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Abstract

Mononuclear non-heme iron active sites are present in a variety of enzymes involved in a
wide range of important biological functions requiring dioxygen. These include superoxide
dismutases, oxidases, extra- and intradiol dioxygenases, cis-dihydroxylases, pterin- and
a~ketoglutarate-dependent hydroxylases, lipoxygenases, and bleomycin. Both the ferrous and
ferric oxidation states are involved in catalysis for different enzymes in this class, and substrate-
and oxygen-bound intermediates have been observed. Much less is known about the active
sites in these enzymes relative to the heme systems as the non-heme iron centers are less
spectroscopically accessible, particularly at the ferrous oxidation level. The application of
magnetic circular dichroism (MCD) spectroscopy has greatly advanced the level of understand-
ing in these systems as this technique allows the direct observation of the ferrous d—d ligand
field transitions, which are generally obscured by solvent and protein vibrations in optical
absorption spectroscopy owing to the weak extinction coefficients and are often electron
paramagnetic resonance silent due to relatively large ground-state sublevel splittings and fast
relaxation times. The energies of the d—d transitions give the splitting of the excited-state e,
orbitals which can be correlated with the coordination number and geometry at the ferrous
center. In addition, the ground states of high-spin ferrous complexes are described as an
S =2 spin manifold which undergoes axial zero-field splitting into Mg= +2, +1, 0 components
separated by 3D and D, respectively. The non-Kramers Mg= +2 doublet is lowest in energy
for D <0, and is further thombically split by an amount § in the absence of a magnetic field.
The unusual variable-temperature variable-field MCD saturation behavior observed for such
systems can be interpreted by including the effects of & as well as z-polarization, linear
ZB-terms, and the population of low-lying excited states. The non-degenerate Mg=0 state is
lowest in energy for D>0 and the resulting MCD saturation behavior can be analyzed by
including the effects of off-axis Zeeman terms and z-polarized electronic transitions. The spin
Hamiltonian parameters obtained through analysis of the variable-temperature variable-field
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MCD satyration data are further interpreted in terms of the ligand field splitting of the
ground-state t,, set of d-orbitals. This MCD methodology has been applied to several bio-
logically relevant mononuclear non-heme ferrous systems to directly probe the active site
geometric and electronic structures and to gain mechanistic information about their catalytic
cycles. MCD spectroscopy has been used to study the native ferrous active site of phthalate
dioxygenase and its interaction with substrate and exogenous ligands, which has previously
been difficult to study due to the additional presence of a [ 2Fe~287 Rieske cluster. The native
form of soybean lipoxygenase exists as a mixture of species in solution that has been defined
through the application of CD and MCD spectroscopies. This MCD methodology has also
been used to elucidate the nature of the ferrous active site in bleomycin, which represents an
important deviation from mononuclear non-heme iron enzymes in that it exhibits low-energy
charge transfer transitions and performs chemistry similar to heme systems. The MCD method-
ology presented in this review has been employed to obtain molecular level insight into the
catalytic mechanisms of these important enzyme systems and to understand the differences in
active site geometric and electronic structures which relate to differences in oxygen reactivity.

Keywords: Magnetic circular dichroism spectroscopy; Non-heme ferrous enzymes; Geometric
structure; Electronic structure

1. Introduction

Iron is one of the most abundant elements found in the earth’s core, is present
throughout the biosphere, and is distributed in a variety of proteins which can be
classified by their biological functions: iron transport, electron transfer, oxygen
binding, oxygen activation, and multi-electron reduction. The stable oxidation state
is Fe**, which is difficult to store in vivo because it reacts to form an insoluble
Fe(IlT)oxide polymer that is toxic to cells. Examples of iron-containing proteins
which have evolved to overcome this difficulty are ferritin [1,2], a storage protein
of iron metabolism found in the liver and spleen, and transferrins [3], beta globulins
in blood plasma capable of combining with ferric ions and transporting iron in the
body. Electron transfer and storage are accomplished by a class of proteins which
contain iron—-sulfur clusters [4]. Rubredoxin is an electron transfer protein which
contains one iron tetrahedrally coordinated to four cysteine sulfurs. Electron storage
is accomplished by [2Fe—2S] plant ferredoxins, in which the two iron atoms are
tetrahedrally coordinated to four sulfur atoms (two bridging sulfides and two cysteine
sulfurs) and Rieske centers, which differ from the plant ferredoxins in that one of the
two tetrahedrally coordinated irons is ligated to two histidine nitrogens. [4Fe—4S]
ferredoxins are low molecular weight proteins which are also involved in oxidation/
reduction reactions in substrate metabolism and have distorted cubane geometries.
The most studied class of iron-containing proteins are the heme proteins. These
systems are responsible for oxygen binding, oxygen activation, and multi-electron
reduction and include such examples as hemoglobin, cytochrome P-450, prostaglan-
din synthase, cytochrome oxidase, and catalase [5]. Hemoglobin is a respiratory
pigment capable of reversibly binding and transporting oxygen. Prostaglandin syn-
thase is a dioxygenase that catalyzes the insertion of two atoms of oxygen from
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dioxygen into substrate [ 6]. Cytochrome P-450 activates dioxygen for monooxygen-
ase chemistry and is thought to involve an oxo-ferryl intermediate [ 77]. Cytochrome
oxidase acts as a proton pump across cell membranes requiring four electrons from
cytochrome ¢ to reduce molecular oxygen to water [8,9]. Catalase catalyzes the
dismutation of the toxic peroxide byproduct to oxygen and water in the cells of
nearly all aerobic organisms. It is important to realize that there are also large
classes of non-heme iron enzymes which perform reactions similar to those of the
heme enzymes involving oxygen binding, activation, four-electron reduction, and
disproportionation. These can be subdivided into binuclear and mononuclear classes.
For the binuclear proteins, the nature of the oxo or hydroxy bridge appears to play
a key role in the catalytic mechanisms [10,117: hemerythrin is an oxygen carrier
protein analogous to hemoglobin, methane monooxygenase catalyzes the conversion
of methane to methanol, and ribonucleotide reductase reduces ribonucleotides to
deoxyribonucleotides in the first committed step in DNA synthesis. Finally, the
mononuclear non-heme iron enzymes, which are the focus of this review, are an
extensive class which do not have the dominant structural features of the above
proteins (iron-sulfur bonds, the porphyrin ligand, or oxo bridges) and are thus the
least well understood. Several recent reviews of non-heme iron enzymes are given in
Refs. [12-14].

Mononuclear non-heme iron active sites are present in a variety of enzymes
involved in a wide range of important biological functions requiring dioxygen. These
enzymes are classified according to the types of reactions catalyzed: dismutation,
oxidation, monooxygenation, dioxygenation, hydroperoxidation, and DNA cleavage.
The dioxygenases may be further subdivided into extra- and intradiol dioxygenases,
cis-dihydroxylases, and pterin- and a-ketoglutarate- (x-K.G-) dependent hydroxylases.
The latter two systems incorporate one oxygen atom from dioxygen into substrate
and one into the organic cofactor and are thus formally dioxygenases. Specific
enzyme reactions from each class are given in Fig. 1. Briefly, iron superoxide dis-
mutase (FeSOD) is one of three superoxide dismutases that catalyze the dismutation
of superoxide ions to oxygen and hydrogen peroxide [ 15]. Isopenicillin N synthase
(IPNS) is an oxidase which is unusual in that it catalyzes the four-electron oxidative
double ring closure of its substrate [16]. Monooxygenase activity is exhibited by
w-hydroxylase (wH), but the available information is limited owing to difficulty in
isolating the protein in sufficient quantities for detailed study [17]. Several different
types of dioxygenases are involved in the bacterial degradation of aromatic rings.
The final ring cleavage step in the degradation of aromatic rings, breakdown of a
catechol, is catalyzed by the extra- and intradiol dioxygenases (e.g., catechol
2,3-dioxygenase (2,3-CTD) and protocatechuate 3,4-dioxygenase (3,4-PCD), respec-
tively) which exhibit fundamental differences in structure and reactivity [18,19].
Prior to this reaction, conversion of an unactivated aromatic to the cis-dihydrodiol
is required and is catalyzed by the cis-dihydroxylase phthalate dioxygenase (PDO)
and related enzymes [20]. Phenylalanine hydroxylase (PAH), one of three pterin-
dependent hydroxylases, catalyzes the hydroxylation of phenylalanine to tyrosine
[21]. Clavaminate synthase (CS) is an o-ketoglutarate-dependent hydroxylase which
can perform ring closure as well as hydroxylation chemistry depending on substrate
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Fig. 1. Classes of oxygen reactivity exhibited by mononuclear non-heme iron enzymes, Representative
enzymes and the reactions they catalyze are illustrated for each class.
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[22]. The lipoxygenases (LOs) catalyze the hydroperoxidation of cis,cis-1,4-
pentadiene-containing fatty acids [23]. Bleomycin (BLM) is a non-heme iron glyco-
peptide that reversibly binds and activates oxygen for hydrogen atom abstraction
which is similar to heme chemistry (cytochrome P-450) [24,25] but involves a
different oxygen intermediate. More detailed mechanistic and structural information
for these enzymes is presented in Section 2.1.

Both ferrous and ferric oxidation states have been determined to be involved in
catalysis for the different mononuclear non-heme iron enzymes, and substrate- and
oxygen-bound intermediates have been observed for several of these enzymes. Much
less is known about the active sites in these enzymes relative to heme systems as the
non-heme iron centers are less spectroscopically accessible, particularly in the ferrous
oxidation state. Therefore, we have developed a methodology for the study of non-
heme ferrous active sites emphasizing magnetic circular dichroism (MCD) spectro-
scopy to observe the ligand field excited states and variable-temperature variable-
field (VTVH) MCD spectroscopy to obtain the ground-state sublevel splittings for
these non-Kramers ions which often do not exhibit electron paramagnetic resonance
(EPR) signals. A ligand field analysis of these data then generates the experimental
d-orbital splittings of the ferrous active sites which provide geometric and electronic
structural insight. This MCD methodology has then been applied to understand
catalytic mechanisms on a molecular level and to discern structure/function relation-
ships by determining how differences in geometric and electronic structure over
several non-heme iron enzymes relate to differences in oxygen and substrate reactiv-
ity. This approach is developed in detail in Section 3 and applied to phthalate
dioxygenase, lipoxygenases, and bleomycin in Section 4. Its application to catechol
2,3-dioxygenase [26] has been previously reviewed [12,27].

2. Background
2.1. Bioinorganic enzymology

The dismutation of superoxide anions to peroxide and molecular oxygen is cata-
lyzed by one of three superoxide dismutases containing either iron (FeSOD), manga-
nese (MnSOD), or copper and zinc (Cu,Zn-SOD) [28]. FeSOD is isolated from
procaryotes and is a dimer with a two-domain structure composed of 50% a-helix
and three strands of antiparallel f-sheet [28,297]. There is no change in the protein
structure with the addition of iron to the active site, which contains residues from
both the N- and C-terminal domains [30,31]. Fe(III)SOD has been found by X-ray
crystallography to have a distorted trigonal bipyramidal structure with four endoge-
nous protein ligands [15,28,327. Histidine 26 coordinates axially, while histidine 74
(73), histidine 160, and aspartate 156 form the trigonal plane. The imidazole ligands
bind through the NE2 and the carboxyl group binds in a monodentate fashion.
Fig. (2a) illustrates that there is some controversy regarding the possible coordination
of solvent in the axial fifth position. Stoddard et al. [15] propose that the fifth site
is devoid of a bound water molecule or an anion and place the metal at 0.5 A out
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(a) Superoxide Dismutase

{c) Soybean Lipoxygenase

Fig. 2. Known crystallographic information about the metal coordination environments of mononuclear
non-heme iron enzymes. (a) Conflicting coordination spheres of superoxide dismutase adapted from
Stoddard et al. [15] (left) and Stallings et al. [28] (right). (b) Protocatechuate 3,4-dioxygenase adapted
from Ohlendoif et al. [53]. (¢c) Conflicting metal environments of soybean lipoxygenase adapted from
Boyington et al. [100] (left) and Minor et al. [ 1017 (right).

of the plane of the trigonal ligands towards the axial histidine. Stallings et al. [28]
position the metal ion in the plane of the trigonal ligands and find that solvent
(hydroxide) occupies the fifth, axial coordination position on the Fe**. There is little
structural change upon reduction to the ferrous state; however, the uptake of one
proton per electron is observed from titration experiments which is accounted for
in the Stallings et al. structure by the bound hydroxide going to water [32]. MCD
and Mossbauer studies indicate that a five-coordinate structure is present in the
reduced state [28], with a more square pyramidal electronic symmetry indicated
from the MCD analysis [33]. Azide is an inhibitor of dismutase activity and binds
to the ferric site with an increase in coordination number [28]. Superoxide binding
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to the ferric center is proposed to parallel azide binding, and catalysis involves
a cyclic oxidation/reduction mechanism [28,29] which ultimately results in the
dismutation products.

Isopenicillin N synthase (IPNS) is a non-heme, Fe?*- and oxygen-dependent
enzyme found in S-lactam antibiotic-producing fungi and bacteria [ 34] which cata-
lyzes the stepwise [ 35], desaturative cyclization of J-(L-a-aminoadipoyl)-L-cysteinyl-
p-valine (LLD-ACYV) to form isopenicillin N [36], the precursor of all penicillins
[37]. This key step in the biosynthesis of penicillins and cephalosporins results in
the four-electron reduction of one equivalent of dioxygen to two equivalents of water
[38]. The loss of four hydrogen atoms is stercospecific and the internal C-N and
C-S bonds are formed with complete retention of configuration [39,407]. Although
no crystal structure of this enzyme exists, information on the active site has been
gained using a variety of spectroscopic techniques, including optical absorption [ 38],
EPR [41], electron spin echo envelope modulation (ESEEM) [ 377, nuclear magnetic
resonance (NMR) [42], Moéssbauer [41], and X-ray absorption spectroscopy {XAS)
[43,44]. The native enzyme is believed to be coordinated by four endogenous
residues, three histidine and one monodentate aspartate, with water or hydroxide
occupying the remaining sites in a distorted octahedral geometry. There ate two
conserved cysteine residues which have been shown by site directed mutagenesis
studies [45] to affect substrate and small molecule binding, but are not directly
ligated to the iron. Substrate binds to the metal center through a thiolate sulfur
evidenced by the appearance of a thiolate-to-metal charge transfer transition in the
absorption spectrum of the ACV complex of Cu-substituted IPNS, resulting in
increased covalency as seen by a reduction in the XAS edge height and its shift to
lower energy. Nitric oxide (NO) also binds to the native metal center to form a
complex with a characteristic S=3/2 EPR signal. Substrate and NO bind simulta-
neously to form a ternary complex that is independent of the order of addition. At
this point little is known about the catalytic mechanism of this enzyme, although a
high-valent iron-oxo intermediate has been proposed [ 16,46,47].

The hydroxylation of fatty acids and alkanes and the epoxidation of alkenes using
molecular oxygen are catalyzed by the mixed function oxidase w-hydroxylase (wH)
[48]. wH is one of three components, including a flavoprotein reductase and
rubredoxin, of the non-heme iron monooxygenase system from Pseudomonas oleovar-
ans, and has proven difficult to purify, limiting the available mechanistic and struc-
tural information [17,49]. Phospholipids and a stoichiometry of one atom of iron
per polypeptide chain are required for full activity [487]. NMR has shown that the
epoxidation of terminal olefins to the corresponding 1,2-oxides proceeds with a high
degree of stereoselectivity and specificity, resulting primarily in inversion of the
original olefin geometry [50]. The stepwise mechanism does not involve complex
hydrogen atom abstraction but rather initial attack of “activated” oxygen and final
ring closure to the epoxide product [ 17]. At most, one cysteine sulfur may be ligated
to the iron of wH. However, iron contributes only slightly to the visible absorption
spectrum, which displays no charge transfer transitions. Thus wH is proposed to
have principally nitrogen and/or oxygen coordination [48].

The extra- and intradiol dioxygenases are most often found in soil bacteria for
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the degradation of aromatic rings and are also involved in mammalian tyrosine and
tryptophan metabolism (the latter leading to the biosynthesis of pyridine nucleotides)
[517. The ferrous site of the extradiol cleaving enzymes is stable in the presence of
dioxygen, binds substrate in a bidentate fashion, and has a third coordination
position available for small molecule binding and oxygen reaction [ 52]. The intradiol
cleaving enzymes involve a ferric site with two open coordination positions for
substrate binding [ 18] and are the best studied, with high resolution crystal structures
available for protocatechuate 3,4-dioxygenase (3,4-PCD) from Pseudomonas aerugi-
nosa [53] and Brevibacterium fuscum [54]. Fig. 2{b) shows the observed trigonal
bipyramidal metal environment with tyrosine 147 and histidine 162 coordinated
axially, and tyrosine 118, histidine 160, and hydroxide bound in the equatorial plane.
The substrate is thought to bind as a chelate replacing the hydroxide and axial
tyrosine [55]. Binding to the Fe3* is believed to activate this substrate either by
inducing semiquinone—Fe** character through high covalency [56], with oxygen
then reacting with either the substrate or the iron [57], or by a weakening of the
binding of one of the catecholate oxygens with the Fe** to induce ketonization of
the substrate followed by oxygen attack on the coordinated hydroxyl group [19].
For either model of substrate activation, the ESQ, intermediate observed in the
initial phase of this reaction is thought to involve a peroxy adduct of the substrate
coordinated to the iron. This converts to ESO%, which is a product complex. For
the extradiol dioxygenase catechol 2,3-dioxygenase (2,3-CTD), substrate binding
activates the ferrous site for small molecule binding [26]. A crystal structure of an
extradiol dioxygenase 2,3-dihydroxybiphenyl 1,2-dioxygenase (1,2-DBD) has just
been completed [ 58] and shows that this site is square pyramidal as predicted by
MCD spectroscopy on the analogous enzyme 3,4-PCD. The ligation consists of two
bound water molecules, a nitrogen from histidine 210, and an oxygen from a carb-
oxylate group which form the equatorial plane, and a nitrogen from histidine 146
coordinated axially.

Phthalate dioxygenase (PDO) catalyzes the cis-dihydroxylation of phthalate to
1,2-dihydroxy-4,5-dicarboxy-3,5-cyclohexadiene in the presence of phthalate dioxy-
genase reductase (PDR), NADH as an electron source, substrate, and oxygen. PDO
is substrate specific, activating only phthalate or aromatics with vicinal anionic
groups. Although PDO can oxygenate phthalate in the presence of oxygen, PDR is
required for efficient catalysis [ 20]. PDO is a member of a broad class of environmen-
tally significant bacterial dioxygenases which activate aromatic substrates to their
cis-dihydrodiols for further degradation and catabolism. Other enzymes in this family
include benzene dioxygenase [597], benzoate dioxygenase [60], naphthalene dioxy-
genase [ 61], pyrazon dioxygenase [62], and toluene dioxygenase [ 637, all of which
contain a [ 2Fe-2S] Rieske site and a mononuclear non-heme iron center. In addition
to the bacterial dioxygenases, there are other enzymes which also contain a Rieske
cluster in addition to a mononuclear non-heme iron site but do not yield the
dihydrodiol products [ 64]: 4-chlorophenylacetate 3,4-dioxygenase converts substrate
to catechol with chloride elimination [65], vanillate demethylase participates in the
biodegradation of lignin [66], and 4-methoxybenzoate O-demethylase (putidamo-
nooxin) catalyzes the conversion of 4-methoxybenzoic acid to 4-hydroxybenzoic acid
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and formaldehyde [67]. In all of these systems, the mononuclear non-heme iron is
believed to be the active site for catalysis and presumably binds and activates
molecular oxygen. PDO is the best-studied enzyme in its class because it is available
in high yield and is extremely stable even at room temperature. However, spectro-
scopic studies that have been performed on PDO, including resonance Raman (rR)
[68,69], electron-nuclear double resonance (ENDOR) [70,71], and XAS [72,73],
have focused primarily on investigation of the Rieske site owing to its dominant
spectroscopic features and have only been used indirectly (i.e., through XAS studies
of Co?*- and Zn?* -substituted protein) to probe the mononuclear non-heme ferrous
active site. Low-temperature MCD provides a direct method to probe the native
ferrous center of PDO even in the presence of the Rieske site as the latter can be
rendered diamagnetic (i.e., no temperature-dependent MCD; vide infra) by oxidation
to the antiferromagnetically-coupled [Fe™-Fe] state [ 74,757 (see Section 4.1).

Phenylalanine (PAH), tyrosine (TH), and tryptophan (TPH) hydroxylases are all
tetrahydropterin-dependent enzymes. PAH, which is found in the liver and kidney,
is involved in the metabolism of phenylalanine, and its deficiency is responsible for
the genetic disorder phenylketonuria (PKU) that is associated with severe mental
retardation [76]. It has been thought that the role of the metal ion is to generate a
4a-hydroperoxy intermediate and activate it through forming a p-peroxy pterin—iron
complex which could further generate a non-heme oxo-ferryl intermediate and the
experimentally observed 4a-hydroxypterin species [77]. In support of this, PAH
from Chromobacterium violaceum (CVPAH), thought to be a copper enzyme, showed
an ESEEM spectrum of a pterin directly coordinated to the metal ion [78] and
crystallographic studies on Cu-pterin model complexes indicate that the pterin
cofactor binds to the metal center through positions O4 and N5 {797 (Fig. 3(a)).
Further, paramagnetic NMR studies on Co?*-substituted TH show that phenyl-
alanine, which is also a substrate for this enzyme, binds such that the aromatic ring
is in the “second coordination sphere” of the metal ion [80]. Recent studies [81] of
CVPAH have questioned whether the copper ion is in fact required for activity and
thus whether the iron in mammalian PAHs (which is strictly required for activity)
plays a direct oxygen activation role or an indirect structural role in catalysis. As
reduction to the Fe?™" state is required for catalysis, it is critically important to probe
the interaction of pterin cofactor with this reduced iron site. However, all studies
thus far reported have been on the EPR-active resting ferric site. These studies
[82,83] have shown that both active (axial) and inactive (rhombic) iron sites are
present which do not interconvert and have a relative ratio dependent on the
preparative conditions [84].

Bacterial resistance to penicillin antibiotics is largely due to the hydrolytic activity
of the B-lactamase enzymes. Clavaminate synthase (CS) catalyzes the key biosynthetic
ring closure step in the formation of clavulanic acid, a potent f-lactamase inhibitor
[22]. CS is a member of a large class of non-heme iron enzymes dependent on
s-ketoglutarate («-KG) as a cofactor. This class also includes prolyl and lysyl
hydroxylases (involved in collagen synthesis) [ 857], thymine hydroxylase [86], and
4-hydroxyphenylpyruvate dioxygenase [ 87], all of which catalyze the hydroxylation
of substrate. In contrast, CS catalyzes oxidative ring closure similar to the reaction
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{a) Cu(tppb)(pterin) model
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Fig. 3. Metal-cofactor binding interactions proposed from model studies. (a} Cu(tppb)(pterin) coordina-
tion scheme for phenylalanine hydroxylase { 797. (b) Fe(TLA)}{«-KG) model for clavaminate synthase [ 907.

catalyzed by IPNS [ 16], which is not an «-KG-dependent enzyme. CS is a particu-
larly interesting enzyme in that, depending on substrate, this enzyme can also catalyze
hydroxylation [88] as well as ring closure and desaturation chemistry [22,897]. The
mechanism of a-K G-dependent enzymes generally involves the reaction of an a-Kg-
bound ferrous active site with dioxygen. Model studies [90] have shown that an
«-KG analog binds to the Fe?* site in a bidentate fashion through one carboxylate
oxygen (O1) and one carbony! oxygen (O2) as indicated in Fig. 3(b). The enzymatic
reaction generates succinate, CO,, and an activated iron-oxygen species, thought to
be an oxo-ferryl unit [91] which goes on to hydroxylate substrate or catalyze
oxidative ring closure through the heteroatom.

The lipoxygenases (LOs) catalyze the hydroperoxidation of cis, cis—1,4-pentadiene-
containing fatty acids. Mammalian 1.Os catalyze the conversion of arachidonic acid
to leukotrienes (5-LOs), which mediate hypersensitivity and inflammation, and lipox-
ins (15-LOs), which inhibit cellular immunity [23]. 15-LOs are also implicated in
the oxidation of low density lipoprotein (LDL} to the athrogenic form which leads
to the growth of atherosclerotic lesions [92]. Most mechanistic studies have been
performed on the plant enzyme from soybean (SLO-1) which has linoleic acid as a
substrate. The resting enzyme is air-stable in its ferrous oxidation state, but is
activated by reaction with the hydroperoxide product to produce the ferric site [937].
The fatty acid substrate reacts with this ferric site to produce an intermediate, which
then oxygenates to generate the hydroperoxide. The substrate—active site intermediate
has been proposed to be either an organometallic complex formed by proton abstrac-
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tion and coordination of the carbanion substrate to the ferric center [94] or a
ferrous center with a fatty acid radical, which may not be directly coordinated to
the iron [95,96]. It has been of significant pharmacological importance to develop
inhibitors of the lipoxygenases which are mostly found to be reversible and function
by reducing the active ferric center to the ferrous state [97]. Spectroscopic studies
have generally indicated that the ferrous site is six-coordinate with at least three
histidine ligands [ 33,98,99]. Recently, two crystal structures have appeared [ 100,101 ]
on the resting ferrous enzyme that disagree with respect to the active site ligation
(Fig. 2(c)). Four amino acid ligands are common to both structures: histidine 499
(Ng), histidine 504 (Neg), histidine 690 (Ne¢), and isoleucine 839 (OT2). The Boyington
et al. [1007 crystallographic description of the iron site is four-coordinate with a
ligand arrangement described as “distorted octahedral with two adjacent unoccupied
coordination positions”. Alternatively, the Minor et al. [101] structure has an
additional residue as a ligand, asparagine 694 (O41), and the further possibility of a
sixth water based ligand as has been proposed from EPR line-broadening studies
on the ferric enzyme [102]. MCD spectroscopy has been used to elucidate the
relationship of the two crystal structures to the protein active site in solution and
has provided a means of spectroscopic investigation of multiple components of a
mixture [ 103] (see Section 4.2).

Bleomycin (BLM), a histidine-containing glycopeptide antibiotic produced by
strains of Streptomyces verticillus, is used in treatment against a variety of carcinomas
and lymphomas [104]. The anticancer activity of the drug Blenoxane® involves
selective DNA cleavage at certain GT and GC sites in the presence of metal ions
and dioxygen [24,25,105]. The structure of BLM is shown in Fig. 4(a) and includes
three domains [247: the bithiazole tail which is involved in BLM binding to DNA,
the sugar moiety which is believed to be responsible for uptake by cancer cells, and
the p-aminoalanine-pyrimidine-histidine region which binds metal ions. BLM is
generally thought to be most reactive as a ferrous complex with histidine, deproto-
nated amide, pyrimidine, and secondary amine nitrogens as equatorial ligands
[24,257]. No crystal structure exists of the ferrous complex and present descriptions
are based on correlations to a Cu(II) complex of the related biosynthetic precursor
P-3A, which has a square pyramidal geometry [106]. However, Cu®>* has strong
structural preferences due to the Jahn-Teller effect which Fe** does not, and P-3A
lacks the disaccharide and bithiazole moieties of BLM, the former being a potential
ligand. Thus, there is some controversy with respect to axial ligation where both the
carbamoyl group of the mannose sugar [107] and the primary amine from the
B-aminoalanine [ 1087 have been implicated, with the sixth position being the site
of exogenous ligand binding. BLM binds to DNA via intercalation and/or ionic
interactions with the minor groove, with both the bithiazole and the metal chelating
regions playing a significant role in the binding and specificity [ 109-111]. Kinetic
and spectral studies [ 112,1137] have demonstrated that the mechanism of activation
involves a high-spin Fe(IT)BLM species reacting with dioxygen to form oxygenated
BLM, described as a ferric-superoxide complex. This in turn acquires an additional
electron from either a second Fe(II)BLM molecule or another reductant to generate
activated BLM, which is best described as a ferric-peroxide complex [114-116]
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Fig. 4. Structural ligand frameworks. (a) Bleomycin A,. (b) The analogous model complex PMAH.
Coordinating nitrogens are denoted with asterisks (*) for each structure.

despite showing reactivity [112,117] similar to the generally assumed oxo-ferryl
heme intermediate of cytochrome P-450 [7,118]. Activated BLM reacts with DNA
by hydrogen atom abstraction from the C-4' position of the deoxyribose sugar,
leading to DNA degradation concomitant with base propenal formation [24]. The
anticancer activity of BLM has prompted the synthesis of numerous models to mimic
portions of the metal binding region and the reactivity of BLM [119,1207. In
particular, PMAH (Fig. 4(b)) contains the imidazole, amide, pyrimidine, secondary
and primary amine functionalities and its ferrous complex reacts with dioxygen to
generate an intermediate with very similar spectral features and reactivity to activated
BLM [119]. MCD has been used to determine the Fe?* chelating mode of BLM
by comparison to the ferrous complex of PMAH [121]. Further, Fe(II)BLM and
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[Fe(II)PMA]" differ from the other non-heme iron enzymes listed above in that
they exhibit moderately intense, low-energy charge transfer transitions. This differ-
ence also manifests itself in unusual ground-state MCD parameters for Fe(II)BLM
and [Fe(II)PMA]" leading to the prediction of strong n-bonding interactions with
the pyrimidine ligand which can significantly affect the reactivity of mononuclear
non-heme ferrous active sites (see Section 4.3).

2.2. Physical methods

The Fe?™ free ion has a d° configuration with four unpaired electrons to give a
D ground-state atomic term symbol. If the ion is subjected to an octahedral crystal
field, the d-orbitals separate into a triply degenerate t,, set and a doubly degenerate
e, set, splitting the °D state into a high-spin paramagnetic >T,, ground state separated
by the energy 10Dg(0,) from a 5Eg excited state, where Dgq is the cubic field splitting
parameter. When the crystal field is strong enough to overcome the spin pairing
energy, the t,, orbitals are completely filled, resulting in a low-spin diamagnetic 'A,,
ground state. This scheme is summarized in Fig. 5, which shows the d® Tanabe-
Sugano diagram for Fe?* [122]. Since the appropriate range of Dq values for ligands
found in non-heme ferrous active sites (primarily oxygen and nitrogen ligands) is
~500-1200 cm ™! and the free ion B value is 917 cm ™!, the region of the Tanabe—
Sugano diagram applicable to these systems is the weak-field, high-spin side, high-
lighted on the left in Fig. 5. There is only one spin-allowed one-electron transition
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Fig. 5. d® Tanabe-Sugano diagram. Energy levels were calculated with C/B=4.4 and for a Dq range of
0-4000 cm~1. The boxed area indicates the region relevant to high-spin non-heme ferrous sites.
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from the °T,, ground state, namely the °T,, —°E, transition. The °T,, —°E, transition
is electric dipole forbidden by parity; however, this can be overcome by magnetic
dipole and vibronic coupling mechanisms. In a non-heme ferrous active site, the
local symmetry around the metal ion will be low, removing the parity restriction
and splitting the °E, excited state into two orbitally non-degenerate states that can
be probed by absorption, CD, and MCD spectroscopies (vide infra). Since the
5T, —°E, transition corresponds to the (t,,)*(g,)* —(t,,)’(e,)’ one-electron promo-
tion, this splitting of the d,z and d,>_ 2 set of e, orbitals reflects the splitting of the
°E, excited state and its energy dependence on active site geometry. The experimen-
tally measured transitions give the °E, splittings, which can then be related to the
geometric and electronic structure of the complex through ligand field theory (see
Section 3.2).

The degeneracy of the °T,, ground state is also removed in a low symmetry
environment to produce three orbitally non-degenerate quintet states. However, it
is difficult to directly observe the splittings between these states because the far- to
mid-infrared energy regions (1002000 cm ~*) are congested with intense vibrational
transitions. The lowest-energy spin sublevels (< ~30 ¢cm™1) of the orbitally non-
degenerate quintet ground state can be probed by EPR, Méssbauer, VI VH magnetic
susceptibility, and VITVH MCD (vide infra) spectroscopies and can be modeled by
the spin Hamiltonian [ 123] given in Eq. (1):

H=§-D-S+pH-g-S (1)
where D is the zero-field splitting (ZFS) tensor, § is the spin operator, f is the Bohr
magneton, H is the applied magnetic field, and § is the g-tensor. Assuming that the

D and § tensors are coaxial and that the total spin is two (S=2), the general
expression in Eq. (1) can be rewritten as Eq. (2).

#=DE?-2)+ES2-582)+p(g,H,S,.+gH,S,+g.H.S,) (2)

D and E are the axial and rhombic ZFS parameters, respectively, and g,, g,, and g,
are the molecular g-values.

When applied to a distorted octahedral system, a positive value of D corresponds
to a contraction along the molecular z-axis; conversely, a negative value of D
corresponds to an elongated octahedron (see Section 3.2). As shown in Fig. 6, the
non-degenerate Mg =0 level lies lowest in energy for D >0 while the doubly degener-
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Fig. 6. Energy splittings of the §=2 sublevels for axial and rhombic ZFS. For D>0 (left), the My=0
level is lowest and the Mg= 11 and +2 levels lie at D and 3D cm™*, respectively. For D <0 (right), the
doubly degenerate Mg= +2 level is lowest. Rhombic ZFS (E) removes the degeneracy of both the M=
+1 and +2 levels (far right).
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ate Mg= 2 level is lowest for D <(. The Mg= +2 doublet has an effective g-value
of 8.00 (assuming the molecular g-values are 2.00). The three levels obtained for an
axially distorted system, Mg=0, +1, and +2, are split in energy by the amounts |D|
and |3D] respectively, as shown in Fig. 6. The theoretical ranges of D have been
found to be ~2 to 15cm™? for + D systems and approximately —3 to —23 cm™*
for —D systems (Section 3.4). The rhombic ZFS parameter E ranges in value from
zero to D/3, and if E is non-zero, all five spin sublevels in the S=2 non-Kramers
system will be non-degenerate (Fig. 6, right).

Once an Fe?* system is known to be a high-spin monomer, the geometric and
electronic structures can be elucidated from a combination of the experimentally
determined spin Hamiltonian parameters D and E and the d—d transition energies
(Section 3.4). This information has generally been obtained by the ground-state
techniques of magnetic susceptibility [ 124], magnetic Mdssbauer [125], and EPR
[123] spectroscopies and the excited-state technique of optical absorption. Some
less common techniques have also been used to probe the ground state of ferrous
complexes including electronic Raman [126—128] and far-infrared absorption
[129-131], but neither of these methods has been applied to a non-heme ferrous
enzyme.

Magnetic susceptibility is the measurement of the magnetic moment of a sample
at a given field and temperature. The data can be collected in two different ways:
over a broad temperature range at constant field, or as a function of both temperature
and field, which is termed saturation magnetization [ 132,1337]. The limitation of
magnetic susceptibility is that it is a bulk measurement. Protein susceptibility experi-
ments require sample concentrations of the order of 1072 M, only a single paramag-
netic species, and an accurate way to subtract the large diamagnetic background
from the sample holder, buffer, and protein moiety [ 134]. Although magnetic suscep-
tibility data have been published on binuclear non-heme ferrous enzymes [ 135,136],
the only study of a mononuclear system has been on SLO-1 [137,138], and this was
complicated by the fact that it was performed on a mixture of species [ 103].

Magnetic Mossbauer spectroscopy measures the transitions between the magnetic
field split hyperfine levels of the *"Fe nucleus [125,139]. The splitting pattern is a
function of the D and & tensors and the hyperfine tensor, and is iteratively fit to
extract the spin Hamiltonian parameters. A clear splitting pattern due to one species
is necessary to obtain a reliable fit, and this is a function of the *"Fe concentration,
number of unique metal sites, temperature, and recoil properties of the material. The
sample requirements for an enzyme study are that the protein be *’Fe enriched, pure,
and cooled to liquid He temperatures [ 125,139]. Only two non-heme ferrous active
sites have been probed via magnetic Méssbauer, SLO-1 and 3,4-PCD [98,140]. The
SLO-1 data are noisy and were not used to extract spin Hamiltonian parameters
[ 1407, and as mentioned above, the Mossbauer spectra on native reduced SLO-1 may
be complicated by the existence of a mixture of two forms of the enzyme [103].
Conversely, the 3,4-PCD study is an excellent example of the utility of this technique
when the sample is amenable to study. The splitting pattern was fit to obtain values
of D=—6 + 1cm™! and |E/D|=0.25 + 0.05 [140].

EPR spectroscopy measures the field at which a fixed microwave frequency induces
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a transition from one My sublevel to another, usually with a selection rule of AMs=
+1 [123]. EPR signals of integer spin systems are often not observed because these
systems have zero-field splittings larger than the frequency probe energy of 0.33 cm™*
for X-band spectrometers [ 141-143]. For some ferrous complexes with significant
inhomogenous line broadening, a broad transition transition will be observed in the
region of g=9, although these systems are less common and most §=2 systems are
EPR silent [ 144]. For D <0 systems, this is formally a AMg=4 transition (—2— 42}
and is made allowed by the limited mixing of the | —2> and |+2> components by
the rhombic term in Eq. (2). Thus there is a small AMg=0 component to this
transition which is allowed in non-normal longitudinal mode EPR spectroscopy.
Inhomogeneous broadening of the Mg= —2 and Mg= +2 levels produces a spread
in the ZFS [145,146] and some fraction of the ensemble can have a ZFS <0.33 cm ™.
The temperature dependence of this integer spin EPR signal can then be used to
establish spin Hamiltonian parameters [135]. No studies of a mononuclear non-
heme ferrous enzyme have been reported.

As mentioned above, the energies of excited states are extremely sensitive to
coordination number and geometry and have been probed by absorption spectro-
scopy in model complexes. The ligand field d—d transitions of mononuclear ferrous
complexes occur in the near-infrared (NIR) region while the charge transfer trans-
itions occur in the ultraviolet region for non-heme non-iron-sulfur centers [ 147].
Therefore, Fe?* systems are often colorless and have been regarded as spectroscopi-
cally inaccessible [ 1487]. However, the energies of the d—d transitions directly reflect
both the geometric and electronic structures of the ferrous center and are energetically
isolated from the vibrational and charge transfer regions. In principle, measuring the
NIR absorption spectrum is a simple experiment which can provide significant
insight. In practice, the extinction coefficients are small (1-50 M~ tem™!) and
overtones from solvent and ligand C—H and O-H vibrations can obscure the ligand
field bands. In fact, the only published mononuclear ferrous enzyme NIR absorption
spectrum is for Fe(II)SOD [33] (see Fig. 7(a)).

For reference to the protein systems under investigation here, it is important to
catalog the available ground- and excited-state data for structurally defined mono-
nuclear ferrous model complexes (excluding heme and iron-sulfur systems). A sam-
pling of ground-state parameters and excited-state transition energies for different
structural types is presented in Tables 1 and 2.

3. Methodology

As described above, ligand field transitions of non-heme ferrous centers are often
difficult to observe in absorption spectroscopy, but can be probed by circular
dichroism (CD) and magnetic circular dichroism (MCD) spectroscopies because of
their different selection rules. The CD and MCD spectra in the NIR region allow
observation and resolution of the d—d excited-state transitions [ 12,26,33,75,103,121]
which are not usually accessible in absorption (vide supra). This excited-state informa-
tion is then used to elucidate the coordination number and geometry of the Fe?*
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Fig. 7. Ligand field spectra and saturation magnetization data for FeSOD. (a) Absorption spectrum. (b)
Room temperature CD spectrum. (¢) Low-temperature MCD spectrum. (d) VIVH MCD intensity is
plotted versus SH/2kT, in which each line represents a fixed temperature over a range of magnetic fields.
(e) The same data are replotted as a function of 1/kT to decouple magnetic field and temperature effects;
each line represents a fixed magnetic field over a range of temperatures.

center at the protein active site. Analysis of the temperature and field dependence of
the MCD intensities of these transitions provides information about the ground state
for these paramagnetic ferrous centers. Ligand field analysis is combined with the
excited- and ground-state data to provide detailed insight into the geometric and
electronic structures of an Fe?" site. An example of this combination of optical
absorption, CD, MCD, and variable-temperature variable-field (VIVH) MCD spec-
troscopies is given in Fig. 7, which shows all of these data for the enzyme FeSOD
[33]. In this section, we will develop the methodology to treat this type of data.

3.1. MCD theory

Both MCD and CD spectroscopies measure the difference Ae between the left and
right circularly polarized (lcp and rcp) extinction coefficients, ¢ and & (Eq. (3)).

AE-:BL"“SR:AA/bC (3)

A¢ relates to the difference between lcp and rcp absorbance, A4, via Beer’s Law,
where b is the path length in cm and C is the concentration in moles/liter to give
units of M~ ! cm ™. For a material to exhibit CD transitions, it must possess chirality,
i.e., the chromophore cannot be superimposable on its mirror image. Optical activity
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Table 1
Ground-state parameters for mononuclear non-heme ferrous model complexes

CN. Complex Fe?* Method* D E g1/g.° Ref.
ligands (em™)  (em™Y
6 Fe(H,0),SiF 60 FIR 118 0.67 [129]
EPR 119 0.67 1.96 [149]
susc. 109 200/2.12  [150,151]
Fe(H,0)(NH,),(S0,), 60 Moss. —21lor D/3 [152]
+15
Fe(py)s (CF;3803), 4N, 20 susc. 16.1} 2.15 [153]
Fe(py)s (CH,S03), 4N, 20  susc. 3.4 205 [153]
Fe(py)s(p-CH5CoH,S03), 4N, 20 susc {3.91 2.09 [153]
Fe(bpy)Cl, 4N, 2C1  susc. ~=2 [154]
Fe:ZnF, 6F Susc. —4.9 2.25/204  [155]
5 [Fe(TMC)(NCCH;)1?* 4N, 1IN’ susc. 34 - 2.63/200 [156]
[Fe(TMC)(N;)1* 4N, IN’  susc. 2.1 - 239/201  [156]
[Fe(TMC)(NCS)]* 4N, IN’  susc. 54 - 2.58/1.96  [156]
[Fe(TMC)Br]* 4N, 1Br  susc. 5.7 -° 232/195  [156]
[Fe(TMC)CIT* 4N, 1C1  susc. 62 e 203/2.00  [156]
[Fe(1,7-CT)C1]* 4N, 1Cl  susc. 8.8 - 2.28/194  [156]
[Fe(1,3,7,10-CT)CI]* 4N, 1Cl  susc. 31 e 222/201  [156]
4 BaFeSi, O (gillespite) 40 Susc. 11.6 [157]
Fe(biq)}(NCS), 2N, 2N’ susc.+ ~5.0 241/224  [158]
Moss.
Fe(2,9-dmp)(NCS), 2N, 2N’ susc.+ —21t0 =5 [158]
Moss
Fe(2,9-dmp)Cl, 2N, 2C1  Méss. >0 rise}
[FeCl, 1(NMe,), 4Cl Méss. 9.0 2.05/227  [159]

2 FIR, far-infrared magnetic resonance; EPR, electron paramagnetic resonance; susc., magnetic
susceptibility; Moss., magnetic Mossbauer. ® Refers to g(average) if only one number is reported. ° —, E
is assumed to be negligible.

can also be induced by an applied magnetic field, so that all substances exhibit
MCD activity.

There are many advantages to CD and MCD over absorption spectroscopy for
probing the d-»d transitions in high-spin ferrous active sites. First, since Ag is signed,
overlapping bands observed in absorption are often resolved by CD and MCD
spectroscopies. Second, because CD spectroscopy is a differential technique that
utilizes phase sensitive detection, CD signals from systems with extinction coefficients
of ~1-10 M~ cm™! and Ae values of ~107% M~ cm™! are routinely measured
[171]. While CD spectra typically have moderate intensities, MCD spectra of
materials with degenerate or near degenerate ground states show high intensities at
low temperature (<4.2 K), so that systems with weak or no CD intensities can still
be probed via MCD spectroscopy [ 172]. The increased MCD intensity of paramag-
netic centers means that the signal due to the metal center in a dilute protein solution
will be greatly amplified (by two to three orders of magnitude) over those of the
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Table 2
Excited-state absorption data for mononuclear non-heme ferrous model complexes

CN. Parent Complex Fe?* Excited-state Ref.
geometry ligands transitions (cm ™)
6 octahedral Fe(H,0)2" (in water) 60 8300 10400 [160]
Fe(H,0)s(NH,),(S0,), 60 8400 10800 [160]
Fe(H,0)¢SiF¢ 60 8700 10300 [1607
Fe(Im),Cl, 6N 9800 11750 [161]
Fe(py), (NCS), 4N, 2N 9880 11460 [162]
Fe(py),Cl, 4N, 2C1 8720 10520 [162]
5 square [Fe([14]dieneN,)CIT* 4N, 1C1 4700 12200 [163]
pyramidal [Fe([14]dieneN,)Br]* 4N, 1Br ~ 5000 12200 [163]
trigonal [Fe(Megtren)Br]* 4N, 1Br <4000 9800 [164]
bipyramidal Fe(MeTPyA)Br* 4N, 1Br 5400 8700 [165]
Fe(MeTPyA)Cl* 4N, 1C1 5400 9000 [165]
Fe(Medien)Cl, 3N, 2C1 ~ 4000 8400 [166]
4 tetrahedral [Fe(NCS),1*~ 4N 4650 5780 {167]
Fe(2,9-dmp)(NCS), 2N, 2N’ 5600 6940 [158]
Fe(2,9-dmp)Cl, 2N, 2Cl1 6800 [158]
Fe(L*)Cl, 1N, 3C1 4000 4910 [168]
[FeCl,J(NMe,), 4Cl1 ~4060 [169]
square planar BaFeSi 0y, (gillespite) 40 8300 ~20000 [170]

vibrational overtones of water and the protein backbone. Finally, the magnetic field
and temperature dependence of the MCD signals can be used to obtain detailed
information about the energy splittings of the ground-state sublevels (see Section 3.3),
which can be related to ligand field theory to provide structural information (see
Section 3.4). In order to apply these effects to non-heme ferrous active sites, it is
necessary to understand how the observed CD and MCD spectra relate to electronic
structure. The theoretical basis for these relationships has been developed in detail
by Stephens [171,173-175].

3.1.1. Circular dichroism spectroscopy

The selection rule for CD activity is that the optical transition from a ground
state |4 > to an excited state |J > must be simultaneously electric dipole and magnetic
dipole allowed along the same molecular direction [172] (Eq. (4)).

R =Im( AT 5+ {J\EAD) (4)

In Eq. (4), R is the rotational strength of the CD transition, #i is the electric dipole
operator e, and 7 is the magnetic dipole operator ST+ 28). R is related to experimen-
tal data by Eq. (5) [176], where h is Planck’s constant, ¢ is the speed of light, N, is
Avogadro’s number, and v is the experimental frequency.

3 3hc10? In 10 [ Ae(v) 5
= T 322N, Y

(5)

v
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From Eq. (4), R is non-zero (i.e., the electric and magnetic dipoles have non-zero
projections) only for systems described by the point groups C,, D,, O, T, and I
[176]. Thus, low symmetry protein active sites (C; symmetry) will have CD activity.
Furthermore, because the CD selection rule is different from that for absorption, the
CD spectrum may reveal different transitions, particularly those having significant
magnetic dipole character.

3.1.2. Magnetic circular dichroism spectroscopy
MCD intensity for a transition from a ground state |4 > to an excited state |J >
is historically written as in Eq. (6) for broad band transitions [171,172,174,175].

AA  [2Ngn*sCl lge —Of(E) %, ,
E ( 250hcn )ﬁH [”1( 0E > * (ﬂﬁ ﬁ)ﬂE)} ®)

In this expression, A4 is the field-dependent difference between Icp and rcp absorp-
tion, E =hv, a is the electric permeability, C is the concentration, [ is the path length,
n is the index of refraction, § is the Bohr magneton, and H is the applied magnetic
field. o/, %,, and ¥, are the first-order MCD .o/-, #-, and %-terms, respectively,
and will be discussed below following the notation of Piepho and Schatz [172],
f(E) is the band shape in absorption, and 9f(E)/OE is its first derivative. Eq. (6) is
only applicable when the MCD intensity is linear with field (non-linear magnetic
field MCD behavior is considered in Section 3.3). <7, is the magnitude of any feature
with the derivative bandshape, %, is the magnitude of any feature with the absorption
bandshape and temperature-independent intensity, and %, is the magnitude of any
feature with the absorption bandshape that increases in intensity with decreasing
temperature. An experimentally observed transition may have contributions from all
three terms, which can be fit to determine their relative magnitudes.

/- and ¥-terms occur in systems which have either degenerate excited states or
degenerate ground states that are split in a magnetic field due to the Zeeman effect,
as illustrated in Figs. 8 and 9. o/, and %, are related to molecular electronic structure
by Egs. (7) and (8),

= o S I+ 2S.0 > = (AL, 425, 4)

ld 4l
X (IKAIm_|J 3| 2= [KAlm | J Y| ?) (7
1

Co= ] Y AL, + 28| AX (IKAlm _|J Y| 2 —[<Alm ] T D] %) (8)

where |d ] is the electronic degeneracy of the ground state |4> and the summation
is over all components of |4> and |J). The first part of the .«/-term expression,
Eq. (7), is the difference between the excited- and ground-state Zeeman terms while
the first part of the ¢-term expression, Eq. (8), is only a ground-state Zeeman term.
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Fig. 8. MCD «-term mechanism. (a) In the absence of a magnetic field, the rcp and Icp transitions from
a non-degenerate ground state to a doubly degenerate excited state cancel, resulting in no observed
MCD intensity. (b) Applying a magnetic field removes the degeneracy of the excited state so that the rcp
and lep transitions combine to give an MCD transition which has a derivative bandshape, called an
&-term.

The second parts of Egs. (7) and (8) give the difference between the lcp (m,) and
rcp (m-) electric dipole moments, where m.. are defined in Eq. (9).

1
my=TF ﬁ (m,tm,) 9)

This electric dipole operator transforms as (x,y) which is described by the E irreduc-
ible representation in axial point groups (ie., C, and D, for n>2). Thus, in systems
with a first-order Zeeman interaction for the magnetic field along the molecular
z-axis, xy-polarized electric dipole transitions will dominate the /- and %-term
components of the MCD spectrum. Furthermore, from the electric dipole term in
Eq. (7), the MCD selection rule is AM = + 1, requiring that either the ground state
or excited state contains orbital angular momentum. Thus, .»7- and %-term MCD
transitions observed between spin degenerate orbital singlets occur by spin-orbit
mixing with other states.

For .o/-terms, if the excited state |J) has degeneracy, the Zeeman term
({J|L,+28,}J>) will split |J) into oppositely signed M; components which will have
oppositely signed MCD bands because of the Am,. term. Since the Zeeman splittings
are of the order of a few wavenumbers and the d—d band widths are of the order
of 1000 cm ™!, the oppositely signed dipole transitions will sum to a derivative shape
with a very small A4, as shown in Fig. 8(b). This effect also occurs for a degenerate
ground state (Fig. 9(b)) as long as kT is large relative to the Zeeman splittings so
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Fig. 9. MCD ¥-term mechanism. (a) With no applied field, the rcp and Icp transitions from a doubly
degenerate ground state to an excited state cancel, resulting in no observed MCD intensity. (b) In the
presence of a magnetic field and for kT>>gfiH, the degeneracy of the ground state is removed so that the
rep and lep transitions combine to give an MCD transition which has a derivative bandshape («/-term).
{c) At low temperatures, when kT~ gBH, the two levels of ground-state doublet are unequally populated,
resulting in an MCD transition with an absorption bandshape, called a #-term.

that the Boltzmann populations over the sublevels are comparable. Because their
intensities are always small for broad band transitions and orbital degeneracy is not
present in low symmetry protein sites, «/-terms can generally be excluded as a source
of MCD intensity for high-spin ferrous centers.

The origin of the #-term is related to the .o7-term, except that 4-terms require a
degenerate ground state and that kT be of the order of the Zeeman splitting. At
high temperatures, the observed MCD transitions originating from a degenerate
ground state will have pure .«/-term intensity (derivative bandshape), as depicted in
Fig. 9(b). When the temperature is reduced, the Boltzmann population of the lowest
ground-state sublevel will be larger than the higher-energy sublevels and the MCD
transition is a combination of /- and #-terms (Fig. 9(c)). When the temperature is
low enough that the higher-energy sublevels are completely depopulated, the intensity
of the MCD band originating from a degenerate ground state will be maximized
and will exhibit essentially pure ¢-term behavior. Under these conditions the MCD
intensity will no longer increase with increasing magnetic field or decreasing temper-
ature and is said to be saturated; this non-linear behavior is treated in detail in
Section 3.3

The #-term contribution to an MCD band has the absorption bandshape like
the @-term; however, #-terms arise from field-induced mixing with an intermediate
state |K). Eq. (10) gives the basic relation between the %-term and molecular
properties.
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K(K# 4) AEg, (KAlm_|J ><{J Im.|K>

—<AIM+|J><JIm—IK>)} (10)

Eq. (10) is similar to the /- and #-term expressions in that it contains the product
of Zeeman and electric dipole terms. The first part of Eq. (10) is the Zeeman
interaction between the excited state |J) and the intermediate state |K >, divided by
their energy separation (AEg;); this is followed by a product of the electric dipole
matrix elements from the ground state |4) to both the excited state |J) and the
intermediate state |K ). The second part of Eq. (10) is the Zeeman interaction between
the ground and intermediate states, |4 and |[K >, divided by their energy separation
(AEg,), followed by the product of the electric dipole moments from [4) and [K)
to the excited state |J). If |[K ) is substantially higher in energy than |J), the resultant
Z-term will be small due to the large energy denominators (Fig. 10(a)). If |K) is
close in energy to either the excited state or the ground state, but high enough in
energy that it is not Boltzmann populated, there can be a significant
Z#-term MCD intensity component to the A—J transition (Fig. 10(b)) [177,178].
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Fig. 10. MCD #-term mechanism. (a) When an intermediate state (|K ) is significantly higher in energy
than both the ground and excited states, the mixing between them is weak and the resulting #-term is
negligible. (b) If an intermediate state is near the excited state, the interaction is larger and results in a
weak feature with an absorption bandshape that has temperature-independent MCD intensity which is
linear with magnetic field. (c) If an intermediate state is within kT of the ground state, the mixing is
substantial and the intermediate state itself will be thermally populated, resulting in an intense temperature-
dependent Z-term which qualitatively resembles a #-term.
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Such a #-term can be distinguished from an «/-term by its bandshape and from a
%-term by its temperature-independent behavior. Fig. 10(c) demonstrates a third
situation, in which the intermediate state |K ) lies at low-energy and strongly interacts
via the magnetic field with the ground state [4)> [179]. This case can exhibit high
MCD intensity which will be temperature-dependent (see Section 3.3.4).

These expressions for the MCD /-, #-, and %-terms assume that both the light
propagation and magnetic field directions are along the molecular z-axis, which
would be true for an oriented axial single crystal. However, most ferrous protein
systems and related model complexes are studied as randomly oriented glasses or
mulls, so that the random orientation of the magnetic field and light directions with
respect to the ensemble of molecules in the sample must be taken into account
[173]. Egs. (7), (8) and (10) can be rewritten for randomly oriented centers to give
Egs. (11), (12) and (13).

1= 3,0” o X TV > = <AIEIAY) (CALT > x (T 17| AY) (11)

7 2 J K

K(K#J) AEg,;

(KlilA
¥ 1%

K(K#4) AEgy

(Al 5 % <J1miK>)} (12)

@o= g L CAIAY(CApilS > x (VL)) (13)
All three of these expressions contain the dot product of a magnetic dipole vector
(fi=T+ 285) with the cross product between two electric dipole vectors. The expansion
of the ¥-term is given in Eq. (14), and the expansions of the /- and #-term
expressions are similar.

a7 Im 2 KAl A (CAlmy| T > T imf A — CAlm | T 5 < T (my)4))

+ <Al A ((Afm I T fm|AD — < Alme| T > (T m A ))
+ Al A (CAlm T > T my| Ay — < Almyl T > {J Imy]A))]

(14)

Eq. (14) expresses the %-term intensity as the sum of three terms, each containing
the product of a ground-state Zeeman term with the electric dipole matrix elements
between the ground and excited states in the two molecular directions orthogonal
to the Zeeman direction. Therefore, non-zero z-polarization will now contribute to
the MCD intensity, but with the magnetic field perpendicular to the molecular z-axis.
Ferrous complexes have spin degenerate ground states which will split in a
magnetic field and can acquire ¥-term MCD intensity at low temperature through
spin-orbit coupling. Zero-field splitting as described in Fig. 6 complicates this picture
and removes some of the ground-state degeneracy. However, off-diagonal Zeeman

Co=
o= 3|d|
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coupling of these levels produces #-terms which are often temperature-dependent.
Thus, low-temperature MCD allows one to observe excited states with high sensitivity
and the temperature dependence of the MCD intensity allows one to probe the
ground-state ZFS through %- and #-term mechanisms (see Section 3.3).

3.1.3. Experimental considerations

It is beyond the scope of this review to discuss the instrumentation used to acquire
CD/MCD spectra, but the reader is referred to excellent reviews on this subject
[180,181]. Sample preparation, however, requires some consideration which is sum-
marized here. Because CD and MCD spectroscopies measure the difference between
lcp and rcp absorption, the sample must meet two basic requirements: it must
transmit light throughout the spectral region of interest, and it must not depolarize
the incident light.

The vibrational overtone bands of O—H and C-H stretches dominate the transmis-
sion spectra of all proton-containing complexes and, in fact, can strongly block light
transmission throughout much of the NIR region. For aqueous protein solutions,
this problem can be overcome by exchanging deuterium oxide for water, which
extends the transmission window from ~ 1400 nm to ~ 1900 nm. Low-temperature
MCD experiments involve cooling a sample to liquid helium temperatures, which is
problematic because frozen protein solutions form a snow, leading to both transmis-
sion loss and depolarization. Therefore, a glassing agent such as glycerol or ethylene
glycol is added to the protein solution. Care must be taken to ensure that the glassing
agent does not chemically alter the protein by confirming that the room temperature
CD spectrum is invariant to the addition of the glassing agent. The amount of strain
induced in the glass by cooling to low temperature is estimated by monitoring the
difference in the CD intensity of a nickel tartrate standard placed just before and
just after the sample compartment [ 177]. The low-temperature natural CD of the
protein is difficult to observe above the strain-induced baseline shift. In order to
observe the MCD spectrum of the protein, this field-independent baseline must be
subtracted from the measured intensity. If the low-temperature MCD bands are
significantly shifted in energy from the room-temperature CD transitions, the possi-
bility of site perturbations due to temperature effects must also be considered.

These same criteria must be applied to the study of model complexes. Only uniaxial
or cubic single crystals will not depolarize the incident light. If a crystal is uniaxial,
both the magnetic field and the incident light must be directed along the unique
crystallographic axis; for biaxial crystals the optic axis will, in general, be temperature-
and wavelength-dependent. As this is not typically the case, a model complex is often
ground into a mull using a mulling agent which must transmit NIR light, must not
dissolve the crystal or powder, and must not depolarize the incident light.
Transmission is best through a fluorocarbon grease such as Fluorolube®, although
the sharp vibrational overtone bands present in a hydrocarbon or silicone grease
are easily distinguished from the broad ligand field transitions of the ferrous sample.
Dissolution of a model complex in the mulling agent can be checked by examining
the mull under a microscope, the consequence being that the crystallographically
defined structural information may no longer apply. Depolarization of the incident
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light is avoided if the sample particle size is smaller than the wavelength of the
exciting light (300-2000 nm). Alternatively, a model complex can be dissolved in a
non-absorbing glassing agent and handled analogously to the protein glasses (vide
supra), although the spectral features of the complex in the glass must be identical
to the those of the mull to verify that the structure has not changed in solution.

3.2. Ligand field theory of excited-state d-orbital splittings

MCD transitions observed in the NIR region give the d-orbital splittings for a
non-heme Fe?* center which are directly correlated to the geometry of the site.
Ligand field calculations [ 1827] give the theoretical energy levels and wave functions
of the d-orbitals for specific ligand arrangements. Fitting the experimentally observed
excited-state splittings with a ligand field calculation provides an estimate of the
ground-state splittings. These ligand field calculations are especially useful in describ-
ing trends in the d-orbital splittings due to differences in coordination number and
site geometry and in interpolating between limiting geometries in distorted sites, as
in proteins.

In the crystal field approximation, the ligands are treated as point charges which
perturb the d-orbitals due to electrostatic interactions based on the ligands’ geometric
arrangement around the metal. The secular determinant of degenerate perturbation
theory, |H,,—S,,E =0, is calculated using the real d-orbitals (p and g) as the basis
set. Because the d-orbitals form an orthonormal set, the overlap integral S, is zero
unless p =g, in which case §,,=1, so that the solving the secular determinant reduces
to evaluating the matrix elements H,, Following Companion and Komarynsky
[182], the general expression for H,, is given by Eq. (15).

N m=l 47 e

<¢p!ykl¢q>: Z 2 Z

i1 =024 m=—y 2141

ret

X Y?;n(gl’ ¢z) j¢§ lir I+1 } Ylm(07 (I))lﬁqdl) (15)

N is the number of ligands (i), Z; is the effective nuclear charge, { and m are the
angular momentum quantum numbers of the spherical harmonics, ¥;,, and r. and
r. are the shorter and longer radial distance vectors, respectively, connecting the
metal to the electron and to the ligand. The matrix elements of the secular determi-
nant are given in terms of Dy, =Y jiands) Dim 80d Grpy=" iiganas) Gim @s described in
Refs. [27,182]. In the D}, and Gi, terms, the radial part of the integral is separated
from the angular part and is contained in the parameter of, which is defined in
Eq. (16).

o0

‘ r!
wi=Z;e* J\Rgd [m] rldr (16)
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0

The elements of the secular determinant can be calculated given the angular coordi-
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nates of the ligands and the radial parameters oy, «,, and «, for each ligand i. The
energies and wave functions of the d-orbitals are then obtained by diagonalizing the
Hamiltonian matrix.

Because the electrostatic crystal field model does not give good agreement with
experiment if the radial integrals are calculated using appropriate wave functions, a
ligand field model is generally used in which the o} parameters are obtained experi-
mentally through correlation with data on model complexes. The parameter o
contributes equally to all diagonal elements of the matrix and does not affect the
d-orbital splittings and can therefore be eliminated. A set of reasonable values for
o, and oy has been obtained for nitrogen and oxygen ligation appropriate to non-
heme ferrous enzymes [183], and these parameters which were used as starting
values for the calculations presented here are given in Table 3.

Energy level diagrams resulting from ligand field calculations on a six-coordinate
Fe?™ site are shown in Fig. 11, where a metal environment of six equivalent oxygen
ligands has been considered. A pure octahedral geometry (Fig. 11(A)) produces a
triplet ground state (t,, one-electron d-orbitals giving the >T,, many-electron ground
state) and a doublet excited state (e, d-orbitals giving the °E, excited state) which
are split by ~10 000 cm ™!, corresponding to 10Dg(0,). A weak-axial tetragonal
distortion (Fig. 11(B)), considered as an elongation along one of the C, axes, causes
the excited state to split by ~2000 cm ™. This weak-axial distortion also splits the
ground state in such a way as to make the degenerate (d,,, d,,) orbitals lowest,
producing a — D system as described in Section 3.4.1.2. A strong-axial distortion
(Fig. 11(C)), considered as compression along one of the C, axes, also causes the
excited state to split by ~2000 cm ™', but now the d,, orbital is lowest, corresponding
to a +D system (see Section 3.4.1.1). Similarly, a trigonal compression along a C;
axis splits the 3T,, orbitals to produce an orbitally non-degenerate ground state
indicative of a +D system. Although a trigonal distortion does not remove the
degeneracy of the 5Eg excited state, a rhombic distortion (appropriate for low-
symmetry protein sites) added to a trigonal compression causes the °E, state to split
by ~1000 cm ™! as shown in Fig. 11(D) (where z is now defined along the C; axis).
Thus, distorted octahedral complexes will display two excited-state d—d transitions
at ~ 10 000 cm~* which are split by ~ 1000-2000 cm ™!,

Fig. 12 shows the results of ligand field calculations on a square pyramidal five-
coordinate Fe2* complex with all O-type ligands and a unique axial ligand. Square

Table 3

Ligand field parameters for common non-heme ferrous ligands

Fe-L (bond length) Type of ligand o, (em™1) ay (cm™1)
Fe-N (2.17 A) imidazole 19850 7850
Fe-N (2.21 A) imidazole 18 520 6170
Fe-O (2.08 A) water 17300 5760
Fe-O (2.14 A) water 18 700 5600
Fe-O carboxylate 17000 5800

Fe-O amide 14900 4800
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Fig. 11. Calculated energy level diagrams for a six-coordinate Fe?™ site. d-orbital energy splittings of an
Fe?* center with six O-type ligands under the following geometries: A, pure octahedral; B, a weak-axial
tetragonal distortion; C, a strong-axial tetragonal distortion; D, a trigonal and rhombic distortion.
d-orbital wave functions are written in a tetragonal basis set (z along C,) for A—~C and in a trigonal basis
set (z along C;) for D.

pyramidal geometry can be achieved by removing one ligand from an octahedron,
with the metal remaining in the equatorial plane (Fig. 12(A)). This arrangement has
a very large splitting (~10 000 cm™') of the (d,>_,2, d,2) orbitals. However, with the
removal of one axial ligand, the metal moves out of the equatorial plane toward the
remaining axial ligand, resulting in a stronger bond. The (d,2_ 2, d,2) splitting is
reduced to ~7000 cm ™! for a puckered square pyramid with the metal 10° out of
the equatorial plane, as shown in Fig. 12(B). Moving the metal 15° out of the plane
(Fig. 12(C)) further reduces this splitting to ~ 5000 cm ™. In each of these cases, the
ground state is the orbitally degenerate (d,., d,.) level associated with a weak-axial
system. As the metal is moved further toward the axial ligand, a strong-axial system
is reached which has the non-degenerate d,, orbital lowest in energy, as shown in
Fig. 12(D); the excited-state splitting in this case is <5000 cm ™. In general, five-
coordinate square pyramidal sites have one d—d transition above 10 000 ¢cm ™! and
one transition ~ 5000-7000 cm ™! to lower energy, although it is important to note
that the position of the metal above the equatorial plane and the strength of the
M-L,,;. bond will affect the splitting of the excited state as well as the nature of the
ground state.

A five-coordinate square pyramidal geometry can be distorted to a trigonal bipyra-
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Fig. 12. Calculated energy level diagrams for a five-coordinate Fe?™ square pyramidal site, moving the
metal out of the equatorial plane. d-orbital energy splittings of a square pyramidal Fe?* center with five
O-type ligands and the metal pulled out of the equatorial plane by: A, 0° (removal of one ligand from a
pure octahedron); B, 10°% C, 15°% D, 17.5° (resulting in a strong-axial system). All orbital wave functions
are written in a tetragonal basis set.

midal structure through an intramolecular rearrangement which maintains C,, sym-
metry throughout, known as the Berry pseudo-rotation [184]. This distortion is
considered in the energy level diagrams in Fig. 13, which treat the rearrangement of
five O-type ligands around a metal center. Fig. 13(A) shows the d-orbital splittings
for a puckered square pyramidal geometry with a (d,,, d,.) ground state, where the
d-orbitals are defined in a tetragonal basis set (i.e., quantized along the C, axis). In
Fig. 13(B), the energies of the higher-energy orbitals do not change much with a C,,
distortion, but the wave functions of the excited states are now mixed and the
degeneracy of the (d,,, d,.) orbitals is removed. When a pure trigonal bipyramidal
arrangement is achieved (Fig. 13(C)), the highest-lying orbital is lowered in energy
relative to the square pyramidal case and the wave functions are mixed in the
tetragonal basis set. The second-highest-lying d-orbital for trigonal bipyramidal
symmetry is also lowered in energy relative to the square pyramidal case, and the
lowest-lying orbitals are again degenerate, composed of the (d,,, d,;) pair in a
tetragonal basis and the (d,,, d,,) pair in a trigonal basis (z along C;), as shown in
Fig. 13(C) and 13(D), respectively. Thus, the energies of both the excited-state d—»d
transitions are lowered upon going from square pyramidal to trigonal bipyramidal
geometry.

Removing two trans axial ligands from a pure octahedron produces a square
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Fig. 13. Calculated energy level diagrams for a five-coordinate Fe?* site with square pyramidal to trigonal
bipyramidal geometries. d-orbital energy splittings of an Fe?* center with five O-type ligands under the
following geometries: A, puckered square pyramidal; B, C,,-distorted square pyramidal; C and D, trigonal
bipyramidal. The orbital wave functions in A-C are written in a tetragonal basis set and those in D in a
trigonal basis set.

planar geometry. The ligand field results for four equivalent O-type ligands in a
square planar arrangement are given in Fig. 14(A}, which shows that the two highest-
lying excited states are at much higher energy than has been found for either five-
or six-coordinate sites. A D, -distortion of square planar geometry to produce a
flattened tetrahedron {Fig. 14(B)) greatly compresses the d-orbitals splittings so that
the two highest-lying excited states are now at ~4000-7000 cm~* and are separated
by only a few thousand wavenumbers. The lowest-energy orbital remains d,” along
a D,,distortion coordinate from square planar to tetrahedral geometry [1837]. A
pure tetrahedral ligand arrangement (Fig. 14(C)) gives doubly degenerate (d,,
ax2 2) orbitals lowest in energy and triply degenerate (d,,, d,,, d,,) orbitals
~5000 cm ™! above, corresponding to 10Dg(T;)= —4/9 10Dg(0,). A tetragonally-
distorted, elongated tetrahedron (Fig. 14(D)) produces d-orbital splittings similar to
the flattened tetrahedron in Fig. 14(B), but now the d,= = orbital is lowest. Because
square planar geometry is not common for high-spin Fe** and tetrahedral symmetry
will be lowered due to Jahn-Teiler effects, the energy level diagrams calculated for
the distorted tetrahedra provide a good description of four-coordinate sites, for
which an orbitally non-degenerate ground state and two low-energy (<7000 cm ™ 1)
d—d transitions are expected.

These ligand field calculations provide trends in the excited-state splittings for
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Fig. 14. Calculated energy level diagrams for a four-coordinate Fe?* site. d-orbital energy splittings of
an Fe?* center with four O-type ligands under the following geometries: A, square planar; B, flattened
tetrahedral; C, pure tetrahedral; D, elongated tetrahedral. All orbital wave functions are written in a
tetragonal basis set with the orbitals in A rotated 45° relative to those in B-D.

different coordination numbers and geometries relevant to non-heme iron enzymes.
In general, six-coordinate sites exhibit two NIR transitions ~ 10 000 cm ™! which
are split by ~2000 cm™?; five-coordinate square pyramidal sites exhibit one band
at >10 000 cm ™! and one at >5000 cm ™! while trigonal bipyramidal sites show
one band at <10 000 cm ™! and a second band < 5000 cm ™! (which may lie too low
in energy to be detected by NIR MCD); and four-coordinate distorted tetrahedral
sites exhibit two bands in the 4000-7000 ¢cm ~* region. These calculations also provide
information about the ground-state splitiings which can be compared with experi-
mentally-derived ground-state information (Section 3.4). However, while the ligand
field calculations are generally consistent with experimental results for excited-state
splittings (see Table 2), this model does not consider specific o- and n-bonding
interactions so that the calculated t,, splittings, which are particularly sensitive to
n-bonding effects [1217], may not be consistent with experiment. Additionally, effects
of mixed ligand geometries should be considered, and the o, and a«, parameters
obtained through fits to model complexes are not necessarily transferable to other
ferrous sites [ 1857].

The excited-state spectral data for FeSOD shown in Fig. 7 can now be analyzed
by applying these ligand field correlations between excited-state transition energies
and site geometry. The absorption (Fig. 7(a)), CD (Fig. 7(b)), and MCD (Fig. 7(c))
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spectra all show the presence of one broad feature near 10 500 cm ™, and a second
transition observed in the absorption spectrum is centered at approximately
5000 cm ™! (low-energy CD and MCD spectra are not shown as the instrument
available at that time did not extend below ~9000 cm™1; current instrumentation
now probes this region). The presence of two peaks in these energy regions indicates
a five-coordinate site; further, the geometry can be assigned as square pyramidal
since the °E, transitions are observed at > 10 000 cm™* and ~ 5000 cm™".

3.3. MCD saturation magnetization: determination of ground-state spin Hamiltonian
parameters

Through an analysis of the VTVH MCD data, the ground-state spin Hamiltonian
parameters for a non-heme Fe** center with S=2 (Fig. 6) can be obtained and can
provide complementary information to the excited-state spectra. Further, the °T,,
splittings (i.e., the d,,, d,,, d,, orbital splittings) which lead to the §=2 spin
Hamiltonian parameters (Section 3.4) reflect ligand n-interactions and thus provide
additional information about the metal environment.

Saturation magnetization data, which consist of MCD intensities collected over a
range of temperatures and magnetic fields at a fixed wavelength corresponding to a
transition, are often presented in two formats. The first plots the observed MCD
intensity versus SH/2kT, where each curve (isotherm) represents one temperature
for a range of fields. The SH/2kT plot for FeSOD is presented in Fig. 7(d) and shows
that the isotherms do not superimpose, indicating unusual saturation behavior
relative to that of a simple Kramers doublet as described in Section 3.3.1. The second
format plots the observed MCD intensity versus 1/kT, where each curve represents
one magnetic field for a range of temperatures; this presentation allows the magnetic
field effects to be separated from the temperature effects. The lowest-temperature
region of the 1/kT plot for FeSOD, shown in Fig. 7(e}, is particularly interesting: as
the magnetic field increases with equal increments, the intensity intervals decrease,
indicating a non-linear magnetic field effect. In the following sections, we consider
this saturation magnetization behavior by systematically investigating the effects of
various ground-state parameters on the MCD intensity. Simulated intensities have
been calculated for a fixed set of temperatures (1.7, 1.9, 2.4, 2.7, 4.2, 5.0, 7.0, 11.0,
250 K) and magnetic fields (up to 7.0 Tesla, with even increments of 0.7 T) to
approximate typical experimental conditions.

3.3.1. Effective Kramers doublet

We first consider the VIVH MCD behavior of an effective Kramers doublet, i.e.,
a doubly degenerate ground state which is not split in energy in the absence of a
magnetic field. This would correspond to an §=2, M= +2 ground state (ie., D <0
and E=0 in Fig. 6) with an effective g, of 8 and a small, but non-zero, g, .

33.1.1. xy-Polarization effects The experimentally observed MCD intensity corres-
ponds to xy-polarized transitions (vide supra), and the xy-polarized ¢-term MCD
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intensity for a Kramers doublet [ 171] is given by Eq. (17), which includes orientation
averaging.
/2

Ae= Agiim J cos f sin § tanh [

[

g, PH cos H:I 0 (17

2kT

In Eq. (17), Aguim is the maximum %-term intensity at saturation, f is the Bohr
magneton, H is the magnetic field in Tesla, § is the angle between the applied
magnetic field and the ZFS axis, k is Boltzmann’s constant, and T is the absolute
temperature. Varying the value of Ay, serves only to scale the magnitude of the
MCD intensity and does not qualitatively affect the data. Varying the magnitude g,
however, does affect the saturation magnetization behavior. Fig. 15 shows SH/2kT
and 1/kT plots for an isolated effective Kramers doublet with a fixed value of A,y
and g, =8.0 or 4.0 (for demonstrative purposes). Both of the fH/2kT plots in Fig. 15,
left, show that all of the isotherms superimpose, as would be expected for a Kramers
system from Eq. (17). The rate at which the intensity saturates, i.e., the steepness of
the slope at low field, increases as g, increases. The 1/kT plots (Fig. 15, right) show
that the intensity is saturated at low temperatures and at high fields, where the
curves have leveled off, and in this region the curves superimpose.

3.3.1.2. z-Polarization effects If an MCD transition contains z-polarization, the ori-
entation averaged MCD intensity expression (Eq. (14)) must be expanded to
include the effects of both g, and M,/M,, the ratio of the z-polarized to the
xy-polarized transition dipole moments. Eq. (18), derived from Ref. [ 186], gives the
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Fig. 15. Effects of the magnitude of g; on an effective Kramers doublet. SH/2kT plots (left) and U/kT
plots (right) of simulated MCD intensities for an isolated effective Kramers doublet with A, =100.0
and g, =4.0 (top) and 8.0 (bottom). Increasing g; causes an increase in the rate of saturation, as evidenced
by a steeper rise on the left side of the plots (dashed lines).
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MCD intensity expression for an isolated Kramers doublet containing both xy- and
z-polarization [ 187,188].
/2

20 sin 0 T'pH
AS:Asatlim {J’ 'Cos—l_jsirl—‘ glg 'tal’lh [%‘} de

0
/2

M sin®6 I'BH
— z . s 8
ﬁ M, T g, *tanh [2kT] d@} (18)

0

where
I'=/(g, cos 0)*+ (g, sin §)*

The effects of z-polarization on the saturation behavior can be probed by treating
Aganim> &y> &1, and M,/M,, as parameters and calculating a set of MCD intensities.

Fig. 16 shows the SH/2kT and 1/kT plots for calculations in which A, um has
been fixed, g,=8.0, g, =0.25 (based on calculations of the perpendicular Zeeman
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Fig. 16. Effects of z-polarization on an effective Kramers doublet. Simulated MCD intensities for an
isolated effective Kramers doublet with A, =100.0, g, = 8.0, and the following z-polarization parameters:
£.=00 and M./M,,=00 (top); g, =025 and M /M,,= —1.0 (middle) and +1.0 (bottom). Non-zero
values of M./M,, and g, cause the data to curve upward (negative M,/M.,) or downward (positive
M,/M,,) at the saturation limit.
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effect for an S =2 spin Hamiltonian), and M,/M,,=0.0, — 1.0 (the z- and xy-polarized
transition dipole moments  have opposite signs), or + 1.0 (same signed transition
dipole moments). The first set of calculations, with M,/M, =0.0 (Fig. 16, top),
corresponds to the xy-polarized case described above. For a non-zero polarization
ratio of —1.0 (Fig. 16, middle), the isotherms still superimpose, but are angled
upward at high field. The corresponding 1/kT plot also shows that the intensity does
not saturate. Similarly, when the polarization ratio is +1.0 (Fig. 16, bottom), the
isotherms superimpose in the SH/2kT plot, but are angled downward at high field,
and the curves in the 1/kT plot show a small incremental decrease in intensity
instead of saturating at lowest-temperature.

3.3.1.3. Linear, temperature-independent %-term effects Linear, temperature-
independent #-term intensity, which arises from field-induced mixing between the
ground state and high-lying excited states (vide supra), can also affect the MCD
saturation magnetization data. The inclusion of a linear %-term is equivalent to
adding (or subtracting, depending on the sign of the %-term relative to the #¢-term
intensity) a constant amount of MCD intensity to the #-term signal for a given
magnetic field. This can be accounted for in the expression for the MCD intensity
by adding a B,H term [173] to Eq. (17) for purely xy-polarized transitions or to
the end of Eq. (18) for both xy- and z-polarizations, where B, indicates the magnitude
of the ground-state linear #-term and H is the magnetic field.

Fig. 17 shows the BH/2kT and 1/kT plots for an isolated effective Kramers doublet
with %-term contributions of 0.0, +2.0, +5.0, and —2.0% (where the %-term
magnitude is given as a percentage of the #-term intensity factor Agu,) and a
g,=380, assuming pure xy-polarization. Isolated linear #-term intensity plotted
versus magnetic field would give a set of linear isotherms which are all superimpos-
able; however, when the #-term intensity is plotted versus fH/2kT, the slopes of
those straight lines change as 1/T. Thus when a linear #-term is added to a set of
superimposable ¢-term isotherms, such as in Fig. 15, left, and plotted versus fH/2kT,
the result is a set of isotherms which no longer superimpose, but instead exhibit the
fanning behavior seen in Fig. 17, left. The sign of the #-term relative to the #-term
is reflected in the qualitative pattern of the SH/2kT plots, the same signs giving the
positive and the opposite signs giving the negative behavior at the bottom of
Fig. 17, left.

Because the linear %-term adds a field-dependent amount to the #-term intensity,
the observed MCD signal does not saturate with increasing magnetic field, but
instead continues to increase/decrease by the amount of the %-term. This is most
clearly seen in the low-temperature regions of the 1/kT plots (Fig. 17, right), where
the intensity difference between equal field increments at lowest-temperature is found
to be constant and proportional to the magnitude of the #-term. A negatively signed
%-term is also readily recognized by the low-temperature region of the 1/kT plot
(Fig. 17, bottom right) where the intensity curves cross each other and are evenly
spaced at lowest temperature. It should be noted that while non-zero z-polarization
also produced similar-looking non-saturation behavior in the 1/kT plots, a linear
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Fig. 17. Effects of a linear, temperature-independent #-term on an effective Kramers doublet. Simulated
MCD intensities for an isolated effective Kramers doublet with Agum=100.0, g,=80, and a #-term
(given as a percentage of Agmm) equal to 0.0% (top), +2.0% (second panel), +5.0% (third panel), and
—2.0% (bottom). The inclusion of a linear #-term causes fanning behavior in the SH/2kT plots (left)
and even intensity spacing between curves of equal field increments in the low-temperature, high-field
region of the 1/kT plots (right).

%-term produces fanning behavior while z-polarization effects still produce super-
imposing curves in the SH/2kT plots.

3.3.2. Population of excited states for negative zero-field splitting

As shown in Fig. 6, there are two excited spin states present in the S=2 spin
manifold for negative {(and positive) values of the ZFS parameter D. As the magnitude
of D becomes small and/or high experimental temperatures are used, these excited
states become populated and can affect the saturation magnetization behavior. For
a Kramers system, the MCD intensity expression given in Eq. (18) can be adapted
to include low-lying excited states to produce Eq. (19) [1897].
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In this expression, the parameters Ag,gin, £, and g, are defined for each of the i
levels and E, is defined as the energy of the ith level above the ground state (E, =0.0).
For the simulations presented here, we will assume that the MCD transitions are
purely xy-polarized and that the & and D tensors are both quantized along the
molecular z-axis (cf. Section 3.3.4).

When D is negative, the doubly degenerate Mg= +1 level lies at E; =|3D| and the
singly degenerate My=0 level lies at E,=|4D| above the Mg= +2 doublet ground
state. A set of saturation magnetization intensities has been calculated for D= —10.0,
—5.0, and —2.0 cm™! using g,(+£2)=8.0, g,(+1)=4.0, and g;(0)=0.0. Agui, for the
Mg= +1 level was set at half the magnitude of Ay, (+2), and A4, (0) was set to
zero as this non-degenerate level does not give rise to %¢-term intensity. The results
of these calculations have been plotted versus fH/2kT and 1/kT in Fig. 18.

For D= —10.0cm™?, the first excited state lies at 30 cm ! above the Mg= +2
ground state and will not become significantly populated until the temperature is
above 40 K. Because the simulated MCD intensities were calculated only up to
25K, there is little difference between the data shown in Fig. 18, top, which includes
contributions from excited states, and the data for an isolated effective Kramers
doublet with g, =8.0 (Fig. 15, bottom). As the value of D decreases to —5.0cm ™",
the higher states begin to be populated at lower temperatures. This effect can be
seen by the fact that the 25 K and 11 K isotherms in the SH/2kT plot (Fig. 18,
middle) no longer superimpose on the rest of the data. When D= —2.0 cm ™! (Fig. 18,
bottom), this non-superposition effect in the fH/2kT curves is even more pronounced
and the isotherms exhibit nesting behavior, which is similar to behavior observed
for other metal sites with S>1/2 and is associated with ZFS of the ground state
[1907. The 1/kT saturation behavior (Fig. 18, right) is also affected by the thermal
population of excited states. While the low-temperature regions of the 1/kT plots in
Fig. 18 are all identical, since only the ground state is populated at lowest temper-
atures, the high-temperature regions of the 1/kT plots are different for the different
values of D: the smaller the value of D, the lower the MCD intensity at high-
temperature as the excited states become more thermally accessible. In this calcula-
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Fig. 18. Effects of excited-state population on a —D effective Kramers S=2 spin manifold. Simulated
MCD intensities calculated with gy(£2)=80, g (£1)=40, £(0)=00, and Augm(£2)=1000,
A1) =50.0, and A, ;m(0)=0.0. The excited states were positioned at E(Z 1}=[3D| cm™" and E(0)=
|4D| cm ™! above the ground state for D= —10.0 cm ™! (top), — 5.0 cm ™! (middle), or —2.0 cm™* (bottom).
No z-polarization or linear #-term effects were included. Nesting behavior is observed for small values
of —D as the population of the excited states increases.

tion, the intensity decrease observed at higher temperatures is due to the population
of states with lower ¥-term intensities than that of the ground-state: if the ¢-term
intensity of the excited states is higher than that of the ground state, then the
saturation magnetization intensities would increase as the excited states become
thermally populated. It should be noted that these effective Kramers doublet simula-
tions do mnot accurately describe the FeSOD saturation magnetization data
(Fig. 7(d,e)), and we now consider an Mg= £ 2 non-Kramers doublet model.

3.3.3. Negative zero-field splitting: non-Kramers doublet

When the axial ZFS parameter D is negative, the doubly degenerate Mg= 12
sublevel will be lowest in energy (Fig. 6, right), and thus %-term MCD behavior is
expected. For a non-Kramers system, the degeneracy of the ground-state doublet is
removed in the absence of a magnetic field by rthombic ZFS (E #0) which splits the
two components by an amount 4, as shown in Fig. 19. With this rhombic splitting,
the two components of the ground state mix with each other to produce the real
wave functions |X> and |Y>, which are the normalized, symmetric and anti-
symmetric linear combinations of the |+2> and |—2> complex wave functions
[337 (see Fig. 19). Thus, the thombic ZFS quenches the angular momentum and
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Fig. 19. Splitting of an Mg= +2 non-Kramers doublet under rhombic ZFS and applied magnetic field.
For D <0, rhombic ZFS splits the Mg= +2 ground state by the amount § and produces the real wave
fanctions [X > and |Y>. An applied magnetic field changes the mixing of the wave functions which
approach pure |+2> and |—2> at high fields and further splits the two levels by gfHcos0.

removes any MCD %-term activity, which requires complex wave functions. As an
external magnetic field is applied, the two components further split in energy by the
amount gfHcosf. This Zeeman perturbation changes the wave functions so that the
amount of |+2> and |—2> mixing is no longer equal, thus inducing angular
momentum and MCD intensity. At high magnetic fields, the wave functions of the
two partners of the non-Kramers doublet become pure complex |+2> and |—2>
in character. In this situation, the MCD intensity saturates as a function of this
mixing as well as the thermal population effects described for an effective Kramers
doublet (Section 3.3.1). Thus the MCD %-term intensity for a non-Kramers doublet
ground state arises from unequal mixing between the {+2> and | —2> components,
and furthermore, this mixing is non-linear with respect to magnetic field.

3.3.3.1. xy-Polarization and rhombicity effects For a purely xy-polarized transition,
the MCD %-term intensity of an isolated non-Kramers doublet is given by Eq.
(20) [33].

/2

Ae=A

cos®6 sin 6 6% +(g; BH cos 6)*
; tanh do
satlim f \/52+(g” BH cos 0) (g fH)-tan [ 2kT
0

(20)

Experimental MCD data sets (absolute temperature, magnetic field, and MCD
intensity) are fit to Eq. (20) by treating Ag,uim, £, and o as variables and fitting the
orientation averaged integral with a simplex routine. Since Ay, only scales the
MCD intensities without qualitatively changing the behavior and the g, value
changes only the rate of saturation (see Section 3.3.1.1), we can fix Ay, and g and
vary the magnitude of 4 to probe how rhombic ZFS affects the saturation magnetiza-
tion behavior of an isolated non-Kramers doublet. A set of such calculations has
been performed with 6 values of 0.0, 2.0, 4.0, or 8.0 cm ™! and g, =8.0; the results of
these simulations are plotted in Fig. 20.

The BH/2kT plots in Fig. 20, left, do not show superimposable saturation curves
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Fig. 20. Effects of rhombicity on a non-Kramers doublet. Simulated MCD intensities for an isolated non-
Kramers doublet with A, =100.0, g;=8.0, and §=0.0 cm™* (top), 2.0 cm ™! (second panel), 4.0 cm™!
(third panel), and 8.0 cm ™! (bottom). Non-zero & values cause decreasing intensity intervals for even
magnetic field increments in the low-temperature region of the 1/kT plots (right) instead of superimposing
at the saturation limit. Increasing J values cause an increased degree of nesting in the SH/2k T plots (left).

for non-zero values of 4, but instead exhibit nesting behavior with the degree of
nesting proportional to the magnitude of §. These nesting effects appear to be
qualitatively different from any of the other non-superimposing behavior seen for
the effective Kramers simulations or those including excited states (vide supra). The
1/kT plots of the rhombically-split non-Kramers doublet (Fig. 20, right) indicate the
magnitude of 6: when the zero-field splitting of the ground-state doublet becomes
very large, the ¥-term intensity saturates with decreasing temperature even at low
fields, thus the 1/kT curves level off at lower magnetic fields for larger values of §.
Vital insight into the nature of the ground-state wave functions can be obtained
from the low-temperature, high-field region of the 1/kT plots. For the effective
Kramers doublet system (Fig. 15), the saturation limit of the 1/kT plots (low-
temperature, high-field region) showed superimposing curves, while for the non-
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Kramers case (Fig. 20, right), the saturated intensity curves do not superimpose.
Instead, the rhombic ZFS causes the intensity spacing between equal field increments
at lowest-temperature to decrease with increasing field, indicating non-linear mag-
netic field dependence in the ground-state wave functions. Thus the nested saturation
magnetization behavior which appears when J is non-zero arises from non-linear
field-induced mixing between the partners of the non-Kramers doublet [33].

The simulated data in Fig. 20 look very similar to the FeSOD VTVH data in
Fig. 7(d,e). Further, the lowest-temperature regions of the simulated 1/kT plots show
the same decreasing intensity intervals for even field increments as does the protein
data. Therefore, the non-Kramers doublet model with § >0 and pure xy-polarization
is a good model for the FeSOD saturation magnetization data. The other factors
which influence the MCD behavior (z-polarization, linear #-terms, and population
of excited states) can now be investigated for a non-Kramers system.

3.3.3.2. z-Polarization effects When z-polarization is also present (see Eq. (14)), the
isolated non-Kramers doublet MCD intensity expression in Eq. (20) must be
expanded to include a term which contains g, and is scaled by the electric dipole
polarization ratio M,/M,,. This is achieved by first diagonalizing the Hamiltonian
matrix given in Eq. (21) for a non-Kramers doublet with non-zero values of both g,
and g, [33].

I+> [=>
X 1 1 )
H={+]| E(g" BH cos 8) 5 (5+e+’¢ sin 8(g, BH)) 1)
1 , 1
{—] 2 (0+e * sin O(g, BH)) — E(gH,BH cos 0)

This Hamiltonian must be calculated for each 6 and ¢ to obtain the field-dependent
wave function coeflicients (|4—>=C,|+2>+C,|—2)) and energy splittings (AE=
E.,—E,_) of the ground state doublet. These are then inserted into the general
expressions for MCD intensity [ 186] to give Eq. (22), which has two parts: the first
term describes xy-polarized (M,,) electric dipole transitions and the second term
allows for non-zero z-polarization (M ).

nj2
_ AE
Ae= A { J (IC4] *—|C4[?) cos 6 sin 0 tanh (ﬁ) do

0
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2
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z T in’ — | df 22
xy) J (Im(C%¥ C,)) sin”8 tanh <2kT> } (22)

0

Experimental data can be fit to Egs. (21) and (22) by floating Agum, ¢ and g,
plus the two additional variables g, and M,/M,,, and evaluating the MCD intensity
expression numerically by averaging over 6 with a point-by-point summation on a
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lfongitude. Because fitting MCD data to the full xy- and z-polarized intensity expres-
sion increases the number of floated parameters and softens the fits, a stronger fit
can be obtained by fixing g, and treating M,/M,, as a floating variable. Based on
calculations from a °T,, Hamiltonian (see Section 3.4), a reasonable value for g, is
~1. Because g, is coupled to g, and in turn g, is coupled to &, the results from a
°T,, Hamiltonian analysis (vide infra) were used to obtain the simulation parameters
for a set of calculations to explore the effects of varying amounts of z-polarization
in the MCD data. The parameters used to generate the plots shown in Fig. 21 are:
g:.=00, =90, and §=50cm™* for M,/M,,=00 and g, =10, g;=88, and =
50cm™! for M,/M,,=—10 or +1.0.

The data in Fig. 21, top, which include no z-polarization, show the non-Kramers
doublet nesting behavior described in Section 3.3.3.1. Fig. 21, middle, shows the
PH/2kT and 1/kT plots for a non-Kramers doublet with a z-polarization having the
opposite sign from the xy-polarization (M,/M,,= —1.0). The SH/2kT plot for this
simulation still exhibits nesting behavior, but additionally there appears to be some
fanning. At the saturation limit, the 1/kT plot predominantly reflects the ¢ effect of
decreasing intensity intervals for equal field increments; however, at the higher fields,
this behavior is no longer observed. While this might arise from the contribution of
a linear #-term to the non-Kramers doublet {see Section 3.3.1.3), the z-polarized
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Fig. 21. Effects of z-polarization on a non-Kramers doublet. Simulated MCD intensities for an isolated
non-Kramers doublet with A4y, =100.0 and 6=50cm™" and the following parameters: g;=9.0 and
£1=00 for M_/M,,=00 (top), gy=8.8 and g, =10 for M,/M,, =10 (middle) or +1.0 (bottom). A
negative M_/M,, ratio causes a small change in the saturation behavior, particularly in the low-
temperature, high-field region, and a positive M./M,, ratio produces distinctive curve-crossings.
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MCD behavior can be distinguished from a linear %-term by fitting the data with
an xy-polarized intensity expression which includes #-terms (vide infra): a fit to data
from a transition which contains z-polarization gives a g; value which is out of the
acceptable range (see Section 3.4) and a very small B,, while a fit to data from a
transition with a #-term yields reasonable values of g, and B,. When both transition
dipole moments have the same sign, such as M,/M, = +1.0 in Fig. 21, bottom, the
saturation magnetization data produced are clearly different from any behavior
previously observed. Thus a positive non-zero M,/M_, value should be easily iden-
tified from the qualitative shape of the saturation curves.

3.3.3.3. Linear, temperature-independent %B-term effects A linear #%-term is included
in the MCD intensity expression by adding the term BoH [173] to either Eq. (20)
or Eq. (22), depending on the polarization, where B, indicates the magnitude of the
ground-state linear #-term and H is the magnetic field. Fig. 22 shows the SH/2kT
and 1/kT plots for an isolated non-Kramers doublet with a #-term=0.0 or +5.0%
of Agim, g;=80, 6=50cm™!, and no z-polarization. The plots in Fig. 22, top,
which contain no #-term, show the same non-Kramers nesting behavior explored
in Section 3.3.3.1. When a large linear %-term is present (Fig. 22, bottom), the
BH/2KT plot shows that the #-term fanning observed for the effective Kramers
doublet (Fig. 17) adds to the nesting behavior due to the non-zero . The low-
temperature region of the corresponding 1/kT plot (Fig. 22, bottom right) shows
that the intensity increment between equivalent fields does decrease at the saturation
limit, as is expected for a non-zero J§; however, this increment converges to a fixed
value proportional to the magnitude of the linear #-term. Thus the presence of a
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Fig. 22. Effects of a linear, temperature-independent #-term on a non-Kramers doublet. Simulated MCD
intensities for an isolated non-Kramers doublet with Ay, =100.0, 5=50cm™*, g,=8.0, and #-term (as
a percentage of Ag,puim)=0.0% (top) and +5.0% (bottom), assuming pure xy-polarization. Inclusion of a
linear %#-term combines fanning behavior with the non-Kramers nesting behavior in the fH/2kT plot
(bottom left) and causes the low-temperature, high-field region of the 1/kT plot (bottom right) to
converge to an equal intensity spacing.
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linear %-term, positive or negative, on a non-Kramers doublet can be recognized
primarily by the behavior of the intensity curves at lowest temperature in a 1/kT
plot which converge to a set of evenly spaced saturation curves.

3.3.3.4. Population of excited states Lastly, we consider the possibility of populating
low-lying excited states for a non-Kramers doublet. The xy-polarized MCD intensity
expression which allows for the summing over non-Kramers excited states, including
linear %-terms for all states, is given in Eq. (23).
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Ae= % {(Asatlim)i j T (g|,iﬁH)ocid0+B,¢Hyi} (23)
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(Agattim)i> 015 gyi» and B; are the ¥-term intensity factor, the rhombic ZFS of a non-
Kramers doublet, the g, and the linear %-term of the ith doublet, respectively. E; is
defined as the energy of the ith state above the ground state (E; =0.0). Boltzmann
population over all states has been included for both the #-term intensity, with the
factor ¢;, and the linear %#-term intensity, with the factor y;. Note that «; and y; are
different because the largest contribution to the #-terms should derive from H1z
as governed by g, which is small and thus the energy splitting is governed by §.

The effects of populating excited states for a non-Kramers doublet will be most
apparent when the experimental data are collected at high temperatures, otherwise
the additional factors contributing to non-superimposable saturation magnetization
behavior (6 and linear #-terms) may be too difficult to unambiguously deconvolute.
As excited states begin to be populated, the experimental data will effectively break
into two regions: a lower-temperature region which can be fit by one set of ground-
state parameters and a higher-temperature region which will not fit with those
ground-state parameters. If the addition of z-polarization still does not satisfactorily
fit all of the data, then the inclusion of one or more excited states in the fit will be
necessary to describe the observed saturation magnetization behavior.

Considering all of these effects on the saturation magnetization behavior of a non-
Kramers doublet, the FeSOD VIVH data presented in Fig. 7(d,e) do not indicate
the presence of a significant linear %-term or low-lying populated excited states, nor
does the inclusion of z-polarization improve the fit to the experimental data. The
FeSOD data can therefore be fit to Eq. (20) for a purely xy-polarized transition to
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give the ground-state parameters 6=2.9 cm ™' and g,=8.78 [33] for an isolated
non-Kramers doublet.

3.34. Positive zero-field splitting

The above discussion focused on the case of negative ZFS (— D) where the lowest
sublevel of the ground state is an Mg= +2 doublet, and we now treat the saturation
magnetization of the My=0 ground state for +D. The S=2 spin manifolds for
positive and negative D are compared in Fig. 23. The zero-field splittings of the
S=2 sublevels are given for +D on the left and —D on the right; both sides of the
diagram progress towards the middle with an |E/D| ratio increasing from 0 to 1/3.
At the center of the energy diagram, there is no difference between +D and — D,
except that the specific g-values are oriented along different directions (vide infra).
The region at the lower left of Fig. 23 is especially interesting because it illustrates
the range of zero-field splittings of the lowest two levels. On the + D side, the splitting
rapidly decreases as |E/D] increases and is equal to ~|D|/3 at the rhombic limit. On
the — D side, the splitting begins at 0.0 cm ™! and slowly increases until the rhombic
limit is achieved, where the splitting is ~|D|/3.

3.34.1. xy-Polarization effects in the axial limit Although the M¢=0 level cannot
exhibit #-term intensity, the #-term-active Mg= -+ 1 doublet will be thermally popu-
lated for T>1.6 K and the expected range of D, 2<D<15cm™" (Section 3.4).
Assuming H|z and x,y-polarized electric dipole transition moments, a series of
calculations have been performed using the same parameter set as in Section 3.3.2,
but with positive values of D= +5.0, +10.0, and +15.0 cm ™. The resulting SH/2kT
plots in Fig. 24, left, all exhibit non-superimposable, upward-curving saturation

+ZFS -ZFS

3ID!

2

0 1/3 0
|E/DI
Fig. 23. Expanded S =2 spin manifold. The splitting pattern for a positive axial ZFS (left) and a negative

axial ZFS (right) converge with the addition of a rhombic ZFS perturbation (E). At the rhombic limit
(middle), a doublet, singlet, doublet pattern is produced from either axial starting point .
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Fig. 24. Effects of excited-state population on a + D effective Kramers S=2 spin manifold with pure xy-
polarization. Simulated MCD intensities calculated with g,(0)=0.0, g,(+1)=4.0, g{+2)=8., and
Agantin(0)=0.0, 4o im (2 1)=500, and Agu,(+2)=100.0. The excited states were positioned at E(+1)=
Dem™! and E(+2)=4D cm™* above the ground state, for D= +5.0cm™* (top), +10.0cm™* (middle),
and +15.0cm™! (bottom). No z-polarization or lincar #-term effects were included. The upwards-
curving behavior in the BH/2kT plots (left) and the diminished MCD intensity in the low-temperature,
low-field region of the 1/kT plots (right) are unlike the D <0 behavior.

magnetization isotherms that are clearly distinct from the effective Kramers doublet
model presented in Fig. 18. The 1/kT plots are especially revealing at fields where
the Zeeman splitting is much smaller than D. For example, the 0.7 T curves in
Fig. 24, right, show that there is no MCD intensity at low temperature. As the
temperature is increased and the Mg= +1 level is populated, the MCD intensity
increases propottionally to both the Boltzmann population and the magnitude of
Aguim(E 1). If the Zeeman splitting is large relative to D, components of the
Mg= 41 and +2 doublets can approach and even cross the lowest level, resulting
in substantially increased MCD intensity even at pumped helium temperatures. This
can be seen for the D=+50cm™?*, 7 T curve in Fig. 24, top right, where MCD
intensity is substantial over the entire 1.7-25 K range. Note that the calculated
behavior in Fig. 24 based on the S=2 spin manifold with an Mg=0 level lowest and
xy-polarized d—d transitions does not produce a result resembling the FeSOD
saturation magnetization data, nor, in fact, do the results resemble the existing
VTIVH MCD data for any non-heme ferrous monomer.
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3.3.4.2. z-Polarization effects in the axial limit The above + D analysis was restricted
to a Zeeman effect produced by an applied magnetic field along the molecular
z-axis. The Zeeman effect resulting from field along the molecular x and y directions
will now be included as a source of MCD intensity. Note from Eq. (14) that this
requires non-zero values of M, M, and M,M_, i.., z-polarization. The importance of
the off-z-axis Zeeman effect for § =2 systems is illustrated in the upper half of Fig. 25,
which shows the energy levels of the S=2 ground state for D= +10.0cm™! and
E/D=0.0 (axial limit) responding to an applied magnetic field in the molecular x, y
and z directions. Fig. 25(a) shows the Zeeman effect for H||z and corresponds to the
scheme used above to calculate the xy-polarized MCD intensity. Fig. 25(b) for H||x,y
shows that the My=0 level undergoes a field-induced mixing with one combination
of Mg=+1 sublevels. The other combination of the Mg= +1 doublet and the
Mg = +2 doublet do not exhibit a significant off-axis Zeeman effect for fields up to
7 T with D=10.0 cm ™. This mixing of the Mg=0 with the M= +1 levels can lead
to an intense #-term because the energy difference between these levels, D, is small,
corresponding to the example depicted in Fig. 10(c). Both the M¢=0 ground and
M= +1 intermediate sublevels will contribute MCD intensity, but with opposite
signs and weighted by their Boltzmann populations.

A related type of temperature-dependent #-term was considered by Collingwood
et al. [179]. They used Eq. (24) to describe the two-level system consisting of the

Hilz H il x,y
(a) J+2> (b)
— 1+2>
CARKED] 3D
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Fig. 25. Response of an axial, S=2, + D spin system to a magnetic field along the molecular x, y and z
directions. The energy levels (top) and the normalized |4 2)*' components of the |0)* wave function, e,
(bottom) are plotted as a function of the magnetic field for (a) H|z and (b) H|x,y (the dashed lines
indicate the |+ and [— > components of a non-Kramers doublet (— D)).
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non-degenerate levels |[4> and |K> which have a Zeeman interaction for H|jz and
only xy-polarized electric dipole transitions.

7

24
tanh ( 2kT) (24)

In Eq. (24), the first term is the Zeeman matrix element between |4) and |[K); m .,
are the xy-polarized electric dipole transition moments (Eq. (9)) from the ground-
state sublevels to the excited state |J); and AEy, is the zero-field splitting. Eq. (24)
is very similar to Eq. (17) for a #-term, and in fact Collingwood et al. show that the
saturation behavior of a temperature-dependent %-term is identical to that for a %-
term except that AE is substituted for the Zeeman splitting, gfH. Although
Collingwood et al. do not fit experimental VIVH MCD data, Hamilton et al. [191]
applied Eq. (25) to VIVH MCD data from an S =1 system to establish the magnitude
of the positive ZFS.

AE
A8 = Asatlim tanh E{TI: {25)

Application of Eq. (25) resulted in linear, nested SH/2kT curves that approximated,
but did not completely reproduce the curvature of the data at high fields. While not
explicitly stated [191], the Zeeman interaction for the S=1 case is for H.Lz.

In order to evaluate the importance of the temperature-dependent %-term contri-
bution to MCD intensity in ferrous systems, it is helpful to consider the Zeeman
effect for H|x in more detail. Eq. (26) relates the D tensor to the ZFS parameters,
D and E [123].

D, 0 0 —D/3+E 0 0
D=0 D, 0]= 0 -D/3—E 0 (26)
0 0 D, \ o 0 2D/3

The spin Hamiltonian expression given in Eq. (1) can then be rewritten in terms of
the diagonal components of the tensor D to give Eq. (27).

H#=D,S3+D,S}+D.S 1+ plg,H.S,+g,H,5,+g.H.S,) (27)

This form of the spin Hamiltonian presumes that both the D and g tensors are
quantized along the molecular z-axis and that the eigenvectors have the usual spin
labels of Mg=0, +1, and +2. Requantizing the D tensor along the molecular
x-axis is achieved by mapping D,, D, and D, into D,, D, and D,, respectively, and
relabeling the new axes X, y and z/, so that x in the original coordinate system is
now z'. This transformation results in new spin labels for the zero-field wave functions,
given in Eq. (28), where the superscript z refers to the z-quantized D tensor and 7/
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to the x-quantized D tensor.

z _3_ z’ % 2 _ _1. 2’
[ 0>+ \/;l+2> + \/;|—2> \/;l())
1 . 1 )
=17+ \£|+1> —ﬁl—w
132 \/i 2z’ \/i 2z’
17— S 127+ [51-2
2)* \ﬁ 1~ ﬁ 1% 2
=2+ [S1HD7+ [FI-D (28)
1 . 1 , 3 .
[+2>%—>+ \/%|+2> + \/%I-—2> - \/;|0>

A magnetic field along x (=z') results in the diagram shown in Fig. 25(b). From
both the figure and Eq. (28) it is clear that the My=0 and one partner of the
M= +1 sublevels behave very similarly to an Mg, = +2 non-Kramers doublet where
gleffective)=8.0 and 6= D. This is also illustrated in Fig. 25(b), bottom, where the
coefficients (¢?) of the |+ 2)* components of |0>* (solid lines) are compared to those
of an My= +2 pure non-Kramers doublet (dashed lines). Thus, the first three levels
of an S=2 axial + D system with magnetic field along the molecular x-axis can be
modeled by a non-Kramers doublet with a zero-field splitting of D and an effective
g-value of 8.0, but with an additional MCD-silent third level at D cm ™. The VIVH
data presented in Fig. 20, left, show that increasing the zero-field splitting of a non-
Kramers doublet delays the onset of the field-induced saturation of the MCD
intensity. In fact, if + D is greater than 10 cm™!, the MCD intensity will appear
predominantly linear with field and can be crudely modeled by Eq. (25).

VIVH MCD data have been calculated using the three-level +D model for
D=+10.0cm™! and g(effective)=8.0, shown in Fig. 26 (solid lines), and compared
to the —D non-Kramers doublet model with the same ZFS of 6=10.0cm~! and
g=28.0, shown in Fig. 26 (dashed lines). These data are identical for kT <D, but

Intensity

018 1.2 . X
BH/2KT kT

Fig. 26. Comparison of VTVH data from the three-level + D model versus the —D non-Kramers doublet
model. Simulated saturation magnetization data using the three-level + D model with D= +10.0 cm™*
(solid lines) and the —D non-Kramers doublet model with 6=10.0 cm™* (dashed lines). The two models
differ for kT of the order of or greater than o.
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deviations occur when the third MCD-silent level becomes populated. Therefore, it
is crucial to collect VIVH data at high temperatures relative to the magnitude of
the ZF'S to distinguish the sign of D. For example, if the lowest-temperature isotherm
from the + D simulation in Fig. 26 is iteratively fit tc a —D non-Kramers doublet
model (Section 3.3.3.1), a g-value of 8 is obtained; however, if the entire +D data
set in Fig. 26 for D= +10.0 cm™?! is fit, the g-value obtained is 6.7, which is not
physical for a D <0 ferrous center (see Section 3.4) and is indicative of a + D system.

3.3.4.3. Rhombicity effects The effects of non-zero E/D ratios are now considered,
beginning at the axial +D limit ({E/D|=0) and progressing to the rhombic limit
{|E/D|=1/3). Fig. 27 shows 12 + D energy level diagrams in a grid: the columns from
left to right are H|x, H|y, and H|z and the rows from top to boitom begin at the
axial limit and extend to the rhombic limit. Proceeding down the first column (H||x),
the Mg=+1 levels begin to split in Fig. 27(d) with a small non-zero value of E.
With a larger rhombic ZFS (Fig. 27(g)), the Mg= +1 splitting is larger and the
Mg= +2 levels start to split. At the rhombic limit (Fig. 27(j)}, the ZFS pattern has
become symmetric so that the splitting between the Mg=0 and the lower-energy
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Fig. 27. Response of an §=2, +D spin system to a magnetic field along the x, y and z directions from
the axial to the rhombic limits. The energies of the My=0, +1, +2 sublevels are plotied as a function
of increasing magnetic field (0.0-7.0 T). Each column corresponds to an applied magnetic field along the
molecular x (left), y (middle) and z (right) directions, and each row represents a different degree of
rhombicity, E/D=0.0 (top), 0.05 (second row), 0.17 (third row), and 0.33 {bottom).
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Mg= 41 partner is identical to the Mg= 12 splitting. In the weak-axial (small
rhombic) case (Fig. 27, second row), there is a strong Zeeman interaction between
the first and third sublevels for H|x (Fig. 27(d)). In Fig. 27(e), when H|y, the strong
Zeeman interaction is between first and second sublevels; and in Fig. 27(f), for H|z,
the strong Zeeman interaction is between the second and third (Mg= +1) sublevels.
For a larger |E/D| ratio (Fig. 27, third row), the ZFS between the Mg= +1 levels
has increased so that the splitting pattern of the lowest three levels resembles a low-
energy doublet with a higher-energy singlet. Finally, at the rhombic limit (Fig. 27,
bottom row), the splitting pattern of the five spin levels is identical to the —D spin
Hamiltonian results, except that the strong Zeeman splitting occurs for H]y
(Fig. 27(k)) instead of H|z.

According to Eq. (12), non-zero #-term intensity requires that there be non-zero
electric dipole moments along two molecular axes perpendicular to the magnetic
field direction. Additionally, in the case of a temperature-dependent #-term, the two
participating sublevels |4> and |K> will have equal and opposite MCD intensity.
However, as shown above, there is a third level which must also be included in the
analysis of + D systems. Fig. 28 shows the three different MCD saturation magnetiza-
tion behavior calculations for H|x, H||y, and H|z and for D= +100cm™! and
E/D=02. From Eq. (12) for a randomly oriented sample, these curves will be
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Fig. 28. VTVH behavior of a three-level +D model with H||x, y and z. Simulated MCD intensities using
D= +100cm™! and E/D=0.2 for H|x (top), H|y (middle), and Hjz (bottom). In a randomly oriented
sample, the contributions of each of these will be weighted by the clectric dipole moments M, M, MM,
and M, M, respectively.



E.I Solomon et al./Coordination Chemistry Reviews 144 (1995) 369—460 421

weighted by the electric dipole moments M ,M,, M M, and M, M, and the magnitude
of the Zeeman interaction. If all three polarizations contribute equally to the MCD
intensity, the H||y contribution will dominate and could be interpreted as a non-
Kramers doublet with a large linear #-term (By>5% of Agum), although the
calculated g-value may be unphysical (see Section 3.4}.

Distinguishing positive and negative D will not always be straightforward since
the VIVH data for either sign of D can qualitatively appear very similar, as shown
in Fig. 26. This is especially true if the signal-to-noise ratios of the experimental data
limit the utility of a goodness-of-fit parameter. One indication that a system has a
positive value of D is an experimentally measured > ~7 cm ™!, which is out of the
theoretical range of § (see Section 3.4). Additionally, the g-values for the —D case
should be greater than 8.3 (Section 3.4), while the g-value for + D is 8.0 (both models
assume molecular g-values of 2.00). A three-level + D fit can also be applied to the
data and if the fit places the third level at high energy, then the isolated non-Kramers
doublet model is indicated and the system is either —D or rhombic. In summary, a
+ D system must be described by a three-level model until the system is sufficiently
rhombic to drive the third level out of the thermal range of the experiment, while
the — D case can be treated as a non-Kramers doublet as presented in Section 3.3.3.
Thus, any ambiguity in the sign of D for non-heme ferrous centers can in general be
resolved.

3.4. Ligand field origin of spin Hamiltonian parameters

The ground-state spin Hamiltonian parameters discussed above can be used to
obtain an experimentally-derived energy level diagram for the low-lying d-orbitals,
which can be compared with the ligand field calculations from Section 3.2. Since
Fe?™ in protein environments can have a variety of geometries, a series of different
cases must be considered. A list of relevant iron coordination numbers with appro-
priate limiting axial geometric distortions as well as the associated sign of D is
summarized in Table 4.

3.4.1. Six-coordinate geometry

As demonstrated in Section 3.2, the d-orbitals of a six-coordinate Fe?' center are
split under an octahedral crystal field into a doubly degenerate °E, excited state and
a triply degenerate °T,, ground state. A treatment of pure octahedral symmetry is
not necessary, however, since ferrous sites in proteins are largely distorted and Jahn-
Teller effects are expected to lower the symmetry of octahedral model complexes.
Under a tetragonal axial distortion, both the *E, and °T,, states are split in energy
as depicted in Fig. 29, where the splitting of the excited state, ASEg, can be determined
experimentally (see Table 2). As shown below, the sign of the splitting of the 5T2g
state, A=E,, . —E,,, determines the sign of the spin Hamiltonian parameter D: for
a positive A, the non-degenerate >B,, state is the ground state which leads to a
positive D, while for a negative A, the doubly degenerate °E, state is lowest and D
is negative. The degeneracy of the °E, ground state is further removed by a rthombic
distortion so that the d,, and d,, partners split by the amount V. The two possible
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Table 4
Different Fe*>* coordination environments relevant to non-heme ferrous enzymes

CN. Parent Distortion Orbital Sign of D Treated by
symmetry ground state case
6 octahedral tetragonal or singlet (°B,,/°Af) +D 34.1.1
trigonal doublet (°E,) -D 34.12
5 square strong-axial singlet (°B,,) +D (34.1.1)
pyramidal weak-axial doublet (CEy) —-D (3.4.1.2)
trigonal - doublet (°E,) ~D 3422
bipyramidal
4 tetrahedral tetragonal singlet (d,z) +D 3431
(flattened)
tetragonal singlet (d,>_2) —-D 3432
(elongated)
square planar - singlet (d,2) +D (3.4.3.1)
5B
19 (dyay2)

dy)

free ion On axial rhombic
ZFs ZFS

Fig. 29. Splitting pattern of the d-orbitals under distorted octahedral symmetry. The d° free ion parent
state, D, is split under an octahedral ligand field into the °T,, and °E, states, which are separated by
the energy 10Dg. A tetragonal axial distortion splits the °E, excited state by the amount A’E, and the
5T25 ground state by the amount A. When A is negative, the ground state becomes °E,, whose orbital
degeneracy is removed by a rhombic distortion (V).
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ground states for axially distorted octahedral symmetry, *B,, or °E,, are obtained
through either tetragonal or trigonal distortions (see Section 3.2).

34.1.1. Distorted octahedral, °B,, or *A;' ground state We first consider the +D
distorted octahedral case, where A in Fig. 29 is positive to give an orbitally non-
degenerate ground state. This corresponds to an axial tetragonal compression to
give the d,, orbital lowest in energy (5B2g ground state) or to a trigonal compression
which gives the d,2 orbital lowest (*A,’ ground state) (see Section 3.2). Because the
°B,, state has five-fold spin degeneracy but no orbital degeneracy, the S=2 spin
Hamiltonian in Eq. (2) is applied to obtain the splittings of the °B,, sublevels (see
Fig. 6). The magnitude of D can by estimated from perturbation theory through
second-order spin-orbit coupling with the °E, partner of the °T,, ground state which
gives Eq. (29).
/12

D= A (29)

The spin-orbit coupling parameter A is related to the one-electron spin-orbit
coupling parameter { by A= —{/2S, where {(Fe?*)= —400 cm~ ! [192]. In coordina-
tion complexes, the free-ion value of J(Fe?")= —100 cm ™! is reduced to approxi-
mately -80 cm ™! due to covalency. The stronger the axial compression, i.e., the larger
the value of A, the smaller the value of D. Fig. 30(a) shows A% /A (dashed lines) plotted
as a function of + D, using varying values of A to account for small variations in
covalency.

Although the °B,, level has no in-state orbital angular momentum, this state is
derived from the parent °T,, state which does contain orbital angular momentum.
A more complete treatment of the 5B2g state includes spin-orbit coupling effects with
the °E, state in a full °T,, Hamiltonian (see Section 3.4.1.2). This treatment gives a
more accurate plot of +D versus +A, as shown in Fig. 30(a) (solid lines), where
again a range of 4 values have been used. Although the spin Hamiltonian approxima-
tion for the °B,, state holds for most values of + A, Fig. 30(a) demonstrates that the
full °T,, Hamiltonian should be used for +A< ~600cm™. This method also
provides a range for the magnitude of +D between ~2 and 15 cm™?; the identical
treatment for negative D gives a range of —D values between approximately —3
and —23 cm™!. The value of |E| depends on both the axial (+A) and rhombic (V)
ZFS parameters. Fig. 30(b) illustrates this relation by plotting {E| as a function of
[V1/2A for a range of + A values. Thus the ground-state parameters D and E, obtained
though an analysis of the VIVH MCD data as described in Section 3.3.4, can be
used to determine the values of + A (using Fig. 30(a)) and |V| (using Fig. 30(b)) which
together provide t,, orbital splittings as shown in Fig. 29.

3.4.1.2. Distorted octahedral, °E, ground state When D is negative, the °T,, ground
state splits by —A and the °E, component is lowest for either a tetragonally (Fig. 29)
or a trigonally elongated octahedron. Unlike the *B,, state, the *E, state retains the
in-state orbital angular momentum of the parent °T,, state and therefore requires
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Fig. 30. Relation between the ZFS parameters +D and E to the ligand field parameters +A and V. (a)
+D, plotted as a function of +A, as calculated from perturbation theory (+D = A%/A, dashed) and from
the full *T,, Hamiltonian (solid) using A= —80 ¢cm ™" (heavy line) to —85cm ™! (light lines) to account

for small variations in covalency. (b) |E| as a function of |V]/2A calculated from the 5T,, Hamiltonian for

a range of +A values and A= —80 cm ™.

coupling of the spin and orbital angular momenta. A full Hamiltonian which includes
spin-orbit coupling over all components of the °T,, ground state is given by Eq.
(30), using the operator equivalence method [193] for the axial and rhombic ZFS
distortions in terms of the parameters A and V.

> —

) 1 L
HACT,) =ML S)+ A {Lf— gL(L+1)} +V(ii—13

+B{(L +28)H, +(L,+28)H,+(L, +25)H,} (30)

L operates with an effective orbital angular momentum of L'= —1 which is appro-
priate for a T,, state [193]. Zeeman perturbations are included in the last term of
Eq. (30), where f is the Bohr magneton and H; is the magnetic field in the i direction.
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Higher-order spin-orbit coupling terms have not been included as they were not
found to improve calculations of T,, ground-state data for iron complexes [127].
Spin-spin interactions have been excluded since the spin-spin coupling parameter p
is very small for Fe?", p(Fe?*)=0.2 cm ™! [123]. Similarly, Jahn-Teller effects have
been ignored as the Jahn-Teller interaction is weak for the systems considered here
and the Ham reduction factor is only ~0.9 [127].

Eg. (30) is applied to the 15 basis functions formed by coupling Mg=+2, +1,0
and My, = +1, 0, —1, where the t,, real d-orbitals are written as linear combinations
of the M;, complex wave functions: |+ 1) ={(d,, —d,,) /\/— |—1) =(dx,+dy, )/\/5 and
[0> =d,,. The 15 energy levels obtained from the solution of this Hamiltonian are
plotted in Fig.31(a) for a range of —A values and |V/2A| values. Under pure
octahedral symmetry, i.e., both A and V are zero, the 15 sublevels split into 3-fold,
5-fold, and 7-fold degenerate states, separated by 24 and 3/ respectively, as would
be expected for a simple J'=|L +§]...|L'— S| treatment. Note the inverted Hund’s

(@)

0 IV/2Al 13

0 [V/2AI s

Fig. 31. Ligand field theory for the *T,, ground state of a — D system. Energy levels obtained from the
solution of the full °T,, Hamiltonian. (a) All 15 energy levels plotted for increasing values of —A and
{V/2A}; the upper five levels correspond to the 5B2g state and the lower ten levels to the 5E state. (b)
Expansion of the ten °E, energy levels, which are split by axial ZFS (—~A) into a manifold of ﬁve doublets
spaced by 4; the second doublet is further split by 64%/A due to second-order spin-orbit coupling with
the *B,, state. As rhombicity (V) is introduced, the low-energy levels vield a doublet, singlet, doublet
pattern and the lowest-energy doubiet is split by the amount § (inset).
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rule ordering of these levels for a T, ground state in a more-than-half-filled d° system.
When — A is non-zero, the 15 states split into a high-energy branch of five energy
levels, corresponding to the 5B2g {|0>) sublevels, and a low-energy branch of ten
energy levels, corresponding to the °E, ([+1), |—1)) sublevels, which are enlarged
in Fig. 31(b). As the axial ZFS parameter —A increases, these ten energy levels
approach a splitting pattern of five effective doublets, separated by the amount A
(Fig. 31(b)); the second doublet is further split by the amount 64%/A due to second-
order coupling effects with the *B,, state. When rhombic ZFS is allowed, the middle
doublet also splits and the ten levels separate into two clusters of five each. The low-
energy cluster has a doubly degenerate ground state which is split by the amount §
(see Fig. 31(b), inset), and the doublet, singlet, doublet splitting pattern produced
converges toward the S=2 spin Hamiltonian results for —D with E#0Q (see
Fig. 23, middle).

Zeeman perturbation causes the ground-state doublet to further split by the
amount gfHcos0, as shown in Fig. 32. The values of g, (g,) and g, (g, and g,) can
thus be obtained from the splitting of the ground state under an applied magnetic
field. A more accurate value of g, can be obtained by equating the slope of the
lowest-energy level at high magnetic field to gf/2, which avoids the potential problem
of curve crossing between the first and second excited-state sublevels. A plot of g,
versus |V/2A| is given in Fig. 33 for —A=200 to 3000 cm !, though — A much larger
than 2000 cm ~* may not be physically meaningful for high-spin six-coordinate Fe?*
complexes with predominantly nitrogen and oxygen ligation. From Fig. 33, g, is
between 9.5 and 10.0 for nearly all values of —A at the axial limit and is substantially
larger than the g;=38.0 obtained from the S=2 spin Hamiltonian. As rhombicity is
included and |V/2A| approaches the rhombic limit, g; decreases, but never falls under
8.3. Reasonable values of —A for a distorted octahedral environment are
|—A]< ~800cm™", and so the range of g; values expected for six-coordinate —D
complexes is ~8.8 to 10.0, depending on the degree of rhombicity. In these calcula-
tions, molecular g-values of 2.00 were assumed, and since higher molecular g-values
have been observed (see Table 1), the curves in Fig. 33 provide a lower limit for g;.
Eq. (30) can also be solved for magnetic fields along the x or y directions to obtain
an estimate of g,. These calculations give g, ,~0.5 at the axial limit and g,~0.7

spin-orbit  rhombic  Zeeman
coupling

Fig. 32. The E, ground state under spin-orbit coupling, rhombic ZFS, and Zeeman perturbations. Spin-
orbit coupling perturbs the *E, ground state to produce a manifold of five doublets, spaced by A. Rhombic
ZFS removes the degeneracy of the lowest doublet and splits the two sublevels by 6. A Zeeman
perturbation continues to split the ground state by the amount gfHcosf.
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Fig. 33. Relationship between g, and the ligand field parameters —A and ¥ for a °E, ground state. g,
calculated {from the full °T,, Hamiltonian for a range of axial (—A) and rhombic (V) ZFS parameters,
using |V/2A|=0 at the axial limit to [V/2A|=1/3 at the thombic limit and A= —80 cm ™.

and g,~ 1.3 at the rhombic limit, from which a reasonable value for a range of —A
and V values is g, ~ 1.

The splitting of the ground-state doublet, §, can also be directly calculated from
Eq. (30). Fig. 34(a) shows a series of J curves, each for a given — A, obtained from the
solution of Eq. (30) using A= —80 cm ! and plotted as a function of |V/2A|. Because
o arises from rhombic ZFS effects, § is zero when V is zero, and § increases as |V]
increases. Fig. 34(a) shows that the maximum § is ~6.5cm ™! and that the small
—A values appropriate for distorted octahedral geometry (—A < ~800 cm ™) give
high & values under reasonable degrees of rhombicity. Because § also arises from
spin-orbit coupling, the magnitude of the spin-orbit coupling parameter A can affect
. Although a reduced A value of —80cm™! is generally acceptable for the Fe?*
systems considered here, small variations in covalency give a range of A values.
Fig. 34(b) replots § curves for a few values of —A and allows for a spread on the
value of ¢ associated with a range of A. The range of isotropic A increases the
maximum value of § to ~7cm™! for —A=200cm™* at the rhombic limit.
Anisotropic covalency can also affect J; however, this spread is smaller than the
spread due to isotropic variation in A shown in Fig. 34(b). (It should be noted that
variations in the magnitude of 4 have little effect on g-values.) Therefore, based on
the plots in Fig. 34, § is expected to be between ~3 and 7 cm ™! for six-coordinate
Fe?* protein sites with reasonable rhombic distortions, |[V/2A|> ~0.15.

The ground-state parameters obtained from fitting the saturation magnetization
data can now be used to give estimates of the ligand field parameters A and V.
Matching the experimentally-derived value of g, to the curves in Fig. 33 while
simultaneously matching ¢ to the curves in Fig. 34(a) (and Fig. 34(b) if necessary)
gives an estimate of —A and |V/2A| which defines the splitting of the *T,, ground
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Fig. 34. Relationship between 6 and the ligand field parameters —A and ¥ for a °E, ground state. &
calculated from the full 5T,, Hamiltonian for |V/2A|=0 at the axial limit to |//2A|=1/3 at the rhombic
limit. (a) § for a range of —A values using A=-—80cm™'. (b) & for select values of —A using A=
—80cm™! (heavy line) to —85 cm™* (light lines) to account for small variations in covalency.

state. Combining this °T,, energy pattern with the observed energy splitting of the
°E, excited state gives a complete d-orbital energy level diagram for a non-heme
ferrous center.

3.4.2. Five-coordinate geometry

We now consider the ligand field origins of the ground-state spin Hamiltonian
parameters for the idealized axial pentacoordinate ligand arrangements, square
pyramidal and trigonal bipyramidal geometries.

3.4.2.1. Square pyramidal, strong- and weak-axial The d® energy level diagram shown
in Fig. 29 can be used to describe a square pyramidal complex as being a distortion
from octahedral symmetry wherein the axial ZFS distortion results from the removal
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of one octahedral ligand. With the removal of this ligand, the metal moves up out
of the equatorial plane. If the metal rises far above the plane, the M-L,_;,, bond can
shorten enough to create a strong-axial system (see Section 3.2). This case corres-
ponds to a positive ZFS parameter D and a positive value of A in Fig. 29, which
results in a °B,, ground state. Therefore, the strong-axial square pyramidal system
is treated as in Section 3.4.1.1.

As shown from ligand field calculations of the d® orbital splittings (Section 3.2),
removal of one octahedral ligand usually produces a weak-axial system, which has
a 5Eg (d.., dy;) ground state as shown in Fig. 12. This case is equivalent to —A case
as treated in Section 3.4.1.2. Like the corresponding octahedral case, the ground-
state spin Hamiltonian parameters g, and é obtained from the VIVH MCD data
of a weak-axial square pyramidal system can be matched to Figs. 33 and 34 to
obtain the ligand field parameters —A and V. Because removal of a ligand will
stabilize the (d,,, d,,) orbitals more than an axial elongation in a six-coordinate site,
—A is expected to be larger for square pyramidal symmetry (—A > ~800 cm ™!} than
for octahedral symmetry. Therefore, from Fig. 33, g, can be as low as ~8.3 at the
rhombic limit. Large values of —A will also give small values of 8, as shown in
Fig. 34(a), and 6 for square pyramidal sites is expected to be<~4cm™! for
—A> ~800 cm ™. Thus weak-axial square pyramidal sites can be distinguished from
distorted octahedral sites by the low J values obtained from the ground-state satura-
tion magnetization data.

3.4.2.2. Trigonal bipyramidal Unlike the square pyramidal cases, trigonal bipyrami-
dal symmetry cannot be treated as a perturbation of octahedral symmetry. Instead,
a trigonal ligand field distortion is applied directly to the °D free ion state to produce
a *E" ground state with (d,,, d,.) lowest in energy, a “E' (d,2_ 2 dy,) excited state,
and a A’ (d,z) excited state for high-spin Fe?** complexes in D, symmetry [ 194,195],
as shown in Fig. 35. The degeneracies of both °E states can be removed by rhombic
ZFS distortions, which split the E” ground state by ¥ and the °E’ state by V.
Because the *E” ground state contains in-state orbital angular momentum, the spin
and orbital degeneracies must be coupled and a spin-orbit perturbation applied.
Eq. (31) gives the Hamiltonian including spin-orbit coupling, rhombic ZFS, and
Zeeman perturbations appropriate for the ground state of a trigonal bipyramidal
system [ 1967.

HCE", tbp)=UL-S)+ V(L2 -1
+ B{(Le+28)H, +(L, +2S)H, + (L, +25)H,)} (31)

This Hamiltonian is applied to the E” ground state by treating the d-orbitals as
linear combinations of the My = 11 states, which are coupled with the Mg= +2,
1, 0 states to produce ten eigenstates [ 196]. In-state spin-orbit coupling perturbs
these ten energy levels and produces a manifold of five doublets which are spaced
by 4, as shown in Fig. 36(a), similar to the results from the °T,, Hamiltonian with
—A (Section 3.4.1.2). When a rhombic splitting of the SE” ground state is included,
this manifold of five doublets divides into two clusters of five states each (Fig. 36(a));
the low-energy cluster has a doublet, doublet, singlet splitting pattern which con-
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free ion Dgp rhombic
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Fig. 35. Splitting pattern of the d-orbitals under trigonal bipyramidal symmetry. The d° free ion parent
state, 3D, is split under a trigonal ligand field into a E” ground state with E’ and °A,’ excited states at
energies A; and A, above the ground state, respectively. A rhombic distortion removes the degeneracy of
both °E states, splitting the E” ground state by the amount V and 5E’ by the amount V.

verges with the S=2 spin Hamiltonian results for —D. The magnitude of g; can be
obtained from the solution of Eq. (31) by including the Zeeman perturbation along
H.,. Similar to the °T,, with —A case, g; is 10.0 at the axial limit and decreases to
~8.5 under reasonable rhombic ZFS (V), and g, can be approximated as ~1 when
z-polarization is present.

Rhombic splitting (3 in Fig. 36(b)) of the lowest doublet requires out of *E” spin-
orbit coupling. A more complete treatment of the trigonal bipyramidal case includes
spin-orbit coupling over the entire D manifold of 25 eigenstates (coupling L=2 and
§=2). Using /= —80 cm ™! as the spin-orbit coupling parameter for °D and applying
a trigonal field corresponds to the energy level diagram in Fig. 35, the trigonal
bipyramidal ground-state doublet will split by a small amount (<3 cm 1) as indicated
in Fig. 36(b). Therefore, like weak-axial square pyramidal geometry, trigonal bipyra-
midal geometry is characterized by a small value of the ground-state parameter J,
with smaller values expected for trigonal bipyramidal symmetry due to the higher
energy of the excited state involved in the spin-orbit coupling.

3.4.3. Four-coordinate geometry

Four-coordinate Fe2* can range from tetrahedral to square planar geometry. Pure
tetrahedral symmetry, however, is not observed due to Jahn-Teller distortions which
will remove the degeneracy of the ground and excited states. Here we consider the
two common tetragonal distortions on four-coordinate tetrahedral geometry, a flat-
tened tetrahedron and an elongated tetrahedron, as well as the ideal square planar
geometry.
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in-state  out-of-state
spin-orbit  spin-orbit  Zeeman
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Fig. 36. Ligand field theory for the SE” ground state in trigonal bipyramidal symmetry. Energy levels
obtained from the solution of the SE” trigonal bipyramidal Hamiltonian. (a) In-state spin-orbit coupling
produces a manifold of five doublets spaced by A, and a rhombic ZFS perturbation (V) divides these into
two clusters of five levels (degeneracies are given in parentheses). (b) Out-of-state spin-orbit coupling
removes the degeneracy of the lowest doublet and splits the two sublevels by 6. A Zeeman perturbation
continues to split the ground state by the amount gfHcos6.

3.4.3.1. Distorted tetrahedral (flattened ), A, ground state A tetrahedral ligand field
splits the Fe?* free ion state into a °E ground state and a °T, excited state, separated
by an energy 10Dg('T;) as shown in Fig. 37, center, where 10Dg(T,) is of the order
of 4000 cm™* for oxygen and nitrogen ligation. Because the *E ground state has no
in-state orbital angular momentum, an S=2 spin Hamiltonian is used to describe
the behavior of the ground state. A positive axial ZFS parameter D corresponds to
a distorted tetrahedron which has been flattened along the z-axis to produce a A,
ground state (Fig. 37, left) [197]. Eq. (32) gives the value of D for the 5A; ground
state which includes out-of-state spin-orbit coupling between the components of the
°E and °T, states; the molecular g, and g, values are given in Egs. (33) and (34) [198].
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Fig. 37. Splitting pattern of the d-orbitals under distorted tetrahedral symmetry. The d-orbitals split
under a tetrahedral ligand field into a °E ground state and a T, excited state, separated by 10Dq (center).
A distortion which flattens the tetrahedron along the z-axis (left) produces a SA; ground state and
corresponds to positive ZFS (+ D). Elongating the tetrahedron (right) produces a B, ground state and
corresponds to a negative ZFS (— D).

+342
D= (32)
g,=2.00 (33)
32
= - — 34

In these equations, A is the spin-orbit coupling parameter and A’ is the energy
difference between the A, (d,2) ground state and the °E (d,,, d,,) excited state [ 197],
as shown in Fig. 37, left.

3.4.3.2. Distorted tetrahedral (elongated ), °B, ground state An elongated tetrahedron
corresponds to a negative ZFS parameter D [197] and produces a °B; ground state,
as shown in Fig, 37, right. As with the flattened tetrahedral case, a spin Hamiltonian
is appropriate where the parameters derive from out-of-state spin-orbit coupling. The
resulting expressions for D, g;, and g, are given in Egs. (35), (36), and (37), respec-
tively [198].

— 4,2 22
- il 35
D ( o A2> (35)

g=2 <1— 4A—/i> (36)
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A
g1=2 <1~ A—) (37)
2

/ is again the spin-orbit coupling parameter, A, is the energy corresponding to the
transition from the ground state to the second-highest excited state (°B,), and A, is the
energy to the highest excited state (°E) as shown in Fig. 37, right. While little ground-
state information is available on four-coordinate complexes, these sites are distinguished
from other geometries by their low excited-state energies (see Section 3.2).

3.4.3.3. Square planar In the limit of flattening a tetrahedron all the way into the
xy-plane, a square planar geometry is produced. The d,» orbital drops down in
energy and the ground state of this system is the singly degenerate A, state (Fig. 38)
which gives a positive ZFS parameter. There is no in-state angular momentum and
the spin Hamiltonian is appropriate, which means that the square planar case can
be treated like the + D/flattened tetrahedral case in Section 3.4.3.1. However, square
planar geometry is not expected for protein sites since they contain large degrees of
distortion. The mineral gillespite [ 1997 is the only known example of a square planar
ferrous site and is characterized by the excited-state transitions observed at
~8000cm ™! (A”) and ~20 000 cm ™! (A"") [170].

58
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Fig. 38. Splitting pattern of the d-orbitals under square planar symmetry. Flattening a tetrahedron into
the xy-plane produces a square planar geometry, which has a non-degenerate %A, (d,2) ground state.
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3.4.4. FeSOD revisited

The methodology outlined above can now be applied to the FeSOD data in Fig. 7
to obtain an experimentally-derived energy level diagram. In Section 3.2, the geome-
try of the ferrous center in FeSOD was determined to be five-coordinate square-
pyramidal, and the °E, excited state energies are observed at ~103500 and
~ 5000 cm ™! (Fig. 7(a—c)). Analysis of the FeSOD saturation magnetization data in
Section 3.3.3 gave the parameters =29 cm™' and g,=8.78 for a non-Kramers
doublet ground state, indicating a negative ZFS parameter D. From this information,
the appropriate treatment for the ligand field origin of the ground-state spin
Hamiltonian parameters is the five-coordinate, square pyramidal, weak-axial case
(Section 3.4.2.1), in which g, and 6 are related to the ligand field parameters —A
and V by Figs. 33 and 34. Matching the FeSOD values of g; and 6 to these plots
gives —A=1000 + 300 cm ! and V/2A =0.30 + 0.05, and thus provides the splitting
of the t,, orbitals, Combining these ground-state d-orbital splittings with the excited-
state d-orbital splittings gives a complete energy level diagram for the Fe?* site in
FeSOD (Fig. 39). The energy splittings of the d-orbitals in Fig. 39 provide detailed
insight into the geometric and electronic structure of the ferrous site and can be used
to gain molecular-level insight into the catalytic mechanism. This is demonstrated
through application to three important enzyme systems in the next section.

4, Structure/function applications to mononuclear non-heme ferrous enzymes

Three mononuclear non-heme iron systems (PDO, LOs, and BLM) are presented
below as examples for the application of the above methodology which demonstrate
its utility in providing structure/function insight into dioxygen reactivity.
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Fig. 39. Experimentally derived energy level diagram for FeSOD. The splitting of the °E, levels is
determined from the observed absorption, CD, and MCD transitions (Fig. 7(a—c)). The splitting of the
5T, levels is obtained by relating the ground-state spin Hamiltonian parameters 6=29cm ! and g,=
8.78 to the ligand field parameters V and A as described in Section 3.4.
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4.1. Phthalate dioxygenase (PDO)

PDO contains two metal centers, the mononuclear non-heme iron site, believed
to be the active site in oxygen reactivity [ 207, and the binuclear [ 2Fe-2S7] Rieske
cluster, which complicates spectral studies on the native ferrous center. In its reduced
and catalytically active form, the Rieske site contains one high-spin ferric ion and
one high-spin ferrous ion antiferromagnetically coupled to produce a paramagnetic,
MCD %-term-active S=1/2 ground state [70]. In its oxidized form, the Rieske site
contains two high-spin ferric ions antiferromagnetically coupled to produce an
§=0 ground state that is MCD #-term-inactive. Thus MCD should allow one to
probe the non-heme ferrous site which is paramagnetic even in the presence of the
intense absorption features of the Rieske center [74,75]. However, Fig, 40(a) shows
the low-temperature MCD spectrum of apoPDO (no mononuclear iron, but oxidized
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Fig. 40. Low-temperature MCD of apoPDO, FePDO, and FePDO with azide. () MCD spectrum of
apoPDO. (b) MCD spectrum of FePDO. (¢) Difference MCD spectrum of FePDO minus apoPDO; the
dashed line shows the best Gaussian fit to the data. (d) MCD spectrum of FePDO + 160 x azide minus
the spectrum of apoPDO+160x azide; the dashed line shows the best Gaussian fit to the data. All
spectra were recorded at 5 K and 7 T.
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Rieske site intact) which arises from temperature-independent #-term intensity
resulting from field-induced mixing of electronic states (see Section 3.1.2) and a small
paramagnetic impurity in the sample. Therefore, to obtain an accurate spectrum for
the native ferrous active site in PDO, the apoPDO spectrum was subtracted from
the spectrum in Fig. 40(b) of FePDO (one molar equivalent of ferrous ion added
relative to active sites) and the difference spectrum is shown in Fig. 40(c). Gaussian
resolution identifies two bands at 8850 and 10 580 cm ™! with A’E,~1730 cm ™",
which from Section 3.2 is indicative of a six-coordinate, distorted octahedral active
site geometry. Azide was used as a small-molecule oxygen analog and the addition
of 160 molar equivalents {160 x) to apoPDQ alters the MCD spectrum. Subtraction
of the matched apoPDO +160 x azide sample from the spectrum of FePDO plus
160 x azide gives the difference spectrum shown in Fig. 40(d). This can be fit with
two Gaussian bands at 8810 and 10 740 cm™*, giving A’E, 21930 cm ™' and indicat-
ing a different six-coordinate geometry from that in the resting enzyme. Therefore
azide binds to the ferrous site replacing one endogenous ligand and perturbing the
ligand field environment.

The MCD spectrum of FePDO with a five-fold (5 x) molar excess of phthalate
substrate was corrected for low-temperature MCD contributions from an
apoPDO + 5 x phthalate sample and the difference spectrum is shown in Fig. 41(a).
Three distinct peaks are observed in the ferrous d—d region of the NIR MCD
spectrum: one low-energy band at <5000 cm ™" and two high-energy bands Gaussian
resolved at 9070 and 11 460 cm !, indicating the presence of at least two species.
The lowest- and highest-energy bands are split by >6000 cm ™!, which is indicative
of a five-coordinate, square pyramidal FePDO-phthalate complex. It has been
postulated that the remaining MCD intensity in the 900010 000 cm ™! region was
due to residual six-coordinate resting enzyme which did not fully convert upon
substrate binding even at saturating concentrations [[74]. However, this explanation
was based on data from which the apoPDO +substrate MCD spectrum was not
subtracted. In fact, the simulation shown in Fig. 41(b) (dashed line) which fixes the
band energies and widths from the Gaussian analysis of resting FePDO yet allows
their intensities as well as a third peak to float freely does not accurately fit the data.
This indicates that the 9070 cm ™! band does not originate from residual resting
enzyme, but rather from a second iron coordination environment of the FePDO-
substrate complex.

Based upon its energy below 10 000 cm ™!, the 9070 cm ™! feature could be assigned
as the high-energy spectral component of a five-coordinate, more trigonal bipyrami-
dal ferrous site, in which case a second transition would be expected below the range
of the NIR spectrometer (see Section 3.2). Alternatively, this feature could be assigned
as the low-energy spectral component of a six-coordinate distorted octahedral ferrous
site, in which case a second band would be present at 1000-2000 cm ! higher energy
and overlap the 11460 cm™' band of the five-coordinate square pyramidal
component. Based on X-ray absorption near-edge spectroscopy (XANES) of the
Co?*-substituted enzyme which is consistent with a pure five-coordinate mono-
nuclear metal site [73], it is reasonable to assign the 9070 cm ™! band in the MCD
spectrum as originating from a five-coordinate, enzyme-substrate complex with a
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Fig. 41. Low-temperature MCD of the FePDO-substrate compiex, with and without azide. (a) MCD
spectrum of FePDO +5x phthalate minus the spectrum of apoPDO + 5 x phthalate; the dashed line
shows the best Gaussian fit to the data. (b) Simulation {dashed line} of plot (a) using the two peaks from
the best fit of resting FePDO and allowing a third free-floating peak to fit the rest of the spectrum. (c)
MCD spectrum (solid line) of FePDO+5x phthalate+120x azide minug the matched apoPDO
spectrum. Simulation (dashed line) using the two peaks from the best fit of enzyme-substrate data and
the two peaks from the best fit of enzyme-azide data. (d) Second simulation (dashed line) of plot (c) using
the two peaks from the best fit of enzyme-substrate data and allowing for an additional free-floating
peak to fit the rest of the spectrum.

more trigonal bipyramidal ligand field environment than the predominant five-
coordinate, square pyramidal species responsible for the <5000 and 11 460 cmn™*
peaks. Substrate analog studies [ 207 indicate that phthalate does not bind directly
to the iron, but rather induces a conformational change at the ferrous site through
hydrogen bonding interactions. Thus, substrate does bind fully to the enzyme and
perturbs the mononuclear ferrous site by eliminating an endogenous ligand and thus
lowering the coordination number from six to five.

Simultaneous substrate and exogenous ligand binding to FePDO was also investi-
gated for mechanistic insight. Fig. 41(c) shows the low-temperature MCD spectrum
of FePDO+ 5 x phthalate with 120-fold molar excess (120 x) of azide, from which
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the corresponding apoPDO spectrum was subtracted. The low-energy peak position
is shifted and there is ~25% loss of intensity in the 11 460 cm ! band relative to
the enzyme-substrate spectrum (Fig. 41(a)), indicating that some of the five-
coordinate, square pyramidal ferrous site has converted into another species with
different spectral features and coordination environment. Owing to the mixture of
species present in the enzyme-substrate complex (vide supra), it is difficult to discern
whether the trigonal bipyramidal component also reacts with azide.

One possible effect of azide binding is to simply displace substrate and bind to
the ferrous site to form the same six-coordinate FePDO-azide complex observed
when azide binds to the resting enzyme alone (Fig. 40(d)). A simulation was per-
formed which used the energies and widths from the individual enzyme-azide
(Fig. 40(d)) and enzyme-substrate (Fig. 41(a)) Gaussian analyses and is shown by
the dashed line in Fig. 41(c). Allowing the transition intensities to vary does not
reasonably fit the data, and it can be concluded that addition of azide does not
displace substrate, but rather binds to form a ternary enzyme-substrate-azide com-
plex with distinct spectral features. Therefore, a fit was performed assuming only
contributions from the five-coordinate, square pyramidal enzyme-substrate complex
and allowing for a third free-floating peak corresponding to the ternary enzyme-
substrate—azide complex. Fig. 41(d) clearly shows that in addition to residual
enzyme-substrate contributions, a third peak at ~8100 cm ™! is required to fit the
spectrum and its position suggests that the enzyme—substrate—azide complex is either
a five-coordinate, trigonal bipyramidal or a six-coordinate, distorted octahedral
complex. It is reasonable to assume that azide binds in the open coordination
position created by substrate binding, producing a six-coordinate ferrous center,
rather than displaces an additional endogenous ligand. Such a six-coordinate species
would require there to be a second band at ~2000 cm™! higher energy, although
this transition would be obscured by the residual intensity from the non-azide-bound
enzyme-substrate complexes. The ~ 8100 cm ™! band is lower in energy than expected
for typical oxygen and nitrogen ligation on a six-coordinate complex (see Section 3.2).
This indicates a lower ligand field strength at the ferrous site resulting from azide
binding weakly to the iron due to reduced sigma overlap because of the azide
orientation or a long Fe—N{azide) bond, either of which would occur from steric
hindrance between the substrate and the exogenous ligand at the metal center.

The spectroscopically derived changes in the coordination environment at the
mononuclear ferrous active site in PDO due to substrate and exogenous ligand
binding are summarized in Fig. 42. The resting enzyme contains one six-coordinate
species and the binary enzyme-substrate complex consists of a mixture of two
different five-coordinate species, one approximately square pyramidal and one more
distorted toward trigonal bipyramidal. PDO appears to be the first mononuclear
non-heme ferrous enzyme found to exhibit a decrease in the coordination number
upon substrate addition, where substrate binds to the protein pocket near the ferrous
center and induces a conformation change at the iron site. The loss of one ligand at
the active site in PDO when substrate binds may serve to produce a coordinatively
unsaturated square pyramidal ferrous center which is then able to bind and activate
oxygen, as demonstrated by the formation of a ternary complex upon azide addition.
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Fig. 42. Proposed changes in the mononuclear Fe?* site coordination environment of PDO. The effects
of exogenous ligand and substrate binding on the mononuclear non-heme iron site.

The fact that azide binds more weakly to the mononuclear iron in the enzyme-
substrate complex relative to the resting enzyme (Kg~2 M™! versus 300 M™%,
respectively [757]) appears to be due to the presence of substrate which sterically
interferes with the open coordination site. Thus, using azide binding to model oxygen
interactions, the MCD spectral studies indicate that the oxygen binding site is in
close proximity to the aromatic ring of the substrate, positioning the bound oxygen
intermediate and substrate for product formation.

4.2. Lipoxygenases (LOs)

The two recent crystal structures of ferrous soybean lipoxygenase-1 (SLO-1)
[100,101] and earlier spectral data [ 33,98,99,137] have generated some inconsistency
concerning the metal coordination environment (see Fig, 2(c)). Fig. 43(a) (solid line)
shows the 276 K NIR CD spectrum of native SLO-1. There is a low-energy feature
below 6000 cm ™!, a second feature at 10 700 cm ™! with a shoulder at ~8000 cm™*,
and residual negative intensity at 9200 cm ™~ !. Addition of glycerol (the usual glassing
agent for most low-temperature studies) to native SLO-1 produces the NIR CD
spectrum in Fig. 43(a) (dashed line). Gaussian resolution of this spectrum indicates
a positive band at 8600cm™! and a negative band at 10300cm™! to give
A’E, ~1700 cm™'. From Section 3.2, this splitting is consistent with a six-coordinate,
distorted octahedral geometry. Addition of sucrose (an alternative low-temperature
glassing agent) to native SLO-1 reproduced the NIR CD spectrum in Fig. 43(a)
(solid line) and resulted in the low-temperature NIR MCD spectrum in Fig. 43(b)
(solid line), with three positive peaks at <6000, 9200 and 10 500 cm 1. As no ligand
field geometry of a single high-spin ferrous site shows more than two d—d transitions
in the 5000-13 000 cm ™! region (Section 3.2), native SLO-1 (in sucrose) must exist
as a mixture of species. The MCD spectrum of SLO-1 in glycerol is shown in
Fig. 43(b) (dashed line) with two positive bands at 8600 and 10 300 cm ™!, the same
energies and A’E, splitting as in the corresponding CD spectrum. Comparison of
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Fig. 43. CD and MCD of SLO-1. (a) CD spectra at 276 K of native SLO-1 (solid lines) and native
SLO-1+350% (v/v) glycerol (dashed lines). (b) Low-temperature MCD spectra of native SLO-1 in
saturated sucrose solution (solid lines) and native SLO-1+50% (v/v) glycerol (dashed lines). (c) CD at
276 K (solid lines) and low-temperature MCD (dashed lines) spectra of native SLO-1 (in sucrose) minus
60% (native SLO-1+50% glycerol).

the CD and MCD spectra indicates that the six-coordinate species of SLO-1 in
glycerol may be contributing to the native SLO-1 (in sucrose) CD and MCD spectra.
Subtraction of 60% of this species from the native spectra and renormalization gives
the CD (solid line) and MCD (dashed line) spectra in Fig. 43(c) which correspond
to the second component in the native enzyme mixture. These spectra have two
positive d—d bands at ~5000 and 10 600 cm ™! which from Section 3.2 indicate a
five-coordinate, square pyramidal geometry with A°E, 25600 cm™'. Thus, native
SLO-1 exists as a 40/60 mixture of five- and six-coordinate species, respectively.
These spectroscopic results indicate that in addition to the four common ligands
of both crystal structures (three His-N and one carboxylate—O), both the five- and
six-coordinate sites in solution likely contain a water based ligand (vide supra). The
main difference between the two crystal structures of SLO-1 is the coordination of
the side chain of Asngg,. The Boyington et al. structure has the Asngg, side chain at
3.3 A from the iron [100], while the Minor et al. structure has the O31 of Asngo,
bound to the iron [101]. The coordination difference between the two forms of
native SLO-1 may relate to the difference in binding of Asnge, Wwhich is at the end
of a cavity starting at the surface of the enzyme and may be linked to the fatty acid
binding site. The addition of ethanol or ethylene glycol to native SLO-1 has the
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same effect as the addition of glycerol, namely shifting the five- and six-coordinate
mixture to the purely six-coordinate form. Anaerobic addition of substrate (linoleate)
gives the same result. Therefore, when linoleate (or alcohols) are present at the fatty
acid binding site, a change in the active site environment occurs which may allow
the O01 of Asnge, to bind to the iron, converting the ferrous site to the pure six-
coordinate form.

The ground-state properties of each component of this mixture of sites can be
probed independently using VIVH MCD. Saturation magnetization data were col-
lected for the bands associated with the pure five-coordinate (at 5800 cm ™) and six-
coordinate (at 8600 cm ™ *) sites and are plotted in Fig. 44(a) and 44(b), respectively,
as intensity versus SH/2kT for a series of fixed temperatures. The saturation curves
exhibit a high degree of nesting, indicating an integer spin My= 42 ground state
with a large rhombic ZFS (Section 3.3.3). The MCD data were initially fit with Eq.
(20), plus the term ByH to account for linear #-terms, assuming that the transitions
were purely xy-polarized (see Section 3.3.3). A fit to the the saturation magnetization
data for the five-coordinate site gives —D and & parameters at the upper limit of
possible values (vide infra), so the +D model was also considered. Application of
the three-level +D model (Section 3.3.4) to these data gives energy levels at 0, 7,
and 15cm™! (Fig. 44(a), lines), which correspond to spin Hamiltonian values of
D~ +10 cm ™! and |E/D|~0.1. If an xy-polarized —D model is applied to the VIVH
MCD data from the six-coordinate site of SLO-1 in glycerol, a2 1.5% %-term and
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Fig. 44. Saturation magnetization data for native SLO-1. VTVH intensity (symbols) and fits {solid lines)
plotted as a function of SH/ZkT for (a) the 5800 cm™* band of SLO-1+ sucrose, originating from the
five-coordinate species and (b) the 8600cm ™! band of SLO-1-+glycerol, originating from the six-
coordinate species (the 8600 cm ™! band data of SLO-1+ sucrose fit with the same parameters).
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the parameters =10 cm ™' and g=10.5 are obtained. Neither the § nor g; values
lie in the expected ranges, indicating that a + D model must also be considered.
Application of the three-level + D model gives an energy level spacing of 0, 10, and
18 ecm ™1, corresponding to D= +13 cm™! and E/D=0.1, which are well within the
range expected for + D values (Section 3.4.1.1). This fit, shown in Fig. 44(b), lines,
also describes the SLO-1 in sucrose VIVH MCD data, confirming that these two
sites are very similar. z-Polarization contributions were considered for all of the
SLO-1 VIVH data, but were not found to substantially improve the fits. The
methodology outlined in Section 3.4 can be applied to these ground-state spin
Hamiltonian parameters to extract the ligand field parameters A= +700 + 200 cm ~*
and |V/2A]=0.19 + 0.05 for the five-coordinate SLO-1 site and A= +450 +
200 cm ! and |V/2A]=0.16 4 0.05 for the six-coordinate SLO-1 site. As predicted
from Section 3.4, the five-coordinate species has a larger °T,, (A) splitting than the
six-coordinate species, consistent with the greater distortion from octahedral
symmetry.

The studies on the plant 15-LO enzyme SLO-1 have been extended to the mamma-
lian 15-L.Os human recombinant (15-HLO) and rabbit reticulocyte (15-RLO). In
contrast to the above data on SLO-1, glycerol does not perturb the CD spectra of
the mammalian enzymes [103]. The MCD spectra of 15-HLO and 15-RLO in
glycerol are shown in Fig. 45(a) and 45(c), respectively. For 15-HLO, a band at
8750 cm ! is dominant with a shoulder at ~10 700 cm™* to give A’E, 2000 cm ~*.
Similarly, 15-RLO also exhibits an asymmetric band with a maximum at 8650 cm ™*
and a shoulder to higher energy at ~ 10 300 cm ™! to give A’E, ~1650 cm™". Thus,
the excited-state splittings are consistent with six-coordinate ferrous active site struc-
tures with no evidence for the presence of multiple components. Comparison of the
amino acid sequences [200,2017 shows that in mammalian 15-LOs, a histidine
replaces the Asngg, present in SLO-1. As histidine is a better ligand for Fe** than
asparagine, the pure six-coordinate form would directly result from this substitution.
This ligand substitution is supported by the VTVH MCD data collected for the
mammalian enzymes at 8600 cm ~! which is shown in Fig. 45(b) (15-HLO) and 45(d)
(15-RLO). The saturation magnetization data of the two different mammalian LOs
are extremely similar to each other; however, the mammalian VIVH MCD data are
qualitatively quite different from the six-coordinate SLO-1 saturation magnetization
data (Fig. 44(b)), showing much less nesting than for the plant enzyme. Assuming
an Mg= +2 ground state and purely xy-polarized transitions, application of the —D
model gives an ~2.5% %-term, g, ~9, and d~4 cm™! for 15-HLO and 15-RLO.
None of the mammalian enzyme fits was improved with the inclusion of z-polariza-
tion. The data are well described by the —D model, and when a three-level + D fit
was attempted, the energy of the third level floated above the experimental range,
further supporting the —D analysis. Applying the methodology outlined in
Section 3.4.1.2, the values of A= —500 + 200 cm™* and |V/2A|=0.27 + 0.05 are
obtained for both 15-RLO and 15-HLO, giving a A comparable in magnitude to
the value obtained for the six-coordinate form of SLO-1 (A= +450 cm™?), but with
the opposite sign.

The experimental d-orbital energy level diagrams are summarized in Fig. 46(a) for
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Fig. 45. MCD of 15-HLO and 15-RLO. (a) MCD spectra at 4.2 K of native 15-HLO in 50% {v/v}
glycerol (the number on top of each spectrum indicates the magnetic field in Tesla applied to the sample).
(b) VI'VH intensity (symbols) and fits (solid lines) plotted as a function of SH/2kT for native 15-HLO in
50% (v/v) glycerol obtained for the 8600 cm ™! band. (c) MCD spectra at 4.2 K of native 15-RLO in 50%
(v/v) glycerol (the number on top of each spectrum indicates the magnetic field in Tesla applied to the
sample). The negative intensity denoted by the asterisks is due to a heme impurity. (d) VTVH intensity
(symbols) and fits (solid lines) plotted as a function of SH/2kT for native 15-RLO in 50% (v/v) glycerol
obtained for the 8600 cm ~* band.
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Fig. 46. Energy level diagrams for LOs. (a) Experimental d-orbital splittings for: A, five-coordinate
SLO-1; B, six-coordinate SLO-1; C, 15-HLG; D, 15-RLO. (b} The d-orbital splittings obtained through
a ligand field calculation for; A, five-coordinate SLO-1; B, six-coordinate SLO-1; C, 15-HLO and 15-RLO.
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the five- and six-coordinate SLLO-1 components, 15-HLO, and 15-RLO. The five-
coordinate SLO-1 species shows dramatically different excited-state splittings com-
pared to those of the mammalian enzymes, while the excited-state splittings of the
six-coordinate SL.O-1 species are similar to the mammalian species. Ligand field
calculations such as those presented in Section 3.2 have been performed on the five-
and six-coordinate active site models of SLO-1 built upon the crystallographic results
[100,101], where z lies along the Fe-His,o, bond, and using the o, and &, parameters
listed in Table 3 as starting values [ 103]. The resulting energy levels are shown in
Fig. 46(b), A and B. Comparison to the experimentally observed d-orbital splittings
of the two forms of native SLO-1 (Fig. 46(a)) shows that the five- and six-coordinate
calculations in Fig. 46(b) accurately model the observed splittings. The distorted
tetrahedral four-coordinate ligand field calculations from Section 3.2 predict two
low-energy transitions in the NIR region; ligand field calculations on the Boyington
et al. structure (a distorted octahedron missing two cis ligands) [ 103] predict a third
high-energy transition at >13 000 cm™!. Neither of these patterns is observed
experimentally for SLO-1, ruling out a four-coordinate structure for SLO-1 in
solution.

A ligand field calculation was also performed on six-coordinate SLO-1 structure
from above in which the asparagine-oxygen has been replaced with a histidine-
nitrogen to model the mammalian 15-LO ferrous site. Comparison of the resulting
calculated d-orbital energy levels (Fig. 46(b), C) to the experimentally observed
transitions for 15-RLO and 15-HLO (Fig.46(a), C and D) shows qualitative
agreement for the °E, splittings. The calculated T, splittings for both the soybean
and mammalian enzymes in Fig. 46(b) also show a larger °T,, splitting for the
five-coordinate SLO-1 site than for the six-coordinate LOs, in agreement with the
ground-state splittings obtained though the VTVH MCD analysis (Fig. 46(a)). The
six-coordinate SLO-1 and mammalian 15-LOs ligand field calculations, which differ
only by the parameters associated with the Asn— His substitution along the molecular
z-axis (with the Asn-O weaker than the His-N), reproduce the +D ground-state
d-orbital pattern for six-coordinate SLO-1 (Fig. 46(b), B, where the two higher-
energy t,, orbitals are closer in energy) and the —D pattern for the mammalian
15-LOs (Fig. 46(b), C, where the two lower-energy orbitals are closer). Although
one might expect the substitution of a stronger histidine ligand for a weaker aspara-
gine ligand would produce a strong-field +D system for the mammalian LOs and
a weak-field — D system for the six-coordinate SLO-1 (see Section 3.2), the opposite
is in fact observed and can be clarified by inspection of the ground state orbitals
obtained from the calculations.

The ligand field calculations place the x-axis as bisecting the two oxygens in the
equatorial plane (see Fig.2(c)) due to the relatively strong ligand field of the cis
arrangement. The results from these calculations place the d,, orbital lowest in
energy, followed by the d,, and d,, orbitals for both six-coordinate sites, as shown
in the scheme below (d,, and d,, are the main components of these levels; “d,,”
orbital is a mixture of d,, and d,2_ ).
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Because the equatorial plane contains two cis O and two cis N ligands, the d,
and d_, orbitals are split in energy. When the weaker asparagine ligand is replaced
with the stronger histidine ligand along the z-axis, the energy of the d,, orbital
remains unchanged; however, the d,, and d,, orbitals both increase in energy by the
same amount. This leads to the d,, and d,, orbitals being closer together and higher
in energy than d,, for SLO-1 (above, left), corresponding to a strong axial distortion
along x. For the mammalian 15-LOs, the d,, and d,, orbitals are closer together
and lower in energy than d,, (above, right), corresponding to a weak axial distortion
along y. Because x is a strong axis and y is a weak axis, having the primary direction
along x produces a +D system for six-coordinate SLO-1 and having the primary
direction along y produces a —D system for the mammalian 15-LOs. Therefore,
although the six-coordinate SLO-1 and mammalian 15-LOs °E, excited-state split-
tings are very similar, the ground-state saturation magnetization and ligand field
analyses demonstrate significant differences in the elecironic structure of the ferrous
site between the soybean and mammalian enzymes reasonably attributed to the
Asn—>His ligand substitution. The MCD data thus correlate with the structures
determined by X-ray crystallography and can now be used as a basis for comparison
with further forms of the active site, particularly those associated with reaction
intermediates and perturbed sites obtained by site directed mutagenesis which exhibit
differences in reactivity.

4.3. Bleomycin (BLM)

There is little direct spectroscopic information available for Fe(I1)BLM as it does
not exhibit an EPR signal and the magnetic Mdssbauer spectra have broad unresolv-
able features [ 114]. The room temperature CD spectrum in the ligand field region
of Fe(II)BLM is shown in Fig. 47(a), revealing two ferrous d—d transitions which
can be fit to Gaussian bandshapes with maxima at 9100 and 13 050 cm™?, giving
A’E,=3950 cm ™. This splitting is in between that expected from Section 3.2 for
six- and five-coordinate geometries and is consistent with a weak-axial ligand in
solution. Upon cooling to 1.6 K, the CD bands of Fe(II)BLM show a reduced
splitting attributed to a limited temperature-dependent geometric distortion at the
ferrous site. The MCD spectra of Fe(II)BLM shown in Fig. 47(b) exhibit two
Gaussian resolved features at 9400 and 12 050 cm ™%, giving A’E, ~2650 cm ~*, which
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Fig. 47. Ligand field spectral region for Fe(II)BLM. (a) CD spectrum at 278 K. (b) MCD spectra at 7T
and 1.6 K (—), 50K (——), 15K (——), 0K (——— ), and 150 K (~———). (¢} Normalized
saturation magnetization data (symbols) and fits (lines) recorded at ~9400 cm ™! plotted versus SH/2kT
(left) and 1/kT (right).

from Section 3.2 supports a six-coordinate, distorted octahedral active site geometry.
VTVH MCD saturation magnetization data for Fe(II)BLM are plotted as a function
of BH/2kT for a series of fixed temperatures in Fig. 47(c), left, and as a function of
1/kT for a series of fixed fields in Fig. 47(c), right. VIVH data were collected on
both d—d transitions and produced nearly identical ground-state parameters which
can be fit with the — D non-Kramers doublet model (Section 3.3.3) to: g;=9.3 and
5=2.4 cm~! with a #-term contribution of 1.5%. The fit improves slightly allowing
for z-polarization; however, the polarization ratio is negligible, and the ground-state
parameters remain virtually unchanged. Application of the three-level +D model
(Section 3.3.4) to the Fe(II)BLM (and [Fe(I[)PMA] * in solution, vide infra) satura-
tion magnetization data resulted in unphysical parameters.

Due to the complexity of the glycopeptide and the range of possible metal coordi-
nating functional groups in BLM, synthetic models have been prepared in an effort
to obtain insight into the active site structure [119,202-204]. The ferrous complex
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of PMAH (see Fig. 4(b)) serves as a good model of Fe(I)BLM in that it reacts with
dioxygen to generate an analog of activated BLM which has a nearly identical EPR
spectrum and causes DNA cleavage with similar specificity [ 119]. In Fig. 48(a), two
ligand field transitions are observed in the MCD spectra of [Fe({I)PMA]* in
solution which can be resolved into two Gaussian features at 10 090 and 12 200 cn ™!
with A’E, ~2110 cm™?, indicating a six-coordinate site structure. These transitions
are higher in energy and possess a smaller °E, splitting than those of Fe(II)BLM,
implying less distortion at the ferrous center. VIVH MCD saturation magnetization
data were obtained at 9900 cm ™! (shown in Fig. 48(b)) and 11 900 cm™?; the energies
are lower than the true transition maxima in order to avoid a significant contribution
from the tail of the charge transfer transition (vide infra) at higher energy. The best
fit to the saturation data yields the ground-state parameters g;=9.0, §=24cm™’,
and a small 0.2% %-term using the — D non-Kramers doublet model (inclusion of
z-polarization did not significantly improve the fit). MCD spectra were also collected
for solid microcrystalline samples of [Fe(IPMA]" and are shown in Fig. 49(a).
Three transitions are observed: a charge transfer band highest in energy (vide infra)
and two ligand field bands at 5100 and 11 200 cm™* to give A°E,=6100 cm ™!, which
from Section 3.2 indicates a five-coordinate, square pyramidal geometry. VIVH
MCD saturation magnetization data obtained at 5100 cm ™! are shown in Fig. 49(b)
and have been fit to the ground-state parameters g,=8.5, §=33cm™', and
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Fig. 48. Ligand field spectral region for [Fe(I)PMA]" in solution. (a) MCD spectra obtained at 7 T
and 1.6 K (—), 50 K (—-—),, 15 K (——),, and 50 K (———). (b) Normalized saturation
magnetization data (symbols) and fits (lines) recorded at 9900 cm™* plotted versus SH/2kT {left) and
1/ET (right).
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Fig. 49. Ligand field spectral region for [Fe(II)PMA]"* solid. (a) Temperature dependence of the MCD
spectra at 7 T and 1.6 K ( ), 50 K (—~—), 15 K (——), and 50 K (———). (b) Normalized
saturation magnetization data (symbols) and fits (lines) recorded at ~ 5100 cm™* plotted versus SH/2kT
(left) and 1/kT (right).

By,=4.7% using the —D non-Kramers doublet model. The value of g, increases
slightly (to 8.9) when z-polarization is included, and a three-level + D fit gives
results consistent with the —D analysis since both models indicate V/2A (or E/D)
at the rhombic limit.

Molecular modeling of [Fe(II)PMA]* has determined the model complex to be
most stable with the pyrimidine, imidazole, deprotonated amide, and secondary
amine coordinated equatorially, the primary amine bound axially, and a proposed
solvent molecule coordinated at the open site in solution [205]. Binding of solvent
to the sixth site is confirmed by the large decrease in the °E, excited-state splitting
demonstrated by the ligand field MCD spectra going from solid to solution
[Fe(I)PMA]™" in Figs. 49 and 48. The similarities in the MCD ligand field spectra
and °E, splitting of Fe(II)BLM and [Fe(II)PMA]" in solution suggest that the
coordination spheres of the two complexes are not markedly different. A proposed
solution structure of Fe(II)BLM is given in Fig. 50 which is based on the PMAH
ligand set and the MCD spectral evidence that solvent coordinates at the sixth
position in [ Fe(II)PMAT™.

The value of the rhombic splitting parameter obtained from the MCD saturation
magnetization data of solid [Fe(II)PMA]™, §=3.3cm™?, is consistent with other
five-coordinate species. However, the & value of 2.4 cm ™! for [Fe(I)PMA]" in
solution and Fe(II)BLM is unusually small for six-coordinate complexes of similar
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Fig. 50. Proposed solution structure of Fe(II)BLM. R, is the linker moiety, bithiazole tail, and terminal
amine; R, is the mannose sugar moiety (see Fig. 4).

ligation (see Section 3.4.1.2). For [Fe(II)PMA]" in solution, —A increases by a
small amount relative to the solid (from 900 to 950 cm 1), which is opposite to the
expected decrease in the t,, (and ¢,) orbital splitting based on the closer to octahedral
symmetry in the six-coordinate site. A decrease in the °E, excited-state splitting is,
in fact, experimentally observed. Also, the ground-state analysis of the Fe(I[)BLM
data gave —A~800 cm™*, which is a fairly large axial splitting for a six-coordinate
complex. These large *T,, ground-state splittings for Fe(II)BLM and [ Fe(I[)PMA]*
in solution indicate the presence of significant d_-orbital interactions which differ
from other non-heme ferrous sites, suggesting an unusually strong ligand-metal #-
bond for these six-coordinate complexes.

The presence of moderately intense, low-energy metal-to-ligand charge transfer
(MLCT) transitions in the low-temperature absorption, CD, and MCD spectra of
[Fe(I)PMA]™" and Fe(II)BLM presents an important deviation from other non-
heme iron centers and reflects the high covalency of the ferrous state associated with
the n-bond. The absorption, CD, and MCD spectra of Fe(IDBLM in the charge
transfer region are Gaussian resolved in Fig, 51. Tterative fitting of the spectra
requires five bands at ~18 100 em ™%, ~20350 cm ™!, ~22690 cm ™!, ~26 040 cm ™1,
and ~29 000 cm™!. The transitions in the low-temperature absorption and MCD
spectra of [Fe(II)PMA]" in solution shown in Fig. 52(a,b) do not correlate with
one another as clearly as those of Fe(I1I)BLM do in Fig. 51. Results of a simultaneous
fitting of the five lowest-energy transitions gives peak maxima at ~13 120 cm™?,
~14430cm™1, ~15650 cm ™%, ~17960 cm ™%, and ~20 265 cm™*. The two lowest-
energy transitions observed in the absorption spectrum have little MCD intensity.
The absorption spectrum of solid [Fe(TH)PMA]" (not shown due to the effects of
scattering on the baseline) exhibits features similar to those of [Fe(INPMA]" in
solution, but the bands are shifted to lower energy. The lowest-energy envelope of
the low-temperature MCD spectrum of solid [Fe(II)PMAJ* in Fig 52(c) is also
red-shifted and can be individually fit to three intense bands at ~14 565c¢cm™%,
~16410cm™", and ~18 350 cm™*. These are assigned as having the same origin
as the three transitions in the solution [Fe(I)PMA]* MCD spectrum.

The low-energy charge transfer transitions of Fe(II)BLM and [Fe(II)PMA]™" are
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Fig. 51. Gaussian resolution of the Fe(II)BLM charge transfer transitions observed in the absorption,
CD, and MCD spectra. (a) Absorption spectrum at 8 K. (b) CD spectrum at 278 K. (¢) MCD spectrum
at 5 K and 6 T. The experimental spectra (——) were simultaneously fit to individual Gaussian
bandshapes (——) and plotted against the resultant sum (-+).

assigned by comparison to the absorption spectra of the structurally perturbed
analogs [Fe(I1I)(Prpep), ], [Fe(II)(Pypep),], and [Fe(II)PMD]", shown below.

NTSN* SN * NH _~~
N S Nx*
H * H * | P 0
Br N
| N\* | N\* N *\
N

N H RH,
[Fe(I)(Prpep),] [Fe(ID(Pypep),] [Fe(IDPMD]*

[ Fe(II)(Prpep),] and [Fe(I1)(Pypep),] are bis-complexes of a tridentate ligand
with the same histidine and deprotonated amide functionalities and differ only
in the exchange of pyrimidine with pyridine, respectively. [Fe(II)PMA]* and
[Fe(IHPMD]™" are 1:1 metalligand complexes where the PMDH ligand has the
same structure as PMAH (Fig. 4) except for replacement of the imidazole with an
NH, group. From a comparison of the absorption spectra in the charge transfer
region, shown in Fig. 53, [Fe(I)PMA]* and [Fe(II)PMD]* have the same low-
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Fig. 52. Gaussian resolution of [Fe(I)PMA] ™" solid and solution charge transfer transitions observed in
the absorption and MCD spectra. (a) Absorption spectrum of the solution at 8 K. (b) MCD spectrum of
the solution at 5 K and 6 T. (c) MCD spectrum of the solid at 5 K and 6 T. The experimental spectra
(—) were simultaneously fit to individual Gaussian bandshapes (——) and plotted against the resultant
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Fig. 53. Room temperature absorption spectra of [Fe(I)PMA]" and related model complexes.
Absorption spectra of [Fe(II)(Pypep),] (—), [Fe(II)(Prpep),]) (—— ), [Fe(IDPMA]* (——), and
[Fe(I)PMD]* (— —— )in methanol (the spectra of [Fe(XI)PMA]J™ and [ Fe(I[)PMD]" superimpose).

energy bands, arguing against histidine contributions to these transitions, while the
bands in [Fe(II)(Pypep),] are shifted by 0.20eV to higher energy relative to
[Fe(II)(Prpep), ] consistent with the increase in the redox potential of 0.21 eV [206].
These comparisons demonstrate that the low-energy spectral features of
[Fe(I)PMA]* and Fe(I)BLM in Figs. 52 and 51 are composed of
Fe(II)—pyrimidine charge transfer transitions. The energies and intensities of these
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transitions determine the degree of metal-ligand n-backbonding which decreases
along the series [Fe(II)PMA]* solid > [Fe(IT)PMA]" in solution > Fe(II)BLM and
is influenced by pyrimidine ring substituents and change in coordination number.
The difference in the charge transfer energies directly results from the electron
donating (NH, group in BLM) or withdrawing (Br atom in PMAH) nature of the
substituents on the pyrimidine ring as they either raise or lower the energy of the
n*-orbitals [207,208]. Also, in contrast to the effects expected based on repulsive
interactions, as the coordination number decreases, metal-ligand bonding becomes
more covalent, which raises the energy of the predominantly antibonding donor
orbital of the metal and induces a shift to lower energy of the charge transfer
transitions of the five- versus six-coordinate species.

To account for the presence of at least five d,—zn* MLCT transitions in the
absorption, CD, and MCD spectra of Fe(II)BLM and [Fe(I)PMA]™" (Figs. 51 and
52), specific iron and pyrimidine molecular orbital interactions must be considered.
The greater the iron d,- and pyrimidine 7*-orbital overlap, the greater the intensity
of the CT transition. As shown in Fig. 54, the two lowest-energy pyrimidine 7*-
orbitals, 3b; and 2a,, are split in energy by ~2000-3000 cm~! [209-2137 and are
of the appropriate symmetry to overlap with the iron d,, orbital (the weak molecular
z-axis is defined as the primary amine—solvent direction and the equatorial pyrimidine
ligand as the y-axis). The d,, orbital is lowest in energy as shown in the initial state
bonding diagram in Fig. 54 due to its strong n-bonding interaction with the pyrimi-
dine 7*-levels, and should thus contain the extra electron of the d® configuration.
Its transition energy to the pyrimidine n*-orbital will go down, however, relative to
the other d-orbitals due to loss of electron repulsion in the transition, as shown in
the final state bonding diagram in Fig. 54. In addition, the d,2_,2 and d,2 orbitals
can undergo configuration interaction with the d,, orbital which gives some intensity
to the charge transfer transitions from these d-orbitals to the pyrimidine n*-orbitals.
Although the MLCT energies and intensities in Figs. 51 and 52 show agreement
with the qualitative bonding model illustrated in Fig. 54, rigorous assignment of
these transitions requires quantitation of final state relaxation effects and overlap
through transition state electronic structure calculations.

These MLCT transitions in Fe(II)BLM indicate the presence of significant
n-backbonding which mediates the electron density localized on the ferrous center
and should contribute to the chemistry and unusual oxygen reactivity of Fe(II)BLM
relative to other non-heme ferrous sites. The steric constraints of the BLM ligand
framework coupled with the labile coordination site occupied by the solvent molecule
suggest that oxygen binding to the ferrous center occurs via a dissociative mechanism.
Backbonding to the pyrimidine ligand decreases the extent of charge transfer to the
oxygen which shifts the equilibrium shown below to the left, making FeBLM less
likely to dissociate superoxide.

Fe?* +0,2Fe3* —0; =Fe* " + 05

This reduced charge transfer to the bound superoxide also enhances the propensity
for further reduction to form the low-spin Fe(III)-peroxide site of activated BLM
[114-116]. Despite generally being considered a non-heme iron system due to the
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Fig. 54. Qualitative Fe-pyrimidine bonding description and the relative energies and intensities of the
resulting metal-to-ligand charge transfer transitions. Molecular coordinate scheme and nodal pattern for
the Fe?* d,, orbital z-bonding to the pyrimidine 2a, and 3b; (z*) orbitals (top). The different lobe sizes
indicate that the 2a, (n*) pyrimidine orbital has a larger coefficient of mixing relative to the corresponding
3b; (z*) orbital. Molecular orbital energy level diagram (bottom) for Fe(XI)BLM and [Fe(I)PMA]™
depicting the initial and final state Fe?* d-orbital energies prior to and upon metal-to-ligand charge
transfer to the pyrimidine 2a, and 3b, (z*) orbitals which are split by 2000-3000 cm™*. The final state
order includes the loss of electron repulsion energy on the d,, orbital. The predicted metal-to-ligand
charge transfer transitions based on overlap and symmetry considerations are identified by solid arrows
for intense transitions and dashed arrows for weaker transitions.

absence of an extensive delocalized n-network, the existence of moderately intense,
low-energy MLCT transitions identifies BLM as an important link bridging the
chemistry of non-heme and heme active sites.

5. Concluding remarks

The non-heme ferrous sites have been the least spectroscopically accessible; how-
ever, the above examples have demonstrated that the combination of CD, MCD,
and VTVH MCD spectroscopies provide an effective spectroscopic approach for the
study of these sites. The excited-state splittings of the e, orbitals can be observed
directly through NIR CD and MCD spectroscopies (Section 3.1). Ligand field
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calculations (Section 3.2) provide the relation between these °E splittings and the
coordination geometry at the ferrous center: six-coordinate complexes show two
bands in the region of 10 000 cm ™! which are split by ~2000 cm ™!, five-coordinate
square pyramidal sites exhibit two bands at >10 000 and >5000cm ™!, while
trigonal bipyramidal sites exhibit one band at <10 000cm~! and another at
<5000 cm ™!, and four-coordinate tetrahedral sites show one to two bands at
4000-7000 cm 1. The S=2 ground state of high-spin ferrous complexes undergoes
axial ZFS into the Mg= +2, +1, 0 components, separated by the energies 3D and
D, respectively. For D <0, the doubly degenerate My= +2 level is lowest and is
further rhombically split (§) even in the absence of a magnetic field since this ground
state is a non-Kramers doublet. Additionally, the ground-state wave functions are
dependent on the magnitude of the magnetic field relative to this ZFS. The VTVH
MCD behavior of each of the ligand field excited states produces an unusual set of
saturation magnetization curves which are explained by this non-Kramers doublet
behavior (Section 3.3.3). A fit to these data, including the effects of z-polarization,
linear #-terms, and the population of low-lying excited states, provides the spin
Hamiltonian parameters for the ferrous ground state even in the absence of an EPR
signal (Sections 3.3.1-3.3.3). For D >0, the non-degenerate Mg=0 state is lowest in
energy and the effects of off-axis Zeeman terms and z-polarized electronic transitions
must be included in order to describe the resulting saturation magnetization behavior
(Section 3.3.4). The spin Hamiltonian parameters are further interpreted in terms of
the ligand field splitting of the ground state t,, orbitals (Section 3.4). For example,
the ground-state parameters 6 and g, indicate the t,, d-orbital splittings —A
(Eyz,p-—E,y) and V (E,,—E,,) for the weak-axial octahedral and square pyramidal
cases. Additionally, a large value of 6 corresponds to a small °T,, splitting, indicating
a six-coordinate structure, while a small 6 requires a large >T,, splitting and a five-
coordinate ferrous site. Thus, these spectroscopic studies provide experimental values
for the d-orbital splittings of the ferrous center which are a direct probe of the active
site geometric and electronic structure.

This review illustrates the utility of MCD spectroscopy as an effective probe of
mononuclear non-heme ferrous enzymes for which other spectroscopic techniques
have proven less rewarding. From Fig. 1, it is evident that there are a wide variety
of enzymes for which the ferrous oxidation state is catalytically relevant in oxygen
reactivity. Therefore, it is crucial to have developed a successful method for the
investigation of these active sites. The experiments on the plant and mammalian
lipoxygenases, which have been used to obtain detailed geometric descriptions of the
native active sites (Section 4.2), will now be extended to investigate the structures of
oxygen intermediates and of site-perturbed mutants which exhibit differences in
reactivity relative to the native forms. In addition, these studies will be combined
with SCF-Xa-SW electronic structure calculations which will be used to probe the
electronic contributions to reactivity. The studies of Fe(II)BLM have defined the
geometric and electronic structure of the ferrous center as it relates to the unusual
chemistry and reactivity observed for this system (Section 4.3). Due to its clinical
application as an anticancer agent, it is of interest to extend the studies of bleomycin
to include the interactions of Fe(II)BLM with DNA to probe substrate effects on
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the structure of the iron site. Similar enzyme—substrate interactions will be investi-
gated for clavaminate synthase, which performs different chemistry (oxidative ring
closure, hydroxylation, or desaturation) depending on the substrate, and also will be
extended to probe the interaction of the Fe?* site with its «-KG cofactor. An
analogous investigation on phenylalanine hydroxylase is required to probe the
interactions of the ferrous active site with its pterin cofactor and substrate. Further
application of this methodology to the mononuclear non-heme ferrous enzymes
illustrated in Fig. 1 will be used to obtain molecular-level insight into the catalytic
mechanisms and to understand the differences in the active site geometric and
electronic structures which relate to differences in oxygen and substrate reactivity.
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