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Abstract

A discussion of the literature concerning the synthesis, function, and activity of heme c-containing
proteins is presented. Comparison of the properties of heme ¢, which is covalently bound to protein,
is made to heme b, which is bound noncovalently. A question of interest is why nature uses
biochemically expensive heme c in many proteins when its properties are expected to be similar to
heme b. Considering the effects of covalent heme attachment on heme conformation and on the
proximal histidine interaction with iron, it is proposed that heme attachment influences both heme
reduction potential and ligand-iron interactions.

1 Introduction

Heme (iron-protoporphyrin IX) prosthetic groups perform a wide range of functions in nature
including electron transfer, oxygen transport and storage, catalysis, gas sensing, and gene
regulation. The functional versatility of heme is attributed to the ability of the protein
environment to tune heme reactivity, with important factors including the number and nature
of protein-donated axial ligands to iron, the extent of heme burial in the protein, the accessibility
of the heme to exogenous ligands, the distribution of polar and charged groups around the
heme, and other properties of the heme-binding site and of the protein.l‘3 An additional
variable that receives less attention is the type of heme group, defined by the nature of
substituents on the porphyrin macrocycle (Fig. 1). The most common types of heme are heme
b and heme c. Heme b is iron-protoporphyrin IX and binds noncovalently to protein (Fig. 1A),
whereas heme c is characterized by the presence of two (rarely, one) covalent thioether bonds
formed between Cys side chains and the heme vinyl groups at positions 2 and 4 (Fig. 1B). The
stereochemistry of heme attachment is the same in all known examples of heme c, and the vinyl
groups at positions 2 and 4 are attached to the N- and C-terminal Cys of the CXXCH motif,
respectively. Other, less common, derivatives of heme include heme dy, present in cytochrome
cdq nitrite reductase (Fig. 1C), heme a, found in cytochrome c oxidase, and the related heme
0, found in some bacterial oxidases.

From a chemical perspective, hemes b and c are very similar to each other and thus are not
expected to display significant inherent differences in electronic structure or reduction
potential. From a biosynthetic perspective, however, these types of heme are quite different;
because heme c is synthesized from heme b, the use of heme c requires a greater investment
from the organism. The question of why covalently attached heme is sometimes used thus has
garnered significant interest. 46 The understanding that heme c biogenesis is not only complex
but also achieved through diverse mechanisms underlines the importance of this type of heme
in nature.6-10 The functional bases for the use of heme c, however, remain unclear. In this
article, the synthesis, function and properties of heme c are discussed with an eye toward
understanding the effects of covalent attachment on the properties of the heme iron.
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2 Heme c occurrence in nature

Proteins containing heme c are usually referred to as cytochromes c, and often function as
electron carriers, although heme c displays other functions as well. The heme attachment site
in most cases is a CXXCH pentapeptide segment, where His serves as an axial ligand to iron,
the Cys form the thioether bonds to the porphyrin, and the X represent variable residues (Fig.
2). Following conventions from the globin field, the side of the heme containing the CXXCH
motif will be referred to as the proximal side, and the other side of the heme the distal side.
Cytochromes c display a wide range of sizes and folds and examples of individual proteins
with up to 16 heme c groups have been identified.11 12 The sequence of the heme-binding
motif is highly variable, and all amino acids have been found in the “XX” segment in nature
(including Gly, Pro, and His), except for Cys.

There is a small number of cytochromes ¢ with heme attachment sites deviating from the
signature CXXCH site with His as axial ligand. The photosynthetic protein complex
cytochrome bgf contains a heme referred to as heme ci’ (also denoted x) attached to the
cytochrome b component of the complex through a single thioether bond. Heme ci’ also is
unusual for lacking protein-donated ligands to heme iron, being ligated axially only by a water
or hydroxyl.l?"15 Covalent binding to a single Cys is also observed for cytochromes ¢ and
¢4 from the mitochondria of Euglena, Trypanosoma, and Leishmania species. These
cytochromes ¢ bind to a AXXCH or FXXCH motif with His as an iron Iigand.16’ 17 Another
unconventional heme ¢ binding motif is found at the active site of pentaheme nitrite reductases
(NrfA) and consists of a CXXCK segment with heme ¢ attached to the two Cys and the Lys
serving as an axial ligand to iron.18 Longer forms of the heme attachment motif also have been
identified. CXXXXCH motifs are found in tetraheme cytochromes 0319 and CXXXCH motifs
have been found in a diheme cytochrome 0320 as well as a diheme cytochrome css, from
Pseudomonas stutzeri.2L Finally, a CX15CH heme attachment motif with both Cys forming
covalent bonds to heme has been identified for one heme within the multiheme c-type
cytochrome MccA from Wolinella succinogenes.22 As cytochromes c are identified by the
presence of CXXCH in sequence data, the finding of this unusual attachment mode suggests
that other variations are likely to exist that have not yet been identified.

Nomenclature has developed over many decades and there is not one universal system to name
cytochromes c. One consistent feature of heme protein nomenclature is the use of a, b, c, d,
dq, or o to refer to the composition of the heme group, although as mentioned above there is
some variability in the mode of attachment for heme c. In addition, the term cytochrome f is
used to describe some proteins that contain heme ¢ and have the N-terminus as the distal ligand.
There are four principal classes (also called types) of cytochromes c (Fig. 3). Class 1 is the
largest group and consists of small (8-12 kDa) soluble proteins with His/Met heme axial
ligation. They are usually low-spin (S = 0 in the ferrous and S = % in the ferric state) with a
single high-potential heme bound near the N-terminus and the methionine ligand near the C-
terminus. Most Class 1 cytochromes have one heme group, although a few have two domains,
each of which binds one heme. Class 2 cytochromes ¢ have a heme attachment site near the C-
terminus of a four-helix bundle structure. Many are high-spin although there are examples that
are low-spin with ligating methionine located near the N-terminus. The high-spin hemes c are
typically denoted ¢’. Class 3 consists of multiheme cytochromes c; heme axial ligation typically
is bis-His and reduction potentials of these proteins tend to be low. The Class 3 cytochromes
c also have high heme:polypeptide ratios; the high molecular-weight examples of Class 3
cytochromes c have a large number of hemes. Finally, the high molecular weight (40 kDa)
tetraheme reaction center cytochromes c constitute Class 4. Hemes in class 4 cytochromes ¢
display His-Met or bis-His axial ligation. There are other cytochromes c that are not readily
placed into these 4 classes. Individual cytochromes c are placed into subgroups named by one
of two systems. In one system, each subgroup receives a subscript 1-8 which were assigned
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progressively (for example, cytochrome c, and cytochrome cg are Class 1 cytochromes ¢, and
cytochrome cj3 is a Class 3 cytochrome c). In a second system, a subscript is assigned that
designates the wavelength of the low-energy absorbance band in the reduced protein (for
example, cytochrome cs57). For more details on subclasses of cytochromes c, the reader is
referred to published descriptions of cytochrome c classification and 5equences.23'25

3 Heme c function

Although proteins containing heme c display diverse structures, heme c function is less variable
than that of heme b, with most cytochromes ¢ serving as electron carriers, cycling between the
reduced (ferrous) and oxidized (ferric) oxidation states to perform single electron transfers.
26,27 Diversity among these electron transfer proteins is expressed in the wide range of energy
transduction processes involving cytochromes ¢ including photosynthesis, various pathways
of respiration, and the cycling of nitrogen and sulfur. Another greatly variable factor related
to the function of heme c is its large range of reduction potentials in nature, spanning well over
1V. The reduction potentials of the heme c and of the cytochrome’s redox partner(s) determine
the thermodynamics of the electron transfer reaction and also play a role in determining electron
transfer kinetics.28 It is particularly intriguing that heme ¢ spans a significantly larger range
of reduction potentials than does heme b when proteins with the same heme axial ligation are
compared (the identity of the axial ligands is an important determinant of potential).29
Considering only sites with bis-His axial ligation (the most common ligand set), heme b is
found with potentials ranging from -150 to +380 mV, whereas heme ¢ potentials span from
-450 to +380 mV vs. NHE. 30, 31

Heme c can serve as a redox site for intramolecular or intermolecular electron transfer reactions
(or both). The cytochrome ¢ may transfer electrons to partner proteins, as does mitochondrial
cytochrome c, or heme ¢ may be present within an enzyme in which it serves to mediate electron
transfer from a donor to an active catalytic site. Examples of this latter role are the hemes ¢ in
bacterial alcohol dehydrogenases, the bacterial caagz and cbbs oxidases, the mitochondrial and
bacterial bcq complex, cytochrome cdy nitrite reductase, and nitrate reductase.1l Genome
sequencing efforts in recent years have led to the discovery of many multi-heme cytochromes
c. In particular, the genomes of organisms that respire metal ions such as iron, uranium,
chromium, and manganese, for example, Geobacter sulfurreducens and Shewanella
oneidensis, have been found to be rich in cytochromes ¢.32-38 Some of these cytochromes
contain multiple hemes c in a monodimensional arrangement suggesting that the proteins act
in “electron harvesting” and/or electron transfer over very long distances (Fi% 42 9 and some
of these cytochromes are excreted for reduction of extracellular substrates. 40, 41

Although cytochromes ¢ most often function in electron transfer, a number of other functions
are displayed by this versatile family of proteins. The finding that mitochondrial cytochrome
c plays a key role in apoptosis was an unexpected development.42 While it is not clear that the
heme plays a direct role in apoptosis triggering, the pro-apoptotic activity of mitochondrial
cytochrome c has been linked to the heme redox state#3: 44 and a conformational change
involving the heme crevice.4% Mitochondrial cytochrome c also has been proposed to act in
detoxification of reactive oxygen species.46 New functions have been proposed for other
cytochromes c initially thought to function exclusively in electron transfer. For example, a
Class 3 tetraheme cytochrome c3 has been found to bind CO specifically at heme 2 (replacing
the distal histidine ligand) and is proposed to act as a CO sensor.47 This CO-binding activity
was unexpected because each of the four hemes has two endogenous axial ligands. However,
the displacement of an endogenous ligand by an exogenous ligand is seen for other heme
proteins such as the hexacoordinate hemoglobins.48 Redox-state dependence of heme ligation
also is observed in some cytochromes c, for example, cytochrome cdj nitrite reductase, in
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which the heme c displays redox state-dependent ligation proposed to control electron transfer
rates.

Some hemes ¢ have been identified that bind exogenous ligands to an open coordination site
to actasagas or redox sensor. The cytochromes ¢’ are 5-coordinate Class 2 cytochromes widely
distributed among bacteria. They bind NO and are proposed to suppress toxic levels of NO.
50, 51 Another ligand-binding high-spin heme c is found in Sphaeroides heme protein which
binds oxygen but has an unknown function.>2 Ten c-heme-containing sensor proteins have
been identified in G. sulfurreducens, two of which have a PAS-type fold (which usually binds
heme b) and are part of chemotaxis proteins.53 Interestingly, an internal redox-driven change
in heme coordination also is observed for these PAS-type sensor proteins. The physiological
effector molecule for these high-spin hemes c is not known but CO and NO are candidates. A
similar redox-driven switching phenomenon was observed for another sensor protein, DcrA,
a c-heme chemotaxis signal transducer that has two endogenous axial ligands in the reduced
state, but has an open coordination site when oxidized; CO binds to the reduced protein,
displacing the distal Iigand.54

Although the active site of most heme enzymes is a heme b, heme c also can serve as a site for
catalysis. The tetraheme cytochrome Nitrosomonas europaea cytochrome csg4 has been
reported to display NO reductase activity; like CO binding to cytochrome cs, this result is
surprising because all hemes are 6-coordinate in the resting state.>® The bacterial di-heme
cytochrome c peroxidases (CCPs) also have 6-coordinate c-type hemes in the resting (oxidized)
state. Activation of the enzyme by calcium binding and reduction allows the low-potential
peroxidatic heme to become accessible to substrate. The other, high-potential, heme is
proposed to serve as an electron conduit.%8 57 A related enzyme is MauG which also contains
two hemes ¢ and plays a role in tryptophan tryptophylquinone biogenesis.58 The bifunctional
catalase-peroxidases also contain two c-type hemes and share some similarity with the bacterial
ccps.59 Other enzymes with a heme c at the active site include cytochrome P4600 and
hydroxylamine oxidoreductase.51 Both enzymes oxidize hydroxylamine to nitrite and also
have an additional covalent cross link to heme along with the two thioether bonds. Two recently
discovered enzymes with c-heme active sites are the SoxAX complex that is involved in
thiosulfate oxidation,62: 63 and the rubber oxygenase RoxA that cleaves poly(cis-1,4-
isoprene).64’ 65

In summary, heme c displays a range of functions in nature, although it most frequently serves
as an electron transfer site. In comparison with heme b, heme c sites show greater versatility
with respect to reduction potential tuning, with low-spin hemes ¢ reaching lower potentials
than do low-spin hemes b. Comparing the functions of heme c and heme b provides some initial
hints as to the functional basis for the covalent attachments. For one, covalent bonding may
have effects that allow heme ¢ potentials to be tuned over a larger range than heme b; this may
be mediated by effects on the proximal histidine-iron (His-Fe) bond or on the heme
conformation. These hypotheses will be discussed in subsequent sections.

4 Cytochrome c biogenesis and expression

The assembly of cytochromes c in biological systems displays surprising complexity and
diversity, while yielding identical heme orientation relative to the CXXCH residues and
identical stereochemistry at the thioether sulfurs (Fig. 1B). The considerable biosynthetic effort
expended to convert heme b to heme c indicates that utilizing heme c in selected proteins
confers a significant advantage to the organism.66 A number of heme c biogenesis systems
exist that show varying degrees of complexity and specificity.9 The three most prevalent are
denoted System I, 11, and 1.8 Systems | and 11, also called Ccm (cytochrome ¢ maturation)
and Ccs (cytochrome ¢ synthesis), respectively, are found in prokaryotes, plant mitochondria
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and chloroplasts, whereas System 111, also called CCHL (cytochrome ¢ heme lyase) is found
in mitochondria of fungi, invertebrates, and vertebrates. In the case of Class 1 cytochromes
¢, ithas been established experimentally for representative mitochondrial and bacterial proteins
that covalent attachment of heme is necessary to achieve proper folding and stability.67'69
Indeed, as cytochromes c, and multihneme forms in particular, typically have low residue-to-
heme ratios in comparison with other heme proteins, it is not surprising that the heme and its
attachment play a critical role in folding.

Of the known systems for cytochrome ¢ biogenesis, System I, found in some protozoan
mitochondria and in o and y proteobacteria such as the molecular biology workhorse
Escherichia coli, is the most well studied.”0: 71 System | for cytochrome ¢ maturation consists
of up to nine proteins (CcmABCDEFGHI) in addition to a number of accessory proteins. The
cytochrome c structural gene is expressed as a pre-apoprotein with an N-terminal signal peptide
that is recognized by the secretory (Sec) pathway transporting the polypeptide to the periplasm.

2 eader peptidases cleave the signal peptide to leave the apoprotein. Heme, which is
synthesized in the cytoplasm, is transferred to the periplasm though an unknown mechanism.
Formation of holocytochrome c requires heme delivery and ligation to the polypeptide in a
manner that results in the correct orientation of the heme within the protein and the correct
stereochemistry at the thioether sulfurs. Functions of some of the components of the ccm
cassette in this process have been identified. CcmAB is similar to an ATP-dependent
transporter, and CcmA hydrolyzes ATP.”3 However, the substrate transported by CcmAB has
not been identified, and it not thought to be heme. CcmC is required for delivery of heme to
CcmE, 74 which has been identified as a heme chaperone requiring the ATP hydrolysis activity
of CcmAB. 2 76 CemE forms a transient covalent bond between a histidine side chain and a
heme vinyl group,75 and heme in holo-CcmE displays axial coordination by a Tyr side chain
in one form and an unidentified weak-field ligand in a second form.”7: 78 The details of the
heme transfer mechanism remain unclear although ongoing studies continue to provide
intriguing details. CcmD is a small polypeptide that is a component of a complex with CcmABC
and is required for the release for holo-CcmE from CcmABCD.”9 Holo-CemE is the putative
substrate for CcmF, which transfers heme to apocytochrome and along with CcmH is proposed
to facilitate thioether bond formation.80 CemG is a thioredoxin-like protein,81 likely involved
in disulfide bond reduction and/or isomerization. DshD also is proposed to pay this role.

System |1 for cytochrome ¢ biogenesis is found in Gram-positive bacteria, cyanobacteria,
chloroplasts of plans and algae, and some B-, 8-, and s—proteobacteria.8 As in System I,
apocytochrome delivery is by the Sec system. However, System Il has neither an ABC
transporter complex nor a CcmE-like heme chaperone. Rather, CcsAB is proposed to act in
heme attachment to apocytochrome; CcsA contains a WWD domain as a putative heme binding
site. DshD also serves as a component.821 83 The simplest of the three major systems, System
I11, is found in the most complex organisms. System 111 makes use of CCHL enzymes with
attachment occurring to apoprotein after its transport from cytoplasm into the mitochondrial
intermembrane space.10 A conserved CPV motif has been established to be essential for CCHL
function and is a possible heme binding site,84 and an inner membrane bound flavoprotein,
Cyc2p, is proposed to play arole in reduction of heme iron and/or the apocytochrome cysteines
to prepare for covalent Iigation.85 The mechanism for apocytochrome transport from the
cytoplasm into the intermembrane space depends upon the organism and the cytochrome; the
means by which heme is transported into the intermembrane space is not understood.10 While
System | is capable of maturing a wide range of cytochromes ¢, System Il is rather specific,
and distinct heme lyases are present that process mitochondrial cytochrome c and cytochrome
c1, even within one organism.10 System |11 has been demonstrated not to mature bacterial
cytochromes c.86
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In addition to the prevailing maturation Systems I-111, a number of variants have been
discovered. Cytochrome c biogenesis in archaea has been shown to occur through a variant of
System | with a novel CcmE component. 87 System I is not compatible with substitutions for
the His ligand in the CXXCH motif,88 thus alternative systems are required for unusual
cytochromes c lacking a proximal His. A set of proteins, denoted system CCB, have been
identified that perform the blogeneS|s of the high-spin ci’ heme of cytochrome bgf, which is
attached by a single Cys 9 In addition, unigue maturation proteins are involved in attachment
of the heme group to the CXXCK motif in NrfA.90 MccA has a heme lyase, CcsAl, groposed
to be dedicated to attachment of heme to the two Cys of its unusual CX15CH motif. 2 p
FXXCH sequences are not processed by System I, although they are processed by System II.

93 An as-yet undiscovered maturation pathway is expected for these cytochromes because
the available genomes of organisms containing cytochromes ¢ with a single covalent
attachment do not encode proteins for any of the known systems.glv 92

The identification and cloning of critical components of Systems | and I11 has allowed the
development of heterologous expression systems for properly folded cytochromes ¢ (Fig. 5).
Early attempts to express holoc Ze/tochromes c in non- natlve hosts met with mixed success (for
a summary, see Pollock et al.9% and Keightley et al.’ ) Thus, studies of recombinant
cytochrome ¢ for many years were confined to functional mutants of Saccharomyces
cerevisiae iso-1-cytochrome ¢ which could be expressed in its native host.9° A major
breakthrough in heterologous cytochrome c expression was the development of a system for
expressing mitochondrial cytochromes c in E. coli. By co-expressing the cytochrome ¢
structural gene and the yeast CCHL gene, Mauk and coworkers achieved the expression of
properly folded and matured S. cerevisiae iso-1-cytochrome c in E. coli. 94 Notably, the
holoprotein was formed in the cytoplasm where the structural gene and lyase were expressed
and heme is synthe5|zed This system has been applied to expressing related mitochondrial
cytochromes 96 put failed to achieve maturation of bacterial cytochromes 86 reflecting the
specificity of CCHL. An alternative method utilizes maturation System | by making use of
Thoény-Meyer’s pEC86 plasmid containing the E. coli ccm cassette ccmABCDEFGH. 97 Fee
and coworkers incorporated a modified E. coli-compatible leader sequence from Thiobacillus
versutus cytochrome 055098 to direct translocation of an apocytochrome c polypeptide to the
periplasm for maturation; 69 this system has been empl %/ed to express a range of properly
folded bacterial and mitochondrial cytochromes ¢ Indeed, maturation of a broad range
of cytochromes ¢ has been achieved using System | including multiheme cytochromes c10
a variant of cytochrome bsg, with a c-type heme, 104 tetraheme cytochrome c3 containing two
CXXXXCH motifs along with two CXXCH motifs, 105 a cytochrome Co mutant with one “X”
residue inserted into the motif (CXXXCH) by mutagenesis, 106 ang peptides designed with a
CXXCH site for heme attachment to prepare custom microperoxidases (heme c-binding
peptide fragments) System | also has been shown to be compatible with sequences
containing an additional Cys within or adjacent to the heme attachment motif (CCXXCH,
CCXCH, CXCCH, and CXXCHC), despite the fact that these sequences are not found in
nature.10 The promiscuity of System | makes the pEC86 plasmid a versatile tool for preparing
and studying a wide range of cytochromes ¢ and heme ¢ model compounds.

5 Heme c covalent attachment chemistry

The stereospecific formation of thioether bonds by adding the Cys thiols to heme vinyl groups
is chemically nontrivial. Nevertheless, a number of cases of spontaneous (not assisted by
cytochrome ¢ maturation factors) attachment of heme to Cys residues in a CXXCH motif (and
related motifs) has been reported. The ability of this process to occur in the absence of
maturation factors in selected cases raises questions about the roles of the maturation factors.
At the same time, studies of cytochromes ¢ undergoing anomalous maturation provide
information relevant to understanding the roles of the maturation factors.
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The first report of heme attachment without the assistance of maturation factors was for
Hydrogenobacter thermophilus (Ht) cytochrome c552.109 It was found that upon expression
of the cytochrome css; structural gene in E. coli, holoprotein could be purified from the
cytoplasm. The lack of an E. coli-compatible signal sequence resulted in the polypeptide
remaining in the cytoplasm, whereas the maturation factors function on periplasmic apoprotein.
Heme, however, is synthesized in the cytoplasm, and the apocytochrome and heme are able to
form a productive complex allowing spontaneous thioether bond formation. NMR analysis of
the polypeptide and heme chemical shifts of Ht holocytochrome cs5, expressed and matured
in the E. coli cytoplasm confirmed that the structure is indistinguishable from native protein
once the retained N-terminal Met residue is cleaved.99 The hypothesis that heme and
apoprotein spontaneously form a productive complex to drive thioether bond formation is
supported by the observation that noncovalent heme binding with native-like tertiary structure
is achieved in a Ht cytochrome cs5, variant in which both Cys within the CXXCH motif are
mutated to Ala.88: 110 1n addition, single Cys-to-Ala mutants (AXXCH and CXXAH) were
prepared and matured in the E. coli cytoplasm with single thioether attachments. 111 This result
demonstrates that disulfide bond formation in this motif is not necessary for unassisted
thioether bond formation in the E. coli cytoplasm.

The ability to form properly folded holo-protein without maturation factors in good yield
appears thus far to be unique to Ht cytochrome cggo. In contrast, unassisted maturation of
Thermus thermophilus (Tt) cytochrome cs5o was demonstrated to yield a mixture of products.
69, 73 Upon expressing the structural Tt cytochrome Csso gene in E. coli without a leader
sequence so that it remains in the cytoplasm, three products were formed that were subjected
to detailed structural and spectroscopic characterization. One is a monomeric product that
resembles native Tt cytochrome Csgo, denoted Tt rC552.73 Despite its similarities to authentic
holo-protein, detailed characterization of Tt rCgs, reveals structural defects in the heme and a
poorly defined tertiary structure.112 Nevertheless, Tt rCsgso is amenable to crystallographic
characterization and the 1.41-A structure reveals an overall native-like fold for the protein, but
an abnormal thioether linkage between Cys11 (the first in the CXXCH motif) and the heme 2-
vinyl.113 The crystal structure, complemented by NMR, resonance Raman, and mass
spectrometry is consistent with a — C(O)-CH»,-S-CH»-Cys linkage between Cys 11 and heme
(Fig. 6A) rather than the expected — CH(CHsg)-S-CH,-Cys linkage. Gentle heating of Tt
rCsgo causes its conversion to a green product denoted p572, indicating its red-shifted o
absorption band at 572 nm in the reduced state. The hyperfine-shifted resonances of the NMR
spectrum also shift upon conversion to p572 to take on values that are unusual for a low-spin
heme b or ¢, but consistent with a heme to which an electron-withdrawing group has been
added. 113 The crystal structure of p572 reveals a modified heme with electron density
consistent with a formyl group coplanar with the porphyrin at position 2. The p572 product
may be formed by base-assisted cleavage of the Ca-C bond of the original 2-vinyl group,
leaving a heme formy! (Fig. GB).113 Finally, a third product, also with a red-shifted absorption
spectrum, was denoted rCss7. This product is an extremely stable dimer, and the crystal
structure reveals that the heme is bound the cytochrome polypeptide in an incorrect orientation,
rotated about the a,y-meso axis. As a result, only one vinyl group is positioned to react with a
Cys within each protomer; the other Cys forms an inter-protomer disulfide bond (Fig. 7).114

The analysis of the products of faulty Tt cytochrome cs5, maturation provides some insight
into incorrect pathways of heme attachment that are suppressed by the biological maturation
process. The incorrect mode of linkage to the 2-vinyl CB seen in Tt rCss, represents an anti-
Markovnikov addition of the Cys RSH to the vinyl group, which would suggest a free-radical
mechanism. A nucleophilic mechanism also is possible, in particular if improper protein
folding holds the Cys Sy away from heme vinyl Ca; the carbanion on Ca could be stabilized
through conjugation with the porphyrin x system.113 Both Markovnikov and anti-
Markovnikov adducts have been observed in photochemical and in acid-catalyzed addition of
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thiol to a vinyl group of bilirubin, thus, it is not clear that one pathway is favored over another.

These results indicate that the Ccm factors assist with directing attack of thiol at the Ca.
Secondly, the rCss7 product results from the heme adopting the incorrect rotational isomer.
Rotational isomerism is routinely observed upon reconstitution of globins,llﬁv 117 but not
otherwise in cytochromes c. Thus, the Ccm factors apparently aid in stabilizing or selecting
the proper heme rotational isomer prior to covalent attachment.

In addition to the studies of anomalous cytochrome ¢ maturation in vivo, covalent heme
attachment in vitro also has been demonstrated. Ht holocytochrome cgs, formation was shown
to occur by combining apoprotein and heme under reducing conditions, confirming that indeed
the process can occur in the absence of biological maturation factors.118 Likewise, in vitro
reactions of apocytochromes ¢ from horse heart and from Paracoccus denitrificans with heme
to form covalent thioether bonds have been observed, but a mixture of products results and the
reaction is slow.119 As Ht holocytochrome csggp is particularly amenable to formation in
vitro, it has proven to be a useful tool for understanding the chemistry of cytochrome c
synthesis. One study considered metal dependence by examining the reaction of Ht
apocytochrome csgo with Co(l11), Zn(I1), Mn(11), Mn(l11), and metal-free derivatives of
protoporphyrin IX. It was found that thioether bond formation occurred only for divalent M
(m derivatives,120 consistent with the finding that this reaction occurred for Fe(l1) but not Fe
(nn heme.118 A mechanistic basis for this observation was not given, but it is possible that
the higher hydrophobicity of the divalent metalloporphyrin facilitates formation of a productive
metalloporphyrin-apocytochrome complex. Similarly, in semisynthesis of horse cytochrome
¢, which requires complex formation between two peptides, one of which has bound heme, the
iron must be reduced for productive complex formation.121 Other studies examined the
dependence on the Cys residues. During maturation in vitro, heme was found to form a covalent
bond and bind in the correct orientation in single Cys-Ala mutants (AXXCH or CXXAH) of
Ht cytochrome 0552’122 despite the fact that these single-Cys variants are not processed by the
maturation apparatus of E. coli.91: 92 This result suggests that although disulfide bond
formation is necessary in the biological maturation pathway, it is not necessary for the
chemistry of thioether bond formation. The single Cys-to-Ala mutants formed in vitro were
shown to bind heme in the correct orientation. Thus, the heme-polypeptide interaction in itself
is sufficient for defining the correct heme orientation in Ht cytochrome cgsy. However, this
was not the case for unassisted maturation of Tt cytochrome cgsp, suggesting that the maturation
factors do assist in orienting heme and polypeptide.114 The ability of System | to mature a
range of cytochromes ¢ and even microperoxidases suggests that the necessary interactions
that yield the correct orientation of heme relative to the CXXCH motif occurs right at the motif
itself. In the case of System Ill, however, its specificity for particular mitochondrial
cytochromes c suggests such recognition may involve regions of the polypeptide beyond the
CXXCH motif.

6 Heme c conformation

The substitution of peripheral heme vinyl groups for thioethers in itself is not expected to
significantly perturb heme electronic structure or reactivity. Nevertheless, analysis of heme
protein reduction potentials reveals that heme c accesses a larger range than heme b, with heme
¢ being found with substantially lower potentials when comparing groups with the same axial
Iigation.30’ 31 This observation suggests that heme c displays greater “tunability” in terms of
its reduction potential relative to heme b, particularly to lower potentials. While having
thioether rather than vinyl substituents alone cannot account for this difference, consideration
of the effects of the tightly bound CXXCH motif (Fig. 2) yields some clues. Indeed, the structure
of the heme-CXXCH unit is defined primarily by local bonding, as demonstrated by the close
similarity of the structure of this segment in the heme peptide microperoxidase-8 (containing
the heme bound to the CXXCH and three additional residues) and in folded cytochrome c.
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123 The Iocal stability of this segment suggests that the pentapeptide heme-binding segment
may have an influence on the His-Fe bond (discussed in the next section) and on the
conformation of the heme itself. These factors in turn are expected to influence the heme
reduction potential.

Shelnutt and coworkers developed a normal-coordinate structural decompaosition (NSD)
method for analyzing the distortion of porphyrins from planarity. In this analysis, deviations
from planarity are described as displacements along lowest-frequency normal coordinates and
are described as saddling, ruffling, doming, waving, and propellering (Fig. 8).124 NSD analysis
of a range of heme proteins reveals that proteins of a common functional class show strong
similarities in heme conformation. Interestingly, hemes c are typically highly nonplanar, with
ruffling usually being the primary mode of distortion.125 Resonance Raman studies of
microperoxidase-8 reveal that the CXXCH pentapeptide is primarily responsible for inducing
the heme rufﬂing,126 in agreement with molecular mechanics studies of the heme-CXXCH
unit.127 The functional significance is that heme conformation plays a role in determining
reduction potential; as the heme becomes more distorted, potential is lowered.128, 129

Although the heme-attachment peptide is known to play a key role in determining conformation
of heme c, the extent and type of distortion varies significantly among different cytochromes
¢, and even among different hemes within a multi-heme cytochrome c. 9For example, analysis
of the varied conformations of the hemes in tetraheme cytochromes c3 reveals that within the
protein the composition of the heme attachment peptide (which can be CXXCH or
CXXXXCH) exerts a strong influence on the heme conformation, although other factors such
as the distal Iigand, interactions with heme propionates, and other interactions with heme also
contribute.130: 131 1n another example, mitochondrial cytochromes ¢ display highly ruffled
hemes, whereas the heme in cytochromes c; is only slightly distorted from planarity (Fig. 9).
19 Indeed, factors other than the fingerprint peptide itself influence heme conformation; even
hemes b display high amounts of ruffling in the nitrophorins as a result of interactions between
heme pocket residues and the porphyrin.132 Elucidating the role of heme distortion in
determining reduction potential is complicated, and there is not a clear correlation between
reduction potential and extent of heme distortion among cytochromes c. This lack of a clear
correlation is not surprising as many factors contribute to determining reduction potential such
that any one factor alone rarely shows a clear correlation with potential. Nevertheless, altering
the conformation of hemes c via the attachment peptide properties does provide a means by
which potential of hemes ¢ can be tuned.

The large variation seen in heme ¢ conformation among cytochromes c is somewhat surprising
given the evidence that its being attached to a CXXCH peptide plays a key role in determining
heme conformation. Examination of the structures of this segment in a range of cytochromes
c reveals that the backbone structure of the CXXCH motif shows little variation, even among
proteins in which the variable “XX” residues have very different properties (charge and size;
see Fig. 10). Despite the similar structures seen for different proteins, there is evidence that
this peptide displays varying extents of hydrogen bonding within the motif depending on the
identity of the “XX” residues and/or the peptide’s environment. Weaker hydrogen bonding
within this motif has been proposed to allow the heme to relax into a more planar conformation.
26,127 n g study of microperoxidase-8, the extent of ruffling was shown to be greater in a
hydrophobic environment; this was proposed to be a result of enhanced hydrogen bonding from
the amide NH of Cys 17 and His18 to the backbone carbonyl of Cys14 tighten the pentapeptide
structure and distort the heme. 126 Variability in the stability of these hydrogen bonds also is
observed in studies of full-length cytochromes c. This is seen in hydrogen-deuterium exchange
rates of the backbone HN of the second Cys and the His in this motif. Given the strong
conservation of the CXXCH backbone structure (Fig. 10), slow exchange is expected for the
amide protons second Cys and the His in cytochromes c as they hydrogen bond with the first
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Cys carbonyl. Nevertheless, hydrogen-deuterium exchangge rates of the second Cys and His of
this motif are quite variable among cytochromes c. 133-138 The means by which such
variations impact heme conformation remains to be examined in a systematic manner, but
represents an intriguing direction of future study. Comparison between different protein species
presents difficulties because of the multiple factors influencing heme conformation. Recently,
pomt mutations that alter the hydrogen exchange rates within this motif have been reported,

35 and analysis of heme conformation in these and related mutants may provide some insight
into this interesting question.

7 The His-Fe interaction in heme ¢

The nature of His-Fe coordination plays an important role in modulating reactivity of heme
proteins.31' 139-144 | terms of electron transfer, the most common function of heme c, it is
important to consider reduction potential and iron spin state which influence thermodynamics
and kinetics of electron transfer. Factors that differentially impact the strength of the His-Fe
interaction in the oxidized and reduced states of heme have corresponding effects on reduction
potential, and factors that affect the ligand-field strength of the His influence iron spin state
and reactivity. One method by which these factors can be tuned is by modulating the extent of
histidine (neutral imidazole) versus histidinate (anionic imidazolate) character of the axial His
side chain through the His and heme environment and the heme structure itself. A more anionic
His favors a lower reduction potential by stabilizing the higher iron oxidation state, and also
favors a low-spin heme. Intriguingly, a number of studies, discussed subsequently, suggest that
the properties of the peptide segment attaching the heme ¢ prosthetic group to polypeptide
modulate the His binding affinity for ferric vs. ferrous iron and thus heme c reduction potential.

The effect of covalent attachment on His-Fe bonding has been examined using both model
systems and cytochromes c. One type of model system used is synthetic peptide-sandwiched
mesoheme (PSM), an effective m|m|c of proteins with covalently bound heme with bis-His
axial coordination (Fig. 11A, B) 5, 146 Tajled porphyrin covalent linkers are used to attach
the porphyrin ring to a peptide unit, lowering the energy required for intramolecular His ligation
to iron. Modifications of PSMs have been introduced that stabilize the His-Fe(l11) state, and it
is proposed that the diminished peptide mobility arising from the presence of covalent peptide-
porphyrin bonding results in stabilization of His-Fe(l11) coordination relative to His-Fe(Il)
coordination and therefore a negative shift in reduction potential.

Another important class of models for studying metal-ligand interactions in heme c has been
the microperoxidases.147v 148 A comparison of Fe(l1l) microperoxidase-8 (MP-8, Fig. 11C),
which has two covalent peptide-heme linkages, with a synthetic heme peptide containing only
one covalent linkage to the heme prosthetic group reveals greater thermodynamic stability of
metal-ligand interactions in MP-8. 149, 150 | addition, heme affinity for thioether ligands is
increased as His- Fe(III) binding is enhanced; thioether interactions with ferric iron are
inherently weak. 191 The two heme- peptide covalent bonds provided by the CXXCH motif
were demonstrated to enhance the His ligand field strength such that a ferric heme with His/
Met axial ligation is low-spin; this results in stronger thioether bonding. In contrast, in a heme
with only one such covalent bond, His/Met axial ligation does not yield a pure low-spin state
for the ferric state. 190 Notablf/ ferric cytochrome bggy, which has His/Met axial ligation, also
exists as a spin-state mixture. Mamtammg a low-spin state in both the oxidized and reduced
forms of the protein has implications for electron transfer function and heme reactivity more
broadly.

Mutation of residues in and near the CXXCH motif in cytochromes ¢ has been a valuable tool
for assessing the effect of the heme-binding motif on the His-Fe interaction. In one study, the
Cys14Ser mutant of S. cerevisiae iso-1-cytochrome ¢ was prepared and a fraction of the ferric
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protein was found to be high-spin. 153 Similarly, variants of Ht cytochrome css, with one and
no Cys linkages to heme have been prepared; the b-type variant displays a decrease i |n reductlon
potential of 75 mV, but no characterization of electronic structure has been reported 8 Mutants
of two homologous bacterial cytochromes ¢, Pseudomonas aeruginosa cytochrome cgs; and
Ht cytochrome cs5,, have been examined to gain insight into how properties of amino acid
residues in and near the heme binding motif influence the conformatlonal flexibility of the
heme attachment peptide as well as the His-Fe interaction. Specmcally mutating one of
the variable “X” residues, at position 13, along with nearby residue 22, which lies across the
CXXCH loop, was found to cause significant changes in the local flexibility of the CXXCH
motif.135 Decreased conformational fluctuations of CXXCH were correlated with decreased
reduction potential in these variants. In the cytochromes ¢ from Pa and Ht, the HN31 of the
axially ligated His participates in a hydrogen bonding interaction with the carbonyl oxygen of
Pro25. 1H and 1°N NMR studies revealed that this hydrogen bond is strengthened in the ferric
but not the ferrous state of lower potential mutants, in support of the proposal that the properties
of the CXXCH motif influence the anionic character of His.

Although there is compelling evidence that covalent heme attachment influences the His-Fe
interaction, the number of systematic studies of such effects is limited. One challenge is the
difficulty of preparing appropriate model complexes; the report that a range of
microperoxidases can be prepared by expression may provide a route to more systematic
studies of this effect.107 Another challenge comes with characterizing subtle effects on the
His-Fe bond within a complex moIecuIe such as a protein. Further application of methods such
as NMR of paramagnetic specres1 and nuclear resonance vibrational spectroscopy
expected to aid in these studies in the future.

8 Functional bases for heme ¢ attachment

In the literature there are a number of discussions that address the question of why covalent
attachment is important for the function of cytochromes c. Reasons put forth include enhancing
protein stability, stabilizing a particular orientation of partially solvent-exposed heme,
minimizing the residue-to-heme ratio, and facilitating the assembly and folding of multi-heme
proteins and/or structures with closely packed hemes.4-6: 66 In this review, we discuss the
question of the functional significance of heme c from the bioinorganic chemistry perspective,
that is, we consider the influence of heme covalent attachment on the properties of the heme
itself and on iron-ligand interactions. In addition, we remark on the specific importance of
covalent heme attachment in mitochondrial cytochromes c.

The discovery that release of cytochrome ¢ from mitochondria is an |mportant apoptosis trigger
revealed a previously undiscovered function of cytochrome cin cell death.4 Notably,
apocytochrome ¢ does not display pro-apoptotic actrvrty Subsequently, the pro-apoptotic
activity of cytochrome c has been linked to a conformational change involving the heme
crevice4® and to heme redox state.43: 44 A biophysical study of mitochondrial cytochrome

¢ binding to apoptotic protease activating factor 1 (APAF-1) revealed an extremely high affinity
interaction, such that presence of onIy a few molecules of holocytochrome c in the cytoplasm
is sufficient to induce apoptosrs.15 Thus, the presence of any holocytochrome c in the
cytoplasm in the absence of pro-apoptotic stimuli needs to be prevented, and the assembly of
holocytochrome ¢ within the mitochondrial intermembrane space assures that holocytochrome
c is not present in the cytoplasm ugon synthesis. In fact, cytoplasmic apocytochrome ¢ blocks
Bax-induced apoptosis in cells. 193 A specialized basis for covalent attachment of heme to
mitochondrial cytochrome c thus is assuring that newly synthesized holocytochrome c is not
in the cytoplasm. Notably, many proteins in the intermembrane space are small, with folding
stabilized by binding cofactors or forming disulfide bridges. Such “folding-traps” have been
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proposed more generally to ensure unidirectional transport of proteins into the intermembrane
space.

Looking more broadly beyond the special role of mitochondrial cytochrome ¢ in apoptosis,
there are a number of ways in which heme ¢ covalent attachment influences heme reactivity;
these have been addressed in sections above but will be summarized here. One is the finding
that heme ¢ attachment enhances the bonding of the His within the CXXCH motif with iron.
Aresult is an increase in the ligand-field strength such that hemes ¢ with axial His/Met ligation
are typically purely low-spin in both oxidation states. A further effect is enhancing distal Met-
iron bonding, an interaction particularly weak in the ferric state. The greater ligand field also
prevents redox-linked changes in spin state which are expected to increase reorganization
energy associated with electron transfer.

The enhancement of ligand field strength by heme covalent attachment also has implications
for functionally important conformational changes. As has been noted previously,5 there is a
number of examples of heme c-containing proteins that undergo conformational changes linked
with changes in heme redox state. Examples include cytochrome cdy nitrite reductase, in which
the heme c displays redox state-dependent ligation proposed to control electron transfer rates,
49 and DcrA, a c-heme chemotaxis signal transducer that has two endogenous axial ligands in
the reduced state, but has an open coordination site when oxidized.24 In addition, ten c-heme-
containing sensor proteins that undergo an internal redox-driven change in heme coordination
have been identified in G. sulfurreducens.>3 Covalent heme attachment has two possible roles
in these proteins. One is enhancement of metal-ligand bonding will promote rearrangements
of the protein fold to be driven by or coupled to binding of the distal ligand to heme, in particular
when that ligand is Met. Secondly, covalent attachment of heme is expected to make the protein
structure more robust in multiple conformations, and to prevent dissociation of heme in the
course of large conformational changes. However, it is important to note that redox-linked
changes in structure and heme ligation are not limited to heme c-containing systems.

Another major influence covalent attachment has on heme is to alter its conformation. Hemes
c tend to have a ruffled conformation, and heme ruffling lowers reduction potential. Not all
hemes c are highly ruffled, and this variation points to heme ¢ conformation being highly
tunable based on the properties of the attachment peptide and other heme pocket residues.
Changing heme conformation changes heme electronic structure and reactivity, and affects
other functions such as ligand binding.160 Our understanding of the effects of heme
conformation on protein function is at an early stage, althou%h analyses in particular by NMR
of paramagnetic heme proteins have been informative.132, 161 | addition, femtosecond
correlation spectroscopy, which allows observation of low-frequency modes associated with
heme distortions from planarity, is a recently developed tool that will be valuable in studies of
heme conformation.162 In summary, analyses of the influence of heme covalent attachment
on heme conformation and ligand interactions provide compelling evidence that enhancement
of ruffling and of the His-Fe(l11) interaction, both of which lower reduction potential, may
account for the greater range of reduction potentials seen for hemes ¢ compared to hemes b.
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CH4COy CH,CO, CH,CO5 CH5CO, CH,CO, CH, COy

Figure 1.

Chemical structures of (A) heme b, (B) heme c, and (C) heme d;. The Fisher numbering system
for heme substituents is shown in (A). The curve in (B) represents a peptide segment; usually
two residues separate the two Cys, and the His axial ligand follows the Cys attached to position
4. Heme o has a hydroxyfarnesyl group in place of vinyl 2 in (A), and heme a has a
hydroxyfarnesyl group in place of vinyl 2 and a formyl group in place of methyl 8.
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Figure 2.

(A) Three-dimensional structure of heme c (side view) and the CXXCH (residues 14-18)
pentapeptide from the structure of horse cytochrome ¢ (PDB: 1HRC). The side chains of
residues 15 and 16 are omitted for clarity. Note the nonplanar structure of the heme. (B) Ball-
and-stick representation of backbone atoms of CXXCH maotif. Hydrogen bonding interactions
between the backbone HN of the second Cys and the His to the backbone CO of the first His
are shown with dashed lines.
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Figure 3.

Three-dimensional structures of cytochromes ¢ representative of each of the 4 structural
classes. (A) Class 1: horse cytochrome ¢ (PDB: 1HRC); (B) Class 2: Rhodopseudomonas
capsulatus cytochrome ¢’ (1CPQ); (C) Class 3: Desulfovibrio vulgaris Hildenborough
cytochrome c3 (LCTH); (D) Class 4: Photosynthetic reaction center from Rhodopseudomonas
viridis (1PRC). In (D), cofactors other than the four hemes ¢ are omitted for clarity. The
polypeptides are shown in ribbon format and the hemes as sticks.

Nat Prod Rep. Author manuscript; available in PMC 2009 December 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Bowman and Bren

Page 21

Figure 4.
Three-dimensional structure of Desulfovibrio vulgaris Hildenborough HmcA (PDB: 1H29), a
hexadecaheme cytochrome c, with hemes ¢ shown in magenta.
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Figure 5.

Schematic representation of systems for heterologous expression of cytochromes c in E. coli.
(A) System based on E. coli Ccm machinery. A pre-apocytochrome c is expressed with an E.
coli-compatible signal sequence directing translocation into the periplasm, where the Ccm
apparatus assists with heme attachment. (B) System based on yeast CCHL. A cytochrome c
structural gene is expressed along with yeast CCHL, which catalyzes heme attachment. As no
signal sequence is used, heme attachment takes place in the cytoplasm.
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(A) Proposed nucleophilic mechanism for formation of Tt rCss,. An analogous radial

Page 23

mechanism also is plausible.113 (B) Proposed mechanism for formation of p572 from Tt

rCsso. 113 The proposed thiirane product shown has not been characterized.
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Figure 7.

(A) Structure of T. thermophilus rCss7 (PDB: 1FOC). Each heme is rotated about the a,y-meso
axis relative to the orientation in correctly matured cytochromes c, and each heme is attached
via one thioether bond between 2-vinyl and Cys14. The Cys11 residues form an inter-protomer
disulfide bond rather than binding to heme. (B) Detailed view of heme and residues 11-15
(CXXCH) in rCgs57. The atoms from each protomer are depicted in different colors. Note that
the heme groups and CXXCH units from the two protomers are linked to each other via the
interprotomer disulfide.
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Figure 8.
Out-of-plane modes representing nonplanar deformations of the porphyrin macrocycle, from
work of Shelnutt and coworkers.124
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Figure 9.

NSD results for horse heart cytochrome ¢ (1HRC), P. aeruginosa cytochrome css; (351C),
and Paracoccus denitrificans cytochrome ¢, (LCOT). The primary mode of distortion of heme
c usually is ruffling. However, the amount of ruffling varies substantially among cytochromes
¢, and the heme of cytochrome c; is nearly planar.
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Figure 10.

Overlay of CXXCH pentapeptide backbone for ten cytochromes ¢ with diverse residues in the
variable “XX” positions shown in (A) ball-and-stick and (B) ribbon format. Each protein is
represented with a different color in (B). Proteins with crystal structures with 1.5-A or better
resolution were selected. The PDB accession codes and the identity of the variable “XX”
resides in the structures are: 1B7V (1S), 1GU6 (AD), 11QC (NS), 1YNR (MA), 1CTJ (AA),
2CTH (GD), 351C (VA), 1HRC (AQ), 1C2R (KT), 2YCC (LQ).
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Figure 11.

Examples of model systems utilized to study the effects of covalent attachment on the His-Fe
interaction. (A, B) Peptide-sandwiched mesohemes (PSMs),145v 146 (C) Microperoxidase-8
(MP-8).
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