublet ferric heme, the sign and

In the high-spin § = 2) ferrous heme, three Fe(3d) orbitals magnitude of the isotropic coupling constants are consistent with
are singly occupied, and the drbital is triply occupied. This  those measured for bis(imidazole) (tetraphenylporphinato) iron-
produces an anisotropy in tizedirection, which contributes to  (11), 33 in which the negative sign oks, was attributed to the
the valence fraction of the EFG. The+id bond overlaps are  exchange polarization of the nitrogen 2s orbitals. Théyper-
not as large as those in ti= 0 heme; however, there is a fine coupling constant measured for cytochromexidasé*
nearly 2-fold difference in magnitude between the iron overlaps includes both isotropic and anisotropic coupling. Comparison
with imidazole and porphyrin, which significantly affects the with the calculated isotropic coupling constants verifies that
charge symmetry and therefore the lattice contribution to the hyperfine coupling to the imidazole nitrogen is largely isotropic
EFG. In theS = 2 heme, valence and lattice contributions in the doublet ferric hem&
combine to yield the largest quadrupole splitting. Champion and  |sotropic coupling constants measured for aguometmyoglo-
co-worker$! investigated the electronic structure of high-spin  pin36 are comparable to our calculated values for the high-spin
ferrous heme proteins and found that the quadrupole splittingsferric heme, both in sign and in magnitude. The positive sign
for chloroperoxidase, horseradish peroxidase, hemoglobin, andof A, has been attributed to the direct transfer of electron spin

cytochrome P-450 all fall in the range of 2:38.70 mm/s § from the metal ¢ to the ligand nitrogem orbitals33 which is
= 0.6-1.0), which is typical for high-spin ferrous iré#:° consistent with our 4 orbital spin population. The nitrogen iso-

In the S= 1/, ferric model heme, the Fe(3d) orbital population  tropic coupling constants are similar to those measured for met-
differs from theS = 0 ferrous heme by one less dlectron. myoglobin4! which also include anisotropic coupling, indicating

This produces an anisotropic effect, as in the high-spin ferrous that the interaction of the high-spin ferric heme’s unpaired
heme. There is little lattice contribution to the EFG, because electrons with ligand nitrogen atoms is largely isotropic, as in
the iron orbital overlap with imidazole and porphyrin nitrogen the doublet heme.

atoms is similar. Therefore, the large quadrupole splitting  The high-spin ferrous heme’s isotropic coupling constants
calculated for the low-spin ferric heme is almost entirely due are also tabulated, but no experimental values were found for
to the anisotropy caused by the iron arbital. Safo and co-  comparison. The positive sign is consistent with Aag values
worker€ measured the NMshauer spectrum of bis(1-methylimi-  for the high-spin ferric heme. The quintet's larger core size
dazole)mesatetramesitylporphyrinato)iron(lll), and their mea-  causes the porphyrifis, to be lower in the quintet than the
sured quadrupole splitting of 2.28 mm/s is in good agreement sextet. The loweAs, on the imidazole nitrogen atom can be

with our value. attributed to the longer FeN, distance in the high-spin ferrous
Finally, the S = %, ferric heme, which has five electrons heme.

evenly distributed in the Fe(3d) shell, has no anisotropy and _

therefore no valence contribution to the EFG. The overlap Conclusions

between the iron and the porphyrin nitrogen atoms is nearly 3 |5 this study, we have shown that the B3LYP hybrid
functional is effective for modeling the oxidation states and low-

(39) Grodzicki, M.; Flint, H.; Winkler, H.; Walker, F. A.; Trautwein, A. X.
Phys. Chem. A997, 101, 4202-4207.

(40) Champion, P. M.; Chiang, R.; Munck, E.; Debrunner, P.; I. C., G. (41) Mun, S. K.; Chang, J. C.; Das, T. Biochim. Biophys. Actd977, 490,
Biochemistryl975 14, 4151-4158. 249-253.
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lying spin states of bis(imidazole) hemes. The results of our Fe—Im stretching frequencies correlate well with experimental
geometry optimizations are in very good agreement with results for substituted model hemes and intact heme proteins,
geometries measured for model hemes using X-ray crystal- we expect that only relative energiesHysisand AEA) will be
lography, in which the irorrimidazole distances are significantly — affected by the environment. In our next step toward a full
longer in the high-spin hemes. This indicates that a protein suchcharacterization of the redox properties ogJfee will perform
as Ifg can manipulate the spin state of a bis(histidine) heme QM/MM calculations to explore in detail the influences of the
by imposing geometric changes on the irdigand bonds. Ifcs heme substituents (propionate groups, methyl groups, and
Imidazole dissociation curves show that the spin-crossover attached cysteines) and the electric field due to the solvent and
point is similar for the ferric and ferrous hemes2.5 A) and protein residues on the relative energies of the hemes.
that the ferrous and high-spin hemes dissociate a single
imidazole more readily than the ferric and low-spin hemes. Both ) i |
spin-crossover and imidazole dissociation are thermally inac- PNNL for sharing his expertise of Msbauer spectroscopy, and
cessible at reasonable temperatures. However, we know fromP!- M. Bowman at PNNL for very helpful discussions of
studies of cytochrome P450 that the relative energies and redoxX'YPerfine coupling constants. This work was supported in part

properties of the heme are affected by the electric field of the PY the Office of Advanced Scientific Computing Research,
protein and solver® The hydrogen bonding of hemes to Office of Science, Department of Energy. Computational

residues in the distal pocket, particularly a nearby aspartate€S0urces for this work were provided by the Molecular Sciences
residue, and polarization by the solvent medium influence the COMPuUting Facility of the Environmental Molecular Sciences
electronic and geometric features of the heme, including axial Laboratory at .Pacmc Northwest National Laboratory. Pacific
ligand bond strength and the location of the unpaired sfiffs. Northwest National Laboratory is operated for the U.S. Depart-

Because our calculated geometries,dgtmauer parameters, and ment of Energy by the Battelle Memorial Institute.

Acknowledgment. The authors thank Dr. R. Kukkadapu at

- JA0280473
(42) Loew, G. H.; Harris, D. LJ. Am. Chem. S0d.993 115 8775-8779.
(43) Ogliaro, F.; Cohen, S.; de Visser, S.; ShaikJSAm. Chem. SoQ00Q
122 12892-12893. (44) Green, M. TJ. Am. Chem. So200Q 122, 9495-9499.

J. AM. CHEM. SOC. = VOL. 125, NO. 9, 2003 2717



