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Introduction to Volume 8

Since the publication of CCC (1987), bioinorganic chemistry has blossomed and matured as an
interdisciplinary field, which is surveyed in this volume from the perspective of coordination
chemistry. Fully comprehensive coverage of biological inorganic chemistry is not possible, so a
subset of topics is presented that captures the excitement of the field and reflects the scope and
diversity of the systems and research approaches used. As an introduction, a summary of
structural motifs that pervade bioinorganic systems is presented (Chapter 1). Subsequent chapters
focus on the nature of the metal sites in proteins that participate in electron transfer (Chapters 2—4)
and on the transport and storage of metal ions within the biological milieu (Chapters 5-9). The
diverse and biologically important array of metalloproteins that bind and activate dioxygen and
perform oxidation reactions are then discussed (Chapters 10-18). To complete the presentation of
metal-dioxygen chemistry, superoxide processing systems and photosynthetic oxygen evolution
are portrayed (Chapters 19-20). The following sections focus on the activation of other small
molecules (H,, Chapter 21; N,, Chapter 22), mono- and dinuclear metal sites that perform
hydrolysis reactions (Chapters 23-24), and the burgeoning bio-organometallic area (Chapter 25).
Proteins with synergistic metal-radical sites are discussed in Chapter 26. Iron—sulfur clusters are
revisited in Chapter 27, which presents those that are involved in enzyme catalysis rather than
simple electron transfer. The role of metal ions in the environmentally significant process of
denitrification is the focus of Chapter 28. Finally, the binding of metal ions to DNA and RNA
are emphasized in Chapter 29. Together, the array of topics presented in this volume illustrates the
importance of coordination chemistry in the biological realm and the breadth of current bioinor-
ganic chemistry research.
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8.1.1 INTRODUCTION

In the sixteen years since the publication of Comprehensive Coordination Chemistry (CCC,
1987) bioinorganic chemistry has undergone significant development and matured into a
multidisciplinary field with coordination chemistry at its locus."® The field has greatly benefited
from advances in macromolecular crystallography, which have led to the structural characteriza-
tion of many metalloenzyme active sites. From this ever-expanding database can be discerned a
number of recurring structural motifs, whose physical and reactivity properties can be further
modulated by secondary protein interactions.” We present the following overview and accompany-
ing gallery of active-site structures to serve as a framework for the more detailed discussions in the
component chapters of this volume. The coverage of topics is not comprehensive; rather, the
choice of examples is meant solely to be illustrative of motifs common to multiple metalloprotein
systems with often diverse functions.

8.1.2 COMMON MOTIFS WITH NON-AMINO-ACID LIGANDS

Perhaps the most recognizable active-site motif in metalloproteins is the tetradentate porphyrin
macrocycle, the organic cofactor associated with heme proteins. The most commonly encountered
is protoporphyrin IX or heme b (Figure 1), found in the active sites of dioxygen-binding globins,
dioxygen-activating cytochrome P450, H,O,-activating peroxidases, and b-type cytochromes
involved in electron transfer (see Chapters 8.2, 8.10-8.12, and 8.17). Addition of cysteinyl
residues to the two vinyl groups on the porphyrin periphery converts heme b to heme c (Figure 1),
which are found in c-type cytochromes that are also involved in electron transfer. With four
equatorial sites of a potentially octahedral metal center occupied by this tetrapyrrole macrocycle,
the chemistry of the iron can be modulated principally by changing the nature of the fifth and
sixth ligands. In electron-transfer proteins, both sites are occupied, usually by His/His or His/Met
residues, as in cytochromes bs® and csss3,” respectively (Figure 2). For oxygen-binding globins and
heme enzymes, only the fifth (or proximal) site is occupied by a protein residue, leaving the sixth
site available for binding small molecules such as O,, CO, NO, or H,O,. The proximal ligand is

1
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Figure 1 Drawings of various heme derivatives.

(a) (b)
Figure 2 Structures of the active sites of (a) cytochrome bs (PDB 1CYO); (b) cytochrome css3 (PDB 1B7V).

typically His (myoglobin,'’ hemoglobin, horseradish peroxidase), Tyr (catalase'"), or Cys (cyto-
chrome P450"* and chloroperoxidase) (Figure 3). The chemistry of the active site can be further
affected by second-sphere residues such as Glu or Gln that can hydrogen-bond to the proximal
His to modulate its basicity, or those on the distal side that can serve as acids and/or bases to aid
in the binding of dioxygen or the cleavage of the O—O bond. The presence or absence of the latter
can in fact determine whether a dioxygen moiety in the active site becomes an electrophilic
oxidant, as in the case of hydrocarbon-oxidizing cytochrome P450," or acts as a nucleophile, as
in the case of the estradiol-producing enzyme aromatase.'® The rich chemistry of heme proteins
and enzymes is discussed in Chapters 8.11, 8.12, and 8.17.

There are other tetrapyrrole macrocycles found in nature besides protoporphyrin IX (Figure 1).
Differences with the latter can be as simple as changes in the substituents on the porphyrin
periphery, such as in heme a and heme az;, which are key components of the mammalian
respiratory enzyme cytochrome oxidase (see Chapter 8.17). Other disparities can entail changes
in the oxidation level of the macrocycle, such as the two-electron reduced heme d of cytochrome
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Figure 3 Structures of the metal-containing portion of (a) oxymyoglobin (PDB 1A6M); (b) catalase (PDB
1DGF); (c) the oxygen adduct of reduced cytochrome P450 with camphor substrate bound (PDB 1DZ4).

bd of E. coli, and the four-electron reduced sirohemes of sulfite oxidase and nitrite reductase (see
Chapter 8.28). Factor F430 is a highly reduced tetrapyrrole ligand that binds nickel and is
involved in methanogenesis, while cobalt-containing coenzyme B;, has a corrin ring with one
fewer carbon than in the macrocyle (see Chapter 8.25).

Another easily recognizable bioinorganic motif is the iron—sulfur cluster exemplified by the
Fe,S, rhomb and the FeyS4 cubane (Figure 4), most often found in ferredoxins involved in low-
potential electron transfer (see Chapter 8.3)."> The iron ions in these clusters typically have a
distorted tetrahedral geometry, with cysteine residues serving as terminal ligands. The Fe,S,
cluster (Figure 4a) cycles between the +2 and +1 oxidation states, with redox potentials in the
—200mV range.'® A variation is the Rieske cluster found in the respirator;/ electron-transfer chain
and some dioxygenases that operates in the 4200 mV range (Figure 4b)."” In this cluster, the two
terminal cysteinates on one iron are replaced by neutral histidine ligands, resulting in the upshift
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Figure 4 Structures of the (a) Fe,S,(Cys), ferrodexin site (PDB 1AWD); (b) Fe,S,(Cys),(His), “Rieske” site
(PDB 1JM1); (c) FesS4(Cys), ferrodoxin site (PDB 2FDN).

in potential. The Fe,S, cluster (Figure 4c)'® also typically cycles between the +2 and +1 oxidation
states, but can access the +3 oxidation state in some cases and the 0 oxidation state in the Fe
protein of nitrogenase.'® Iron-sulfur clusters thus provide Nature with considerable flexibility in
the potentials of electrons they can transfer.

There are also cuboidal FeS clusters in which one of the iron sites is significantly different from
the other three. The extreme example is the Fes;S, cluster, where one of the Fe corners is missing.
Although originally considered to be an artifact of oxidative damage to iron—sulfur proteins, as in
the ferredoxin from Azotobacter vinelandii (Figure 5a),”° such clusters have been found in active
enzymes, e.g., the NiFe hydrogenase,?' and are presumably involved in the electron-transfer chain
needed to deliver electrons to the heterodinuclear NiFe enzyme active site. Aconitase is another
enzyme with a site-differentiated Fe,Sy cluster. This key enzyme of the Krebs cycle catalyzes the
isomerization of citrate to isocitrate (see Chapter 8.27). The isomerization occurs on one specific
Fe of the Fe, S, cluster. Instead of having a terminal Cys ligand, the unique Fe has a terminal
aqua ligand in the resting state and binds the substrate, thereby increasing its coordination
number during the catalytic cycle (Figure 5b).?> Thus, the aconitase Fe,S, cluster does not
work as an electron-transfer site in this enzyme, but instead provides a metal center that functions
as a Lewis acid. There is also recent evidence that an FesS, cluster can act both as an electron-
transfer site and a Lewis acid center. In S-adenosylmethionine-dependent iron—sulfur enzymes,
one Fe of the cluster acts to bind the carboxylate of the S-adenosylmethionine cofactor prior to
the redox reaction (see Chapter 8.27).

One Fe is replaced by another metal ion in other site-differentiated Fe,S, clusters. Many of
these examples derive from the chemical reconstitution of an Fe;S, cluster with another metal ion,
e.g., ZnFe;S,, CoFe;S,, CdFesS,, etc.'” In addition, CO dehydrogenase has been found to
have an NiFe4Ss cluster that is presumably involved in CO binding and activation (Figure 5¢)
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Figure 5 Structures of the (a) Fe3S4(Cys), ferredoxin site (PDB 7FD1); (b) aconitase active site with bound
trans-aconitate (PDB 1ACO); (c¢) NiFe,4Ss cluster in carbon monoxide dehydrogenase (PDB 1JQK).

(see Chapter 8.25).2> The novel cluster has a structure that significantly deviates from the
postulated model in which the Ni ion is appended to an intact Fe,S, cluster; instead, the Ni ion
is integrated into the cluster structure, which could be construed as arising from the coordination
of a (Cys)Ni-u-S(R)-Fe(Cys)(His) unit to three of four u-S atoms of an FesS, cluster.

The iron—sulfur clusters of the MoFe protein of nitrogenase illustrate another variation on the
cuboidal M4S, theme. The P and M clusters of this protein can be formulated as vertex-shared
bicubane units, perhaps required because the fixation of dinitrogen is thought to occur in two-
electron reduction steps (see Chapter 8.22). For the P cluster, which serves as an electron-storage
and -transfer site, two Fe4S, clusters combine to share a common pug-S vertex (Figure 6a). 2 On
the other hand, the M cluster, which is believed to be the locus of nitrogen-fixing activity, is a
combination of an Fe,S; and an MoFe;S;5 cuboidal unlt sharing a common, newly discovered p-
vertex, which cannot be a sulfur atom (Figure 6b).?* The electron density associated with this
atom 1dent1ﬁes it as a low Z atom, and a pe-N is mechanistically the most attractive possibility.

The third recurring structural motif with non-amino-acid components found in metalloproteins is
the metal-dithiolene unit found in molybdenum- and tungsten-containing oxidases or dehydrogenases
(see Chapter 8.18). The dithiolene is typically a pterin derivative (often with phosphate and/or
nucleotide appendages) and coordinated to Mo or W in a 1:1 or 2:1 stoichiometry (Figure 7).2-
These units usually function in two-electron redox reactions (cf. “oxo transfer”), shuttling between
M"Y and MY! oxidation states.

The most recent addition to this group of motifs is the Fe(CO;Y(CN)y fragment found in the
active sites of both NiFe and Fe-only hydrogenases (Flgure 8).21%” This organometallic fragment
is connected to a Ni(Cys)4 unit in the NiFe enzyme via two thiolate bridges (Figure 8a) and to
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Figure 6 Structures of the nitrogenase (a) P cluster; (b) molybdenum-iron cofactor (PDB 1M1 N).

another organometallic Fe fragment via a dithiolate bridge in the Fe-only enzyme (Figure 8b).
The unusual organometallic nature of this fragment suggests an important role for H, activation,
but more work is required to establish the mechanisms of action for these fascinating enzymes
(see Chapter 8.21).

8.1.3 COMMON MOTIFS WITH AMINO-ACID LIGANDS

The tetrahedral M(Cys), unit is a commonly found structure in metalloproteins. Besides the Ni
center in NiFe hydrogenases (Figure 8a),! this motlf is also found for M =Fe, Zn, and Cd. An
Fe(Cys), site is present in rubredoxin (Figure 9a),”® one of the earliest characterized iron—sulfur
proteins. It also is found in dinuclear superoxide reductases,”’ where it is proposed to serve as an
electron-storage site for the superoxide-reducing active site (see Chapter 8.19). The M(Cys),4 unit is
a structural component in Zn-containing alcohol dehydrogenase and a fragment of the Zn/Cd
clusters of metallothioneins (Figure 9b; see Chapter 8.9).%! Variations of this tetrahedral motif occur
in Zn-finger proteins where a Zn(Hls)z(Cys)z unit is commonly found (Figure 9¢).*?

The trigonal Cu(Cys)(His), unit is a recurring motif in cupredoxins, more commonly known as
“blue” copper proteins, which are principally involved in electron transfer in the high potential
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Figure 7 Structures of the (a) Mo"" site of aldehyde oxidoreductase (PDB 1HLR); (b) DMSO adduct to the
MoV site of dimethylsulfoxide reductase (PDB 4DMR). The guanine portions of the pterin cofactors in (b)
are omitted for clarity.

range (see Chapter 8.4). The presence of axial ligation and the strength of such interactions with
the copper center modulate the redox potential to provide the range observed for these proteins.™
As illustrated in Figure 10, the cupredoxin site can be trigonal (Figure 10a),* trigonal pyramidal
(Figure 10b),% or trigonal bipyramidal (Figure 10c).*® A closely related motif is found in the
delocalized, mixed-valence dicopper(I,II) centers of cytochrome oxidase (Figure 10d)*’ and
nitrous oxide reductase,*® which may be construed as a dimeric derivative in which one His on
each Cu is replaced by another ligand (see Chapter 8.17).

The facial M(Xaa); unit is another versatile building block, which is suitable for a variety of
metal ions and accommodates tetrahedral, trigonal-bipyramidal, square-pyramidal, and octahedral
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(@) (b)
Figure 8 Structures of the active sites of (a) Ni—-Fe hydrogenase (PDB 2FRYV); (b) Fe-only hydrogenase
(PDB 1HFE).
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Figure 9 Structures of the (a) rubredoxin Fe(Cys), site (PDB 1BRF); (b) Zn,Cd(Cys)e metallothionein site
(PDB 4MT2); (c) Zn(His),(Cys), “zinc finger” site (PDB 1A1H).
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(c) (d)

Figure 10 Structures of the copper—thiolate electron-transfer sites in (a) laccase (PDB 1HFU); (b) plasto-
cyanin (PDB 1KDJ); (c) azurin (PDB INWP). Also shown: (d) the delocalized, mixed-valent dicopper(I,II)
“Cup” electron-transfer site from cytochrome ba3 (PDB 2CUA).

geometries. The M(His); motif is found in the tetrahedral metal sites of several metalloenzymes, such
as carbonic anhydrase (Zn", Figure 11a), nitrite reductase (Cu", Figure 11b),* and cytochrome ¢
oxidase (Cu, Figure 11c).*! The fourth position is used to activate the water nucleophile in carbonic
anhydrase, to bind nitrite in nitrite reductase, and to serve as the initial binding site for O, (or CO) in
cytochrome ¢ oxidase. This motif also provides the remaining ligands of the square-pyramidal ions of
the Cus(u-n">-0,) core in oxyhemocyanin (Figure 12a)** and one six-coordinate iron ion of the
diiron site in oxyhemerythrin (Figure 12b).*?

An additional recurring facial motif is the 2-His-1-carboxylate triad found in a number of
mononuclear nonheme iron enzymes that activate O,.*** This triad serves to hold the iron(II)
center in the active site and provides three solvent-accessible sites to bind exogenous ligands. This
superfamily of enzymes can catalyze a range of oxidative transformations, including the cis-
dihydroxylation of arene double bonds and the oxidative cleavage of catechols in the biodegrad-
ation of aromatics, the formation of the (-lactam and thiazolidine rings of penicillin, the
hydroxylation of Phe, Tyr, and Trp with the help of a tetrahydrobiopterin cofactor, and the
oxidative decarboxylation of an a-ketoglutarate co-substrate to generate an oxidant capable of
functionalizing C—H bonds (see Chapter 8.14). The coordinative versatility of this active-site
motif is illustrated in Figure 13. Figures 13a and 13b show the active-site structures of binary
enzyme-bidentate substrate complexes, an extradiol cleaving catechol dioxygenase with its
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Figure 11 Structures of the active sites of (a) carbonic anhydrase (PDB 1CA2); (b) nitrite reductase (PDB
2NRD); (c) cytochrome c oxidase (heme a3;-Cug pair; PDB 10CR).

(@) (b)

Figure 12 Structures of the active sites of (a) oxyhemocyanin (PDB 10XY); (b) oxyhemerythrin (PDB
1THMO).

catecholate substrate (Figure 13a)*® and deacetoxycephalosporin synthase (DAOCS) with its
a-ketoglutarate cofactor (Figure 13b),*” both with a sixth site available for O, binding. Figures
13c and 13d show the active sites of ternary complexes: isopenicillin N synthase (IPNS) with the
coordinated thiolate of its tripeptide substrate and NO bound as a surrogate for O,* and
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Figure 13 Structures of the active sites of (a) 2,3-dihydroxybiphenyl 1,2-dioxygenase complexed with
catechol (PDB 1KND); (b) deacetoxycephalosporin synthase with bound a-ketoglutarate (PDB 1RXG);
(c) isopenicillin N synthase with coordinated substrate and NO (PDB 1BLZ); (d) naphthalene dioxygenase
with bound dioxygen in the presence of substrate (not shown) (PDB 107M).

naphthalene dioxygenase with a side-on bound dioxygen,* presumably poised to effect the cis-
dihydroxylation of a double bond on the nearby arene substrate (not shown). These examples
illustrate how a diversity of reactions can be obtained from the flexibility of the 2-His-1-carbox-
ylate motif, which enables the iron(II) center to bind and activate substrates, cofactors and/or O,.

Other combinations of histidine and carboxylate ligands also can be found in a number of
metalloenzymes. Quercetinase is a copper enzyme that uses a 3-His-1-carboxylate combination
arranged in a square-psyramidal geometry, with one basal site available for the coordination of
substrate (Figure 14a).>" Fe and Mn superoxide dismutases utilize a 3-His-1-carboxylate combin-
ation in a sawhorse arrangement to provide coordination sites for two exogenous ligands (Figure
14b).>" These coordination environments can in fact be construed as combinations of M(His);
and M(His),(carboxylate) triads. Alternatively, some dimetal hydrolases like the [-lactamase
from S. maltophilia (see Chapter 8.24) combine the two triad t;lpes via a hydroxo bridge to
generate a (His);Zn-u-OH-Zn(His),(Asp) active site (Figure 14c).>* Note how, in most examples,
the monodentate carboxylate ligand hydrogen bonds to a bound water or hydroxide.

A number of other metalloenzymes have M',(His),(O,CR), active sites (see Chapter 8.13).
Most prominent of these are the di-iron enzymes, including the hydroxylase component of
methane monooxygenase (MMOH, Figure 15a)* and class 1 ribonucleotide reductase R2
proteins (Figure 15b).>* These enzymes have two conserved Asp/Glu(Xaa),GluXaaXaaHis
sequence motifs in a four-helix bundle that provide the six amino-acid ligands for the di-iron
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Figure 14 Structures of the active sites of (a) quercetinase (PDB 1JUH); (b) Mn superoxide dismutase (PDB
3MDS); (c¢) a dizinc B-lactamase (PDB 1SML).

active site. The di-iron center activates O, and carries out the hydroxylation of alkanes and the
formation of a catalytically essential tyrosyl radical for the conversion of ribonucleotides to
deoxyribonucleotides, respectively. The carboxylates more distant in sequence from the other
two residues act as terminal ligands, while the two near in sequence to the His ligands act to
bridge the iron atoms, with both monodentate and bidentate modes observed. Upon oxidation of
these di-iron(IT) enzymes to the di-iron(III) state, there is a change in core structure, resulting in
the shift of one carboxylate bridge to a terminal position (the so-called carboxylate shift>”) and the
introduction of an oxo bridée or two hydroxo bridges to neutralize the Lewis acidity of the iron(I1I)
ions (Figures 15¢ and 15d).>*% (An oxo bridge is also observed in the oxidized form of an unrelated
diiron protein hemerythrin gFigure 12b).) Related dinuclear active sites are found for fatty acid
desaturases,”’ rubrerythrin,® the ferroxidase site in ferritins,> and the dimanganese catalase.®’
The crystal structures of nitrile hydratase and acetyl CoA synthase both show a metal center
coordinated to a planar N,S, unit derived from a CysXaaClys tripeptide, with the nitrogen ligands
arising from the peptide amidates of the Xaa residue and the latter Cys residue. These results
emphasize a point originally made in the explorations of the coordination chemistry of peptide
ligands: that the peptide nitrogen can bind to metal centers, particularly in its anionic form. In the
recently reported structures of acetyl CoA synthase, there is a planar Ni(N,S,) unit derived from
a CyssosGlysosCyssoy tripeptide segment (Figure 16a).°"%> This unit is in turn connected to an
Fe,S, cluster via an intervening metal ion, which can be Ni, Cu, or Zn in the three structures
reported. In nitrile hydratase, the low-spin iron(IIl) ion is coordinated to the planar N,S, unit
from Cysji,Ser;13Cys; 14 and additionally ligated by an axial thiolate from nearby Cys;go (Figure
16b).%* The sixth site can be occupied by a solvent molecule, which presumably is involved in
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Figure 15 Structures of the di-iron active sites of (a) reduced MMOH (PDB 1FYZ); (b) reduced ribonucleo-

tide reductase (PDB 1XIK); (c¢) oxidized MMOH (PDB 1FZ1); (d) oxidized ribonucleotide reductase (PDB
1AV3).

Figure 16 Structures of (a) the multimetallic site of acetyl CoA synthase (PDB 1MJG); (b) the active site of
the NO adduct of nitrile hydratase (PDB 2AHJ).

nitrile hydrolysis, or NO, which is an inhibitor. Further making this active-site structure unique is
the observed post-translational oxidation of the thiolates of Cys;;» and Cys;j4 to a sulfinate
(RSO,7) and a sulfenate (RSO™), respectively, required for enzyme activity.
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Figure 17 Structure of the catalytic active site of superoxide reductase (PDB 1DQI).

As a final example, we note the similarity of the square-pyramidal FeN4(Cys,xial) site found in
superoxide reductase®® (Figure 17) to those of cytochrome P450 (Figure 3c) and chloroperoxidase.
While the N4 units in cytochrome P450 and chloroperoxidase derive from a porphyrin, the four
nitrogens of superoxide reductase are from four His residues. Interestingly, this motif is used in
the two heme enzymes to bind and activate dioxygen moieties to generate a high-valent oxoiron
species capable of substrate oxidations, while the corresponding site in superoxide reductase is
used to protect anaerobes from the toxic effects of superoxide by reducing it to H,O».

8.1.4 CONCLUDING REMARKS

In this introductory overview, we have attempted to point out structural similarities among
metalloprotein active sites to emphasize how Nature has utilized coordination chemistry to her
advantage, particularly in generating related active sites with different functions. In highlighting
common features, we have necessarily de-emphasized unique sites such as the unusual Cuy(i4-S)
cluster of nitrous oxide reductase (see Chapter 8.28) and the critical Mny cluster in the oxygen-
evolving complex of photosynthesis (see Chapter 8.20), whose precise structure is still developing
as higher resolution crystallographic data become available. Also excluded are possible motifs
that may emerge in the areas of metal-ion transport and homeostasis (see Chapters 8.5, 8.6, and
8.8) and metal ion/nucleic acid interactions (see Chapter 8.28). It is our hope that this overview
provides a sufficient basis for underscoring the importance of coordination chemistry in
bioinorganic chemistry.
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8.2.1 INTRODUCTION

The cytochromes are ubiquitous heme proteins (>75,000 known)' that play essential roles in
biological electron transfer. They were originally classified on the basis of optical absorbance
maxima characteristic of their prosthetic heme groups.”® The chemical structures of the most
common biological hemes are shown in Figure 1. Several classes of biological metal-chelating
ligands, macrocyclic tetrapyrroles, include the porphyrins (227e™ ligands in hemes «, b, and c),
chlorins (207e™ ligands in heme d), isobacteriochlorins (187e¢™ ligands as in heme d;), and corrins
(207e™ ligands). Heme b in b-type cytochromes is an iron protoporphyrin IX complex in which
the iron atom is ligated to the four pyrrole nitrogen atoms. Hemes a and ¢ are derivatives of heme 5.

17



18 Electron Transfer: Cytochromes

Figure 1 Common biological heme structures. The labeling conventions indicated on the heme b structure

are those commonly found in the literature on solution studies. The Roman numeral designations are used

here. The crystallographic literature uses an Arabic letter labeling scheme that is rotated by —90° (90°
counterclockwise) from that shown here.

Cross-linking of the heme b vinyl groups at g-pyrrole positions 2 and 4, with Cys side chains,
covalently links the heme to the proteins in c-type cytochromes. Cross-linking occurs at highly
conserved —Cys—Xxx—Yyy—Cys—His— sequences. In heme a, hydroxyl and farnesyl groups are
added to the vinyl side chain at position 2, with a formyl group at position 8. Heme a is found
in proteins like cytochrome ¢ oxidase. Heme d) contains ketone groups in place of the position 2
and 4 vinyl groups. In cytochrome cd, nitrite reductase, the d-type cytochrome has been identified
as 3,8-dioxo-17-acrylate-porphyrindione.* As this chapter will focus on electron-transfer cyto-
chromes, a subset of the proteins containing porphyrin-based heme complexes, the discussion of
the interplay between coordination chemistry and electronic structure will focus on their porphy-
rinate ligands and their iron complexes.
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Figure 2 Cross-eyed stereo views of the hemes and their axial ligands found in electron-transfer cyto-

chromes. (a) Bis—His ligation is generally found in cyts 4 and multiheme cyts ¢ (PDB codelWDB). (b) His/

Met ligation is common in class I cyts ¢ (PDB code 1YCC). (c) His/amine ligation has been observed only in

cyt f (PDB code 1CTM). For c¢-type cytochromes, the conserved Cys—Xxx—Yyy—Cys—His sequence and its

covalent linkages to the heme are shown. (d) Bis—Met ligation is found in bacterioferritin (PDB code 1BCF)

and has been engineered into some cyt bsg, mutants. Note the variation in amplitudes and compositions of
out-of-plane distortion.

Electron-transfer cytochromes are, with one exception (cytchromes ¢’), six-coordinate, low-spin
(6cLS) with axial ligands being supplied by Lewis-basic amino-acid side chains or, less commonly,
N-terminal amine groups. The known axial ligand pairs are illustrated in Figure 2. In b-type
cytochromes, the heme is bound to the protein via two axial ligands of the heme iron, usually
histidines (His). A His residue is also one of the axial ligands in c-type cytochromes. It is found in the
conserved —Cys—Xxx—Yyy—Cys—His— sequence, which also anchors the porphyrin macrocycle to the
protein. In c-type cytochromes, the most common second axial ligand for the heme iron is
the thioether side chain of a methionine (Met). However, bis-His heme coordination is known
and occurs most frequently in multiheme c¢-type cytochromes.® The His ligands are coordinated to
the iron through the Ne, although there is at least one example of N6 coordination.® In the unique
case of cyt £, a c-type cytochrome in the photosynthetic cyt bgf complex, the heme iron is coordinated
by a His residue and the amine of the N-terminal tyrosine (Tyr).” Finally, the iron-storage protein,
bacterioferritin, contains a b-type cytochrome thought to be involved in redox-coupled release of
iron from the bacterioferritin iron core.® This cytochrome exhibits bis-Met axial ligation, with the
thioether ligands being supplied by symmetry-related pairs of bacterio ferritin subunits.”'
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8.2.2 HEME ELECTRONIC STRUCTURE AND AXIAL-LIGAND GEOMETRIES

8.2.2.1 Structural Aspects of 6¢LS Iron Porphyrinates

In early studies of cytochromes, spectroscopic methods were relied upon for determination of spin
state, coordination number, and axial-heme ligation. Model hemes in which metal-ion size,
charge, and d-orbital occupancy, as well as ligand structure and composition, could be system-
atically varied, were spectrally characterized for comparison to cytochromes. Synthetic 6¢LS Fe''
and Fe'"' porphyrinates have been studied for many years with the goal of clarifying structure—
function relationships observed in clytochromes.

The structures of many 6¢cLS Fe'" and Fe' porphyrinates are available."' The Fe' complexes
exhibit several characteristic structural properties. There is little or no displacement (~0.09 A) of the
Fe'"" center from the mean heme plane, even in complexes with different axial ligands. The Fe-
Nprrole (Fe—N;) bond lengths depend upon the charge of the complex, with Fe—N,, being ~1.990 A
for neutral or positively charged complexes, and ~2.000 A for complexes with a single negative
charge.!" The Fe—N,, distances within a given complex can be inequivalent if axial ligands are
coplanar and nearly aligned with the Fe—N,, bonds (¢ ~0, Figure 3), those perpendicular to the
ligand plane being shorter by ~0.02 A. Axial Fe""—L bond lengths depend upon orientation if the
ligand is planar. Steric interactions of axial ligands like pyridines and hindered imidazoles with the
porphyrin ring tend to lengthen the Fe""—L bond. Finally, m-acceptor ligands can induce ruffling of
the porphyrin core by electronic stabilization.

Equatorial Fe—N,, bond lengths in the 6cLS Fe'' porphyrinates are only slightly longer
(~0.0102 A) than their Fe""" counterparts, and in the complexes with identical axial ligands, the
Fe'' atom is in the plane of the porphyrin core.'' In the LS d°® configuration of the ferrous
cytochromes and model hemes, filling of the d, orbitals is expected to favor increased m-bonding
in these complexes. This is borne out by shortening of bonds with m-acceptor ligands by
hundredths of angstrom relative to the corresponding Fe"' complexes.'' In model hemes, the
Fe—S bond lengths for neutral sulfur ligands appear to be insensitive to whether the iron is in the
+2 or +3 oxidation state. Bonds to neutral nitrogen donor ligands such as imidazoles, pyrazoles,
and pyridines exhibit longer bonds in the Fe' complexes."!

8.2.2.2 Out-of-plane Porphyrin Deformation

One of the more extensively studied and discussed structural variables has been equilibrium out-
of-plane distortion of the porphyrin. Out-of-plane porphyrin deformation typically results in a
bathochromic (red) shift of the optical absorption spectrum and a shift to more negative reduc-
tion potentials (easier to oxidize).>”'> These tantalizing correlations, based upon studies of model
complexes comprising porphyrin ligands such as octaethyltetraphenylporphyrinate (OETPP?"),
having sterically crowded peripheries that force large out-of-plane deformations, have driven

Figure 3 Heme core showing rotation angle of planar axial ligand(s) with respect to the Fe-N,, (positive x)
axis, ¢ or ~o. Also shown is the equivalent counterrotation, 7, of the magnetic susceptibility tensor axes.
Adapted from ref. 27.
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i 4

sad[By,], 65 cm™1 ruf[Bq,], 88 cm™1

5 42

dom[Azy], 135 cm™ wav [Eg(x,y)], 176 cm™t

i

pro[Aq,], 335 cm1

Figure 4 Six out-of-plane vibrational coordinates of a D4, metalloporphyrin used in normal structural

decompositions to reveal compositions of equilibrium out-of-plane heme deformations. Mulliken symbols

are of the Dy, point group and the abbreviations sad, ruf, dom, wav, and pro indicate saddled, ruffled,

domed, wave, and propeller distortions, respectively. (Note that wav, and wav, derive from a doubly

degenerate pair of E, vibrational modes of the Dy, porphyrin.) The dark and light circles indicate atoms
on opposite sides of the mean heme plane. Adapted from ref. 11.

widespread investigation of the relationships between out-of-?lane deformation, redox potential,
and optical spectra of porphyrins and metalloporphyrins.'*™

Several reports have called into question the correlation between sterically enforced, out-
of-plane deformation and the electronic properties, redox potential and spectroscopic
signatures.'®'® Based on UV-visible spectra, structural analysis, and TD-DFT calculations, it
has been suggested that the shifts in UV-visible transitions result from electronic effects of the
peripheral substituents on the aromatic porphyrin core. These effects drive a bond-alternating
rearrangement of the porphyrin core atoms called “in-plane nuclear reorganization.”'®

Regardless of the driving force(s), out-of-plane porphyrin deformations invariably occur along
low-frequency, normal coordinates. A recent computational method, normal-coordinate struc-
tural decomposition (NSD), yields linear combinations of equilibrium distortions along the lowest-
frequency out-of-plane normal vibrational coordinates of the heme.'>'*?* The six out-of-plane
vibrational coordinates of a D4, metalloporphyrin used in the linear combinations are illustrated
in Figure 4. NSD results show that hemes in many cytochromes exhibit equilibrium out-of-plane
distortions of nearly 1 A along the ruf and/or sad coordinates, and it has been estimated that these
distortions require heme protein interaction energies substantially greater than 2 kcalmol~'" and
up to 8kcalmol ' "**?* Interestingly, out-of-plane deformations are largely conserved within
classes of cytochromes.”"?*>5?¢ It has been suggested that expenditure of energy by a protein
to enforce a particular out-of-plane distortion is unlikely to be accidental, and could play an
important role in biological function.'>*?

8.2.2.3 The Frontier Orbitals and Fe-Ligand Bonding

Figure 5 shows the nodal patterns of the four highest occupied and the two lowest unoccupied
porphyrin molecular orbitals (MOs)*” and the energy ordering and symmetry designations of
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Figure 5 Nodal patterns of the four highest occupied and the two lowest unoccupied porphyrinate 7 MOs
are shown at the left (adapted from reference 27). At the right are shown the iron d-orbitals and porphyrin
MOs, along with their symmetries in the Dy, D»g, and D, point groups. Symmetry-allowed bonding/
antibonding orbital interactions are shown by dashed lines connecting porphyrinate and d-orbitals of the
same symmetries. Heme structures are shown for each point group to illustrate the effect of axial ligand
orientation on the symmetry of the molecule, whether or not the porphyrin experiences out-of-plane
distortion. If the axial ligands are not identical, the heme has either C,, or lower symmetry. In these cases
all of the d- and porphyirn m-orbitals shown are allowed by symmetry to participate in bonding/antibonding
interactions. The relative energies shown are arbitrary and are not intended to accurately reflect energy
match or mismatch of metal d- and porphyrin 7-orbitals.

metal-centered d-orbitals in octahedral and tetragonal ligand fields, along with the frontier MOs
of the porphyrin. Sigma bonding between iron and the porphyrin is based on interactions between
the d.. (ai, in Dyy) and dy._,2 (b1g in Dyy) orbitals of iron and porphyrin MOs with respective
symmetries. The degenerate d.., d,. pair (e, in D4p) can combine with the porphyrin 7 MOs of e,
symmetry.?” The dy, orbital is nonbonding in Dy, metalloporphyrins. Of particular interest is the
bonding interaction between the d., orbital (b, symmetry) and the 2porphyrinate b, MO (correl-
ates with the a, MO in D4y, complexes) in hemes of D,y symmetry.”*?”*? Symmetry lowering to
Dyq is usually associated with the ruffling distortion shown in Figure 4. This deformation involves
counterrotation of adjacent pyrrole rings about their Fe—N,, bonds, which results in a nonzero
projection of pyrrole N p.-derived MOs onto the mean porphyrin plane. The resulting m—d,,
bonding represents an electronic contribution to the stability of some ruffled 6¢cLS Fe'"' porphy-
rinates with (a’xz,dyz)“(a’xy)1 Fe'"' ground states. This stabilization is not possible for Fe"' com-
plexes, because the d,, orbital is filled.

Sigma bonding between Fe and axial ligands generally involves 3d.., 4s, and 4p. orbitals of the
metal and occupied orbitals of the axial ligands. Axial ligands can also participate in 7 bonding
with Fe'" and Fe!' centers by interaction of their « orbitals with the partially or completely filled
dy- and d,. orbitals.?’

In most 6cLS Fe"! hemes, the ordering is that of the (a’xy)z(dxz,dyz)3 ground state.?” This state is
subject to stabilization by Jahn-Teller splitting of the e, set, which results in symmetry lowering
from fourfold to twofold rotational symmetry. The stabilization due to Jahn-Teller splitting in
6cLS Fe''! porphyrinates can manifest itself as experimentally discernible symmetry lowering,
including the thermodynamic preference for parallel orientations of planar axial ligands and
asymmetrgf in Fe—N, bond lengths when the ligands align with two oz],gposing Fe—N,
bonds.""*3¥ Such complexes give rise to rhombic (type II) EPR spectra,””**3% as shown in
Figure 6. Although according to the Jahn-Teller theorem, d,. and d,. cannot be degenerate in
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3.