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Abstract: Ferric aquo heme complexes comprise the active site of three major families of heme proteins, the
peroxidases, the cytochrome P450s, and metmyoglobin. There is ample evidence from a variety of spectroscopic
studies of wild type (wt) and mutant enzymes that in these resting state complexes, the sextet, quartet, and doublet
states are very close in energy and the predominant spin state observed is a sensitive function of the number, nature,
and geometry of the axial ligands. One correlation that is very difficult to determine experimentally is the relationship
between spin state and geometry in the same heme complex. This coupling of geometry and spin state in the same
complex can be functionally important since spin state changes are often a key part of function, for example, in the
enzymatic cycle of the cytochrome P450s. To further explore the relationship between geometry and spin state, we
report here for the first time the use alp initio methods to calculate optimized geometries and electronic structure

of a model for the resting state of peroxidases in its sextet, quartet, and doublet states. The sextet state is found to
be the lowest energy state in agreement with experimental results reported for a model diaquo heme compound.
Although a longer Fewater distance was obtained in the model compound, the unique feature of these calculations

is their ability to monitor changes in geometry in the various spin states in the same complex. While the optimized
guartet geometry is similar to the sextet geometry, the doublet state has a considerably shavtieFdistance.

These results suggest that the environment of the protein can modulate spin state changes by imposing geometric
changes in this mobile Fdigand interaction by interaction from both the proximal and distal sides. Experimental
determination of spin state populations by a number of spectroscopic methods in wt and mutants of the Fe(lll)
resting form of cytochrome-C peroxidases (CCP) with knownWater distances from crystal structures provide
strong support for this hypothesis.

Introduction and the electronic spect1>16.17l indicate differing popula-
) ) ) ] _ tions of the sextet, quartet, and doublet states. Similar subtle

A ferric aguo heme complex is the common active site motif yariations in distribution of populations of different spin states
in the resting state of two major families of metabolizing heme gre observed among the isozymes of the P450s that all share a
proteins, peroxidases and cytochrome P450s, as well as in thecommon mercaptide and water as axial ligands. The origin of
oxidized form of the globins. Extensive spectroscopic studies these variations among complexes that have the same axial
of wild type (wt) and mutants of these enzymes show a wide ligands is not clearly understood and can be of mechanistic
range of behavior with respect to spin state populations in this relevance to the function of the protein. For example, among
Fe(lll) species. For example, horseradish peroxidase (HRP-the P450 isozymes, the extent to which the high or low spin
C), cytochrome C peroxidase (CCP), and metmyoglobin (Mb) state is favored in the ferric state mediates the ease of reduction
all share an imidazole and water as axial ligands. Yet the that is a crucial step in the enzymatic cycle.
observed temperature dependence of magnetic susceptifility ~ There are a number of ways that the environment of a heme
of quadrupole splittings in Mossbauer resonafiéghe electron  complex can modulate the relative energies of its spin states.
spin resonance specffal® the resonance Raman speétra® In previous studie& we have determined that the electrostatic

- i field of the protein can modulate differences in spin state

. :\gﬂeg‘gf‘goﬁ‘;is;?mh Institute. energies. These studies were performed for the resting state of

S Current address: Pacific Northwest National Laboratory, Richland, P450cam with a known structure, using the techniques of
Washington 99352.
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semiempirical quantum chemistry, together with molecular capabilities combine to make these studies possible. In the
dynamics simulations of the full protein. studies reported here, the single configuration (HF) and mul-
Another possible way in which the environment of the protein ticonfiguration complete active space (CAS) self-consistent-field
could modulate relative spin state energies is by causing a(SCF)ab initio methods were used with extended basis.sets
change in the geometry of the heme iron ligands by forces The results obtained indicate a significant change inwater
exerted on the axial ligands by interaction from both the distances in the high and low spin forms of these complexes,
proximal and distal sides of the protein. Itis extremely difficult, suggesting that the environment of the protein could modulate
both experimentally and theoretically, to explore the relationship spin state changes by imposing geometric changes on this mobile
between geometry and spin state in the same heme complexFe—ligand interaction.
Although changes in spin states and coordination numbers in
different proteins and under different conditions have been
detected by Resonance Raman, electronic spectra, and electron In this study, an iror-porphyrin complex with an imidazole ligand
spin resonance methodsl’ there is no direct way to experi- and water ligand was used as the model of the 6-coordinated peroxidase
mentally determine the extent of geometry relaxation in different "esting state. The porphyrin ring is in tg plane with the nitrogen
spin states of the same complex. Computationally, the difficulty 20Ms on thecand y axes, and the axial ligands, the oxygen of the
has been the lack of efficient and reliable procedures for water, and N of the imidazole are along thexis. The imidazole is

btaini tri f h chall . t h Igonserved as the distal axial ligand of the iron in all known peroxidase
obtaining geometries of such challenging systems as open she tructures, with the exception of chloroperoxidase, and is considered

iron—porphyrin complexes. _ the prototypical axial ligand of peroxidas®s.Neutral forms of the

The INDO/SCF method developed over many years in the imidazole and water ligand were used, resulting in a net charge on the
laboratory of Prof. Zerné? has proven very useful and reliable  complex of+1. The initial geometry of this six-coordinated species
for determining the relative energies of states of different spin used was that of the corresponding heme complex in the resting state
states for example, in model compounds with known X-ray of CCPP with the substituents of the protoporphyrin IX ring replaced
structures and different ground states sffinand in the by H atoms. In this X-ray structure the iremvater distance is 2.4 A.
calculation of electronic spectra of model heme compléké. Geometry optimization of the sextet, quartet, and doublet states of this
However, this method has not proven as reliable for geometry S0MPlex were then performed.

AN . - ; The calculations were performed by using a complete active space
optimization and is best used to characterize the electronic multi-configuration CAS SCF method with the following basis sets:

structure and relatlvg spin state energies of heme complexes; 31 for the porphyrin atoné,6-31G** for the imidazole and water
with known geometries. o . ) ligands, and an effective core potentfakith triple-Z d functions on

A number of pioneeringb initio calculations with the self  the iron. Previous calculations by Almlof et Zlon the isolated
consistent field HartreeFock (SCF/HF) procedures have been porphyrin indicated that a doublgquality basis set gives a semiquan-
reported for model irorporphyrin system&*-25 These cal- titative description of the porphyrin ring, in particular of the molecular
culations were limited at first to closed shell systems and use orbital energy levels of the frontier orbitals. Such calculations,
of small basis sets and later expanded to include open shellconfirmed in the present study, indicated that among the orbitals of
systems. They focused mainly on electronic structures and spint€ Porphyrin ring, the lowest unoccupied orbital ist@rbital with
distributions. Although useful in this respect, the methods used SMall negative orbital energy. The wave functions for the respective
and computer capabilities available at that time did not allow spin state were obtained by distributing (pairing and spin coupling)

t timizati liable ch terizati f ited the electrons in what are essentially the d orbitals of iron in all possible
geometry optimizations nor refiable characterization or excite ways consistent with spin and spatial symmetry of the system. For

states. More recently an alternatigb initio approach, based  the sextet state, there is only 1 configuration, while for the quartet state
on density functional theory (DFT), has been actively explored there are 12 configurations and for the doublet state 75 configurations.
as a more efficient means of obtaining optimized geometries Geometries for each spin state were fully optimized. No vibrational

Methods and Procedures

of small moleculeg® the active site of irorsulfur proteins’’ analyses were performed to ascertain the minimum energy character
and model iror-porphyrin complexe# In this latter study, of the structures. However, the initial structures used for each spin
calculations were made for a five-coordinated ferry=fe state optimization provide confidence that these structures are indeed

species and did not address the problem of the relative energetics2W-energy structures. Specifically, the sextet geometry was obtained

: i by optimization starting from the experimental structure as described
of states of different multiplicity or the extent of geometry . :
relaxation associated with them. above. Both the quartet and the doublet spin state geometries were

. . . obtained by optimization starting from the sextet optimized geometry.

In the studies made here, we report for the first time the use Nt atomic charges and spin distributions were calculated by using a
of ab initio quantum chemical methods to calculate the pyiliken population analysis. All calculations were performed with
optimized geometries, electronic structure, and relative spin statethe computer code HOND®. The ability to converge on stable minima
energies of a model for the resting state of peroxidases in itsfor these exited states represents a considerable increase in the
sextet, quartet, and double states. Increases both in theusefulness oéb initio methods to describe iron porphyrin complexes,
efficiency of the computational methods used and in computer since one of the main limitations of pri@b initio calculations was

the failure to obtain convergence or reasonable descriptions of such
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Table 1. Resting State Model of Peroxidases: Optimized the sextet and quartet states. For each spin state species, the
Geometries and Relative Energies of Different Spin States four iron—porphyrin nitrogen distances are nearly equal, with
H_ _H a very small pairwise differentiation. These distances are
o somewhat longer in the sextet state than in the quartet and

— doublet states.
/N—FETB\/‘ The variation of the Feaxial ligand distances in the three

spin states can be readily explain by examination of the
occupation number of the natural orbitals of the CAS wave

N, functions. As can be seen from Table 2, both the sextet and
KN\ the quartet states, have & drbital occupied, thus creating a
5\H repulsive interaction with the ligand lone pairs. This interaction
results in the similar and longer Fevater and Fe-imidazole
oA, 4, 2p, distances in these two spin states compared to the doublet state
r(Fe—OHy), A 232 >34 209 in which the ¢ orbital is unocpupled. . .
r(Fe=N.), A 2.20 2.25 2.04 Also seen from the results in Table 2 is that the net atomic
r(Fe—Npy), A 2.05 2.00 2.01 charges on the iron, the ligand atoms, the entire water and
r(Fe—Npy), A 2.06 201 2.02 imidazole ligands and the porphyrin ring are very similar in
D|—||: SE)E’ df\’lg d 4152(5)-5 41523-6 41523-7 the three spin states. While the ligand atoms themselves have
;HO—NZ:E Orl’gg €9 0 0 o substantial negative charge.67 on the O atom of the water
AE eV 0.0 221 3.41 and—0.79 on the Ne atom of the imidazole, there is very little

net charge transfer to the axial ligands. Both water and

Table 2. Resting State Model of Peroxidases: Calculated imidazole remain essentially neutral, each with small positive,

Electronic Structure of Different Spin States +0.08, charge. By contrast, there is a transfer of about half an
HoH electron from the formally dianionic porphyrin ring to the ferric
o~ iron. Also seen in Table 2, the iron atom carries most of the
unpaired spins. Unpaired spins on the nitrogen atoms of the
I:CNfFe—N porphyrin ring, as well as on the imidazole ligand were found
C to be less that 0.03 in all cases. As already noted, the CAS
orbitals with variable occupation numbers in all cases retained
N a very strong Fe d orbital character which resulted in this very
N imited spin transfer on the iron. us, the net atomic charge
\‘ limited spin transf th Thus, the net at harg
N on the iron, the CAS orbital occupancy, and unpaired spin
H density in each state all retain the main features of a classical
. " . sextet, quartet, and doublet ferric ion.
property A1 A1 A1 No X-ray structure and no experimental determination of the
net atomic charges ground state spin of a model sixoordinated ferric-porphyrin
OFe J_F02-6577 J_F(Z)-gg ”_Lg?g complex with a water and imidazole ligand have been reported.
g: 079 076 083 Thus the closest experimental comparisons that can be made
qN;yr —124 —121 ~1.20 of the computational results are with a model feforphyrin
Q0 +0.08 +0.05 +0.06 diaguo complexX? The finding here of a sextet ground state
Oporphyr -1.73 -1.61 —-1.67 for a ferric—porphyrin aquo imidazole complex is consistent
im _ +0.08 +0.07  +0.08 with the experimental observation of a hig-spin ground state in
OCC‘(JS?”%V of CAS Orbitals 100 197 Loa the model ferrie-porphyrin diaquo complex. However, the
Zdyz - 1.00 1.00 196 optimized Fe-OH, distance found, 2.32 A, is considerably
o0 1.00 1.00 1.00 longer than the value of 2.09 A found in this model compound,
odz2 1.00 1.00 0.07 and more consistent with the FOH, distance of 2.4 A found
poy _ 1.00 0.03 0.03 in the X-ray structure of CCF2 Given that results here are for
Fgruﬂpﬁ'rﬁisg'i?ed sin ‘é-zg 3.0 13 an isolated heme unit, they should in principle be more
Ipmhpur{pairedpspin P 0.07 comparable to the model compound.
water unpaired spin 0.02 There are a number of possible reasons for this disparity. It
“The borohvIin Ting i in thee blane. with the mtroaen atoms on could be that higher levels of theory are required to obtain
the x andpy apxgs. 9 yplane, 9 improved agreement. There could also be some effect of the

differences in the other axial ligand, an imidazole in the model
doublet state and the relative energies obtained for these stateBeroxidase, and a second water in the complex with known
are given in Table 1. As seen from this table, the order of structure. In addition, the X-ray structure was determined in
stability of the spin state energiesSis < ¥, < 1/2’_ Table 2 an aqueous en\_/ironme_nt and _the water Iigand§ are particularly
shows the net atomic charges and CAS orbital occupancies forSUSCceptible to interactions with the surrounding solvent, an
the various states. These variable occupied CAS orbitals INteraction that could affect the Fevater distance observed.
retained a very strong Fe(d) character. Also given in this table ~ The unique feature of these calculations is the ability to

is the unpaired spin on the iron atom and, for the sextet state, Monitor changes in geometry as a function of spin state change
on the remaining components of the complex. in the same complex. Although there are many X-ray structures

of model heme complexes with different ground state spins,

The optimized structures obtained for each spin state are very . . . -
there is no direct experimental way to determine the extent of

similar. The most significant differences lie in the ireaxial
ligand distances. Both the iretwater and the irorimidazole (34) Scheidt, W. R.; Cohen, I. A.; Kastner, M. Biochemistry1979
distances are significantly shorter in the doublet state than in 18, 3546-3552.
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Table 3. Effect of CCP Mutation on Spin State and Measured the three CCP mutants, D235A W191G and D235N, in which
Values of Fe-Water Distances from X-ray Structure the experimental Fewater distance is the same or less than
predominant spin state the calculated value of 2.09 A for the low spin, are found to be
mutant Fe-OHya (ref)y  lowT (ref)  highT (ref) predominantly low spin. Also, consistent with the calculated
WICCP (yeas) 2.4(30) hs (13) hs (13, 14) results is thg observation that the wt and six mutants with knqwn
WICCP (M) 2.7 (35) hs (13) hs (13, 14) Fe—water distances comparable or greater than the optimized
D235A 1.87 (16) Is (16) Is (16) calculated distance of 2.31 A for the sextet state are all found
W191G 1.98 (17) Is (17) Is (17) to be predominantly high spin. This consistency between
D235N 2.03 (35) Is (13, 14) experimental and theoretical findings compliments the findings
D235E 2.31(16) hs (16) : - ; -
and reinforces the hypothesis that changes in the environment
W191F 2.54 (35) Is (13) hs (13, 15) ! ; . .
WS51F 2.59 (35) hs (13) hs (13, 14) around the heme unit could induce a geometric change in the
R48L 2.84 (36) hs (14) labile bound water position that in turn modulates the population
H175E 3.30 (15) hs (15) hs (15) of spin states of different multiplicities.

The experimental results alone, although compelling, have

geometry relaxation in different spin states of the same complex. the disadvantage that the X-ray structure determinations and
The present results provide this missing component, allowing the Spectroscopic measurements to obtain spin state preferences
further insight into the relationship between the irdigand are not done under identical conditions and that variations in
geometry in a given complex and its spin state. The shorter the conditions themselves influence the spin populations. For
Fe—OH;, bond found for the doublet state is consistent with €xample, X-ray structure determinations are made at room
the experimental observation that strong interactions of the axial temperature usually with 60% glycerol or 40% MPD (2-methyl-
ligands favor the low spin state. This observation has been made2.4-pentane diol) added to the solvétit is well-known that
for both model and intact six-coordinated ferric heme complexes solution or crystalline form, the presence or absence of these
with varying axial ligand. Ligands such as CN-, N3- and OH-, agents in the solvent, changes in temperature, and even the
generally lead to low spin ground states, and ligands such asenzyme aging proce3% 7 all influence the relative spin state
Cl-, F- and HO generally lead to high spin ground stats. distribution. Because of these confounding factors, observed
The results of the present study also suggest a mechanisnspin state distributions cannot be systematically related directly
that could explain the different spin state distributions commonly to known changes in the Fevater distances. Single crystal
found for ferric aquo heme complexes with the same axial resonance Raman spectra in 40% MPD obtained for three of
ligands in different protein environments. It is possible that these mutants D235N, W191F, and W51F, come the closest
such changes in the environment around the heme unit couldto simulating the X-ray conditions. Given these ambiguities in
induce a geometric change in the labile water position that in the experimental correlation, the computational results directly
turn modulates the population of spin states of different linking different optimized Fewater distances of the same
multiplicities. Experimental determination of spin state popula- species to different spin states and the remarkably good
tions by a number of spectroscopic methods, notably resonanceagreement between the observed and calculated distances
Ramant3-15 electronic spectr&!®1” and electron spin reso-  associated with these spin states provide convincing additional
nanc&!%17in wt and in a series of mutants of CCP Fe(lll) evidence that changes in the environment around the heme unit
resting forms with known Fewater distances from crystal could induce a geometric change in the labile water position
structures®17:30353%rovide strong support for this hypothesis. that in turn modulates the population of different spin states.
Table 3 presents a summary of the experimental results of
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