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Summary

Cytochromes bc; and bgf are enzyme complexes catalyzing essential electron transfer
reactions in bacterial and organellar energy-transducing membranes. Electron transport relies
on heme and Fe-S redox cofactors contained in the three catalytic subunits common to bcy
and bef complexes: a b-type cytochrome (cytochrome b), a c-type cytochrome (cytochrome
¢y or f) and a [2Fe-2S]-containing protein (Rieske). Maturation of the b-type and c-type
cytochromes requires conversion of the subunit from the apoform to the holoform by the
incorporation of two hemes (b and by) in cytochrome b of the bc; complex, three hemes (b,
by and ¢j) in cytochrome bg of the bgf complex, and a single heme (¢) in both cytochromes
c1 and f. Assembly of heme ¢ requires the formation of two thioether bonds at a CXXCH
motif in cytochrome c; and f on the p-side, and for ¢;, a single thioether bond in cytochrome
be on the n-side of the membrane, respectively. It is not known how non-covalently bound
hemes (bp and by) are inserted into cytochrome b and bg, but covalent linkage of heme is
known to be a catalyzed process. The chemistry of thioether linkage formation appears, on the
surface, to be simple (i.e. addition of a sulthydryl to the a carbon of the vinyl group of heme).
However, experimental investigations in bacteria, mitochondria and plastids have revealed
an unsuspected biochemical complexity for this process. At least six different pathways for
thioether bond formation have been described. Four of these, System I, II, III (on the p-side)
and IV (on the n-side), are defined by prototypical components and have been extensively
studied.

l. Introduction in aerobic respiration in diverse bacterial
phyla and all mitochondria, with the
exception of some protozoan parasites and
one photosynthetic alveolate (Nawathean

and Maslov 2000; Stechmann et al. 2008;

Cytochrome bc; and cytochrome bgf
complexes (hereafter referred to as bc; and
bgf) are multimeric enzymes responsible for

electron transfer reactions in bacterial and
eukaryotic energy-transducing membranes
(Dibrova et al. 2013; Hasan et al. 2013).
Cytochrome bc; complexes are quinol-
cytochrome ¢ oxido-reductases that function

Abbreviations: BN-PAGE — Blue native polyacry-
lamide gel electrophoresis; Fe-S — Iron-sulfur; HHP
— Heme handling protein; HO — Heme oxygenase;
HRM — Heme regulatory motif; IMS — Intermembrane
space; ISP — Iron-sulfur protein; OPR — Octotricopep-
tide repeat; PSI — Photosystem I[; TDOR — Thiol-
disulfide oxido-reductase; TMD — Transmembrane do-
main; Y2H — Yeast two-hybrid; WWD — tryptophan
rich domain containing the tryptophan-tryptophan-
aspartic acid signature

Flegontov et al. 2015). In photosynthetic
bacteria, bc; are also key enzymes in
anoxygenic photosynthesis (see Chap.
10). On the other hand, cytochrome
bef complexes are essential to oxygenic
photosynthesis and operate as quinol-
plastocyanin (or cytochrome c¢g) oxido-
reductases in all cyanobacteria and plastids
of both algae and land plants (see Chap. 9).
In cyanobacteria, bgqf is also required for
the respiratory electron transfer chain (see
Chap. 17). Variations of the typical bci/bgf
enzymes also exist in several eubacterial and
archeal lineages. Such a variant is the bc
complex, an enzyme related to the bgf, and
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present in both anoxygenic phototrophic and
non-phototrophic bacteria of the Firmicutes
phylum (see Chap. 3).

Common to bcy and bgf are three catalytic
subunits, a b-type cytochrome, a c-type cy-
tochrome (c; or f), and a Rieske iron-sulfur
protein (ISP), which harbor the prosthetic
groups required for catalysis (Dibrova et al.
2013; Hasan et al. 2013). In addition to
the catalytic subunits, bc; and bgf contain
subunits which do not participate directly in
electron transfer, but are required for assem-
bly/activity of a functional complex. While
mitochondrial bc; contains additional seven
or eight subunits that are absent in bacte-
rial bc; complexes (see Chap. 10), the four
additional subunits found in the chloroplast
bef have counterparts in the cyanobacterial
complex (see Chap. 9). The biogenesis of
bcy and bgf is an intricate process, requiring
the synthesis of the structural subunits, the
maturation of the redox subunits by attach-
ment/incorporation of the prosthetic groups
and the stepwise integration of the different
subunits in the membrane. In this chapter,
we will focus on the pathways controlling
prosthetic group attachment to the catalytic
subunits of bc; and bgf, with emphasis on the
heme attachment reaction.

Il. Prosthetic Groups in bc,
and bgf

A. Common and Unique Prosthetic
Groups in bcy/bgf Complexes

Iron-sulfur (Fe-S) cluster and heme (ferro-
protoporphyrin IX) are the prosthetic groups
common to both bc; and bgf complexes
and are present in the three conserved
catalytic subunits (Dibrova et al. 2013;
Hasan et al. 2013). The membrane-anchored
Rieske subunit, present in both bc; and
bef, contains a single [2Fe-2S] cluster in a
domain facing the p-side! of the membrane

Ip- and n-sides refer to the positive and negative
side of the energy-transducing membrane system,
respectively. The p-side corresponds to the bacterial
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(Dibrova et al. 2013; Hasan et al. 2013).
Rieske ISPs are characterized by unique
ligand coordination of their Fe-S cluster,
with one of the two iron centers being
coordinated by two cysteine residues and
the other by two histidine residues (Schmidt
and Shaw 2001). In bcy/bgf, cytochromes
b and bg are membrane-embedded proteins
containing two b-hemes, by and by, on the
p- and n-side of the membrane, respectively.
Both hemes of cytochromes b and bg are
coordinated by two conserved histidines in a
four-helix bundle. Cytochromes c¢; and f are
membrane-anchored, c-type cytochromes,
also generically referred to as cytochromes
c. Cytochromes of the c-type are a large
family of hemoproteins with one or several
heme moieties covalently attached to a
CX,C(H/K)> motif, known as the heme-
binding site (Thony-Meyer 1997). Axial
ligands of covalently linked heme in c-type
cytochromes are provided by the H/K residue
in the heme-binding site and an amino acid
in the protein, usually a methionine residue
(Thony-Meyer 1997). Histidine in the heme-
binding site is the most common axial ligand
and lysine is only found in nitrate-reducing
enzymes (Einsle et al. 1999). In cytochrome
c1 and cytochrome f, a single heme c is
attached on the p-side of the membrane. This
attachment occurs via two thioether bonds
between the vinyl-2 and -4 groups of heme
and the sulthydryl groups on the first and
second cysteines occurring in a CXXCH
motif of the protein. A notable exception
occurs in the phylum Euglenozoa where
the vinyl-4 of heme is linked to a single
cysteine contained within a FXXCH motif
in mitochondrial cytochrome ¢; (Priest and
Hajduk 1992).

perisplasm, thylakoid lumen and mitochondria IMS
while the n-side is the bacterial cytoplasm, plastid
stroma and mitochondrial matrix.

ZWhere X can be any amino-acid except cysteine.
The number of intervening residues (n) is usually 2,
with the rare exception of some bacterial cytochromes
where n =3, 4 or 15 (Jungst et al. 1991; Jentzen et al.
1998; Aragdo et al. 2003; Hartshorne et al. 2007).
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Another type of covalent linkage of a
single heme, referred to as heme c¢; (or ¢y),
has been found in cytochrome bg. This heme
is covalently linked via one thioether bond
between the o carbon of the vinyl-2 group
of heme and a cysteine residue (Kurisu et al.
2003; Stroebel et al. 2003). Heme ¢; was
also detected as covalently linked to the
cytochrome b subunit of the bc complexes
in Bacilli and Heliobacteria representatives
of the Firmicutes phylum (Kutoh and Sone
1988; Yu and Le Brun 1998; Ducluzeau et al.
2008). Unlike heme ¢ in cytochromes ¢ and
f, heme ¢; is not attached to a recognizable
consensus motif and is localized on the
n-side of the membrane (de Vitry 2011).
Because b-type and c-type cytochromes
refer to cytochromes with non-covalently
and covalently bound heme(s), respectively,
cytochrome bg, which was initially defined
as a b-type based on by and by hemes is
now also referred to as a c-type cytochrome
because of the presence of heme ¢; (Thony-
Meyer 1997; Kuras et al. 2007).

In addition to Fe-S and heme, subunit
IV of the bg¢f contains two non-covalently
bound pigments, one molecule of chlorophyll
a (Huang et al. 1994; Pierre et al. 1997)
and one molecule of B-carotene (Zhang
et al. 1999), which are absent in the bcy.
The typical carotenoid in bgf is 9-cis-p-
carotene but other carotenoids, such as 9-cis-
a-carotene and echinenone have been found
in some algal and cyanobacterial enzymes
(Boronowsky et al. 2001; Li et al. 2005).
The function of chlorophyll a and B-carotene
remains enigmatic as light is not required
for electron transfer catalyzed by the bgf
complex.

B. Incorporation of Prosthetic Groups
in bcy and bgf Subunits

Maturation of the redox subunits of the bc;
and bgf requires apo- to holoform conversion
of the subunit by the incorporation of one
or several prosthetic groups. Failure to incor-
porate the prosthetic group yields a bcy/bgf
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assembly defect as the apoform of the sub-
unit is usually unstable and degraded. One
notable exception is the Rieske ISP in Sac-
charomyces cerevisiae, whose apoform was
shown to assemble in the bc; in the absence
of Fe-S cluster incorporation (Graham and
Trumpower 1991).

While the requirement for catalysis in the
covalent attachment of heme has long been
acknowledged, it is not known if incorpo-
ration of non-covalently bound cofactors,
such as b-hemes into apocytochrome b/bg,
chlorophyll @ and P-carotene into subunit
IV and the Fe-S cluster in the Rieske ISP
are also enzymatically assisted in vivo. The
fact that these cofactors are retained by non-
covalent interactions, and were shown, in
some cases, to be correctly inserted into
their corresponding apoprotein(s) in vitro,
has led to the assumption that incorporation
of non-covalently bound cofactors is not a
catalyzed reaction in vivo (Robertson et al.
1994; Holton et al. 1996; Gubernator et al.
2006). The recent discovery that different
assembly factors of mitochondrial bcy
associate with cytochrome b intermediates
containing either by only or b and by
suggests that incorporation of non-covalent
heme might also be an assisted process
(Hildenbeutel et al. 2014). Another example,
highlighting the role of factors in assisting
the delivery of non-covalently bound heme,
is that of NO synthase. Its biogenesis
requires thioredoxin, the Hsp90 chaperone,
and glycerolphosphate-dehydrogenase for
insertion of b-heme into the apoenzyme
(Chakravarti et al. 2010; Ghosh et al.
2011; Hannibal et al. 2012). The concept
of protein-assisted incorporation of non-
covalently bound prosthetic group extends
to molecules other than heme, as shown
by the description of dedicated carriers
facilitating Fe-S cluster insertion in a subset
of apoprotein target(s) (Balk and Schaedler
2014). Hence, it is possible that incorporation
of the Fe-S cluster in the apoform of
bcy/bef Rieske ISP also requires dedicated
factor(s).
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lll. Pathways for the Covalent
Attachment of Heme

A. Six Distinct Pathways for Heme
Attachment in bcy/bgf

Covalent heme attachment to apocy-
tochromes ¢; and f is a post-translational
modification, occurring on the p-side of the
energy-transducing membrane of bacteria,
mitochondria and plastids (Kranz et al. 2009;
Allen 2011; Mavridou et al. 2013; Verissimo
and Daldal 2014). In cyanobacteria and
plastids, heme c¢; is formed by covalent
linkage of heme to apocytochrome bg on
the n-side of the thylakoid membrane. By
analogy, it is reasonable to assume that heme
¢i in Firmicute bc is also attached on the
cytoplasmic side of the membrane (de Vitry
2011). Heme attachment can take place in-
dependently of the presence of other bc/bgf
complex subunits but the steady-state level
of the holoprotein is usually dependent upon
association/assembly with other subunits
(Kuras et al. 1997; Zara et al. 2007).

At least three distinct mechanisms for the
covalent attachment of heme to the apoforms
of cytochromes ¢; and f, the so-called Sys-
tems I, II and III, have been described (Kranz
etal. 2009; Allen 2011; Mavridou et al. 2013;
Verissimo and Daldal 2014; Babbitt et al.
2015). All of these systems are not unique
to the maturation of cytochrome ¢; and f, but
some also control the heme ligation reaction
to multiple apocytochrome c substrates in the
bacterial periplasm, soluble apocytochrome
¢ in the mitochondrial IMS (intermembrane
space) and soluble apocytochrome cg in the
thylakoid lumen of green algae. A fourth
pathway for covalent heme attachment, Sys-
tem IV, is solely dedicated to the attachment
of heme c; to apocytochrome bg, and hence is
specific to the biogenesis of the bgf (de Vitry
2011).

Because each system can be recognized on
the basis of unique assembly factors, the dis-
tribution of the different maturation pathways
was analyzed in the three domains of life.
While the occurrence of a heme attachment
pathway cannot be entirely predicted, a few
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generalities about the distribution of the three
systems in energy-transducing membranes
have been noted (Bertini et al. 2007; Allen
et al. 2008a; Giegé et al. 2008; Allen 2011;
Babbitt et al. 2015). While all bacteria uti-
lize System I or System II, archaea have
so far been found to have only System I.
All plastids appear to use System II and
mitochondria possess System I or System II1.

Mitochondrial cytochromes ¢ and ¢, with
a heme attached via a single thioether bond,
were found to occur in all three major tax-
onomic groups of the Euglenozoa (diplone-
mids, kinetoplastids and euglenids), even in
the absence of any component of the known
c-type cytochrome maturation system. This
was taken as an indication that a novel path-
way for cytochrome ¢ maturation (also re-
ferred to as System V) must operate in mi-
tochondria of organisms belonging to this
phylum (Allen et al. 2008a; Allen 2011).
Similarly, as no prototypical component of
System IV can be detected in the genomes
of Firmicutes, a novel pathway for thioether
bond formation in cytochrome b, System VI,
was postulated (Allen 2011; Mavridou et al.
2013). Note that because Systems V and
VI are yet to be experimentally investigated,
their designations as novel systems still await
confirmation.

B. Biochemical Requirements for
Thioether Bond Formation

The biochemical requirements to complete
the covalent attachment of heme on the p-side
are presumed to be universal and common
to all energy-transducing membranes
(Hamel et al. 2009; Bonnard et al. 2010).
Covalent heme attachment is dependent
on several steps including: (1) transport of
the apocytochrome ¢ and heme substrates
to the p-side of the energy-transducing
membrane, (2) maintenance of both the
sulthydryls of the CX,C(H/K) motif and
the heme iron in a reduced form, and (3)
formation of two thioether linkages between
the vinyl-2 and -4 of heme, with the N- and
C-terminal cysteines of the heme-binding
motif, respectively.
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1. Transport of Pre-apocytochrome ¢
and Heme

The transport of bacterial and organellar
apocytochromes ¢ from the site of their
synthesis (cytoplasm or plastid stroma) to
their final sub-cellular location (periplasm,
mitochondrial IMS or thylakoid lumen)
has been examined in many experimental
systems. In most cases, this requires
transport of both the heme and the protein via
independent pathways, and pre-apoprotein
cleavage prior to heme attachment.

Most c-type cytochromes are synthesized
in a precursor form with appropriate target-
ing sequences that direct them, as unfolded
polypeptides across at least one biological
membrane, via general translocation routes
such as Sec in bacteria, Toc/Tic/Sec in the
plastid and Tom/Tim in the mitochondria
(Thony-Meyer and Kiinzler 1997; Nakamoto
et al. 2000; Hamel et al. 2009). The prese-
quences are cleaved during translocation to
yield the apoform of the protein, which is
typically the substrate for the heme attach-
ment reaction. Although less common, heme
attachment has been found to occur first
as a prerequisite for processing of the pre-
cytochrome c; in S. cerevisiae mitochondria
(Zollner et al. 1992; Steiner et al. 1996).

The final two steps of heme synthesis,
catalyzed by protoporphyrinogen oxidase
and ferrochelatase, take place on the n-side
of the membrane (Ajioka et al. 2006). Fer-
rochelatase is required for the incorporation
of reduced iron in protoporphyrin IX and
seems to be membrane-associated, facing the
n-side (Ajioka et al. 2006). This orientation
implies that a mechanism for transmembrane
“delivery” of heme from the n-side to the
p-side must operate, since mature heme is
produced on the n-side. Exceptions occur
in organisms where heme is not synthesized
in the mitochondria. Such organisms are
either parasites relying on dietary heme,
like helminths and some trypanosomes,
or eukaryotes producing heme within the
plastid (Atteia et al. 2005; Hamza and Dailey
2012; Koreny et al. 2013). In both cases,
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heme is assumed to be transported from the
cytoplasm or the plastid to the mitochondrial
IMS. With the exception of System II, where
a transmembrane heme delivery route was
shown to be required for cytochrome c
assembly (see Sect. II1.D.2), the pathways
controlling heme distribution from its site of
synthesis are unknown.

2. Maintenance of Sulfhydryls and Heme
Iron in the Reduced Form

In vitro, uncatalyzed conversion of apocy-
tochrome c to its holoform can be achieved
in the presence of heme, provided that a
reducing agent is added to the reaction
(Daltrop et al. 2002; Daltrop and Ferguson
2003, 2004). In the absence of a reductant,
the apocytochrome ¢ heme-binding site is
disulfide-bonded and heme attachment does
not proceed. This indicates that reduced
apocytochrome ¢ is the only competent
substrate for the heme ligation reaction. In
the case of heme, the need of reduced iron
for thioether bond formation is less intuitive
and was deduced from reconstitution
experiments (Barker et al. 1993; Daltrop
et al. 2002). In these experiments, iron in
the ferric form was postulated to initiate
a radical-based chemistry, yielding side
products with incorrectly attached heme.
Hence, the initial oxidation state of the heme
iron, when it is presented to the apoprotein, is
critical to the formation of the thioether bond
linkage. Mechanisms for heme reduction
have been postulated for System I (see
Chap. 27 by Khalfaoui-Hassani et al. in
this volume), System II (see Sect. 11.D.2),
and System III (see Sect. III.E.2). There
are known mechanisms for maintaining the
heme-binding site sulfhydryls in a reduced
form in Systems I and II (see Sects. II1.C.2
and II1.D.3), but not in System III. It is
likely that System V does not require a
mechanism to maintain sulfhydryls in a
reduced form, considering that there is a
single thioether bond forming cysteine in the
A/FXXCH heme-binding motif (Allen et al.
2008Db).
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3. Stereospecific Formation of Thioether
Bond Formation

Chemical reaction of the heme-binding site
sulthydryls with the vinyl side chains of
heme can yield eight possible combinations.
Yet only one combination is found in all
cytochromes ¢, where the o carbons of vinyl-
2 and -4 of heme are linked to the amino
(N)- and carboxyl (C)-terminal cysteines in
the C(X),,CH/K motif (Barker and Ferguson
1999). This stereospecificity of heme
attachment also extends to mitochondrial
cytochrome ¢ of Euglenozoa, where the
cysteine in the A/FXXCH motif is forming
a thioether bond with the a-carbon of the
vinyl-4 of heme (Vilmos et al. 2009). The
mechanisms controlling this stereoselectivity
in the heme ligation reaction still remain
undeciphered.

C. System | or CCM Pathway
(Cytochrome C Maturation)

1. Overview of the CCM Pathway
in Bacteria

The most complex “CCM” (for Cytochrome
C Maturation) pathway, is currently the best
characterized in terms of identity of the
components, their biochemical activities and
the sequence of events (Kranz et al. 2009;
Sanders et al. 2010; Verissimo and Daldal
2014). The CCM was initially discovered
in a- and y-proteobacteria. Additionally,
it was also assumed to operate in the
mitochondria of vascular plants and some
protozoa (e.g. Paramecium spp.), based on
the occurrence of mitochondria-encoded
Ccm-like proteins (Allen et al. 2003).
Extensive functional studies in various
microbial models, including FEscherichia
coli and Rhodobacter capsulatus, led to
the identification of multiple cytochrome
¢ assembly factors that can be categorized
in three functional modules (Fig. 26.1): (1)
heme handling/delivery, (2) preparation of
apocytochrome ¢ substrate via maintenance
of the heme-linking sulfhydryls in a reduced
form, and (3) thioether bond formation. The
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bacterial CCM pathway is detailed in the
Chap. 27 by Khalfaoui-Hassani et al. in
this volume. In the following section, we
review the findings of the mitochondrial
CCM pathway from experimental inves-
tigation in the Arabidopsis plant model
(Fig. 26.1).

2. A Variant of Bacterial System | in Land
Plant Mitochondria

(1) Heme Handling and Delivery. In bacte-
ria, the heme relay pathway includes several
steps in the periplasm: (i) loading of heme
onto CemC and transfer onto heme chap-
erone CcmE, (ii) formation of holoCcmE
by covalent attachment of heme to a con-
served histidine, and (iii) release of holoC-
cmE from interaction with CcmC by the
ABC-transporter CcmAB and CecmD (see
the Chap. 27 by Khalfaoui-Hassani et al.).
In land plant mitochondria, the components
controlling the delivery and relay of heme
can be recognized on the basis to their se-
quence similarity to bacterial CcmABCE,
with the exception of CcmD (Giegé et al.
2008). CcmD, a small membrane-anchored
protein, is part of the bacterial CcmABC-
holoCcmE complex and is required for the
release of holoCcmE (Feissner et al. 2006a;
Richard-Fogal et al. 2008, 2009). It is likely
that CcmD cannot be identified in plants
because there is little conservation of its
primary sequence in System [ in bacteria and
archaea.

Bacterial CcmC is a polytopic membrane
HHP (Heme Handling Protein). HHPs are
heme-interacting proteins containing heme-
coordinating residues (such as histidine)
and hydrophobic amino acids that can
interact with the porphyrin ring (such as
tryptophan) (Li et al. 2011). Bacterial CemC
displays a characteristic tryptophan-rich
“WWD” heme-binding motif, flanked by
two conserved histidines which are essential
for heme loading onto CcmE (Schulz et al.
1999, 2000; Richard-Fogal and Kranz 2010).
Compatible with a function in mitochondrial
cytochrome ¢ assembly, the tryptophan-rich
“WWD” domain and flanking histidines of
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bacteria. System II occurs in chloroplasts, Gram™* and Gram™ (B, §, ¢) bacteria, aquificales and cyanobacteria.
System III is restricted to mitochondria of fungi, animals, apicomplexan parasites, red and green algae and
diatoms. CcdA or DsbD occur in bacterial System I and in System II and are Thiol-disulfide oxido-reductases
(TDORs) of the DsbD family. Cyc2p is restricted to organisms where both HCCS and HCC; S are present. In
animals, only one holocytochrome ¢ synthase, HCCS is present. For System IV, a simplified pathway for the
CCB-dependent heme attachment is shown (adapted from Saint-Marcoux et al. 2009).

plant CcmC are predicted to be exposed
to the mitochondrial IMS (Giegé et al.
2008). Plant CcmC is mitochondria-encoded
and detected in mitochondrial membrane
fractions (Raczynska et al. 2006). A severe
reduction of CcmC abundance, in a mutant

deficient for the processing of the cemC
transcript, has no impact on the activities of
the bc| and cytochrome ¢ oxidase complexes
(Jonietz et al. 2011). However, the abundance
of mitochondrial holocytochrome ¢; and ¢
was not documented and the role of CcmC
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in cytochrome ¢ maturation remains to be
demonstrated.

Arabidopsis CCME is a nuclear-encoded
peripheral protein of the mitochondrial in-
ner membrane with its heme-binding domain
exposed to the mitochondrial IMS (Spiele-
woy et al. 2001). When expressed in the E.
coli periplasm, mitochondrial CCME inserts
correctly in the membrane but is unable to
substitute for the function of bacterial CcmE
in cytochrome ¢ maturation (Spielewoy et al.
2001). However the fact that mitochondrial
CCME binds heme covalently, via its con-
served histidine when expressed in bacteria,
was taken as an indication that its function
as a heme chaperone is probably conserved
(Spielewoy et al. 2001).

Nuclear-encoded CCMA, the ATP binding
component of the ABC-transporter, localizes
to the mitochondrial matrix, and was shown
to be associated with the inner membrane
(Rayapuram et al. 2007). In agreement with
its sequence similarity to bacterial CcmA, a
recombinant form of mitochondrial CCMA
exhibits ATPase activity (Rayapuram et al.
2007). Interaction of CCMA at the inner
membrane with CcmB, the mitochondria-
encoded membrane component of the ABC
transporter, is supported by yeast two-hybrid
(Y2H) experiments (Rayapuram et al. 2007).
ATP/Mg?" was shown to facilitate CCMA
dissociation from the mitochondrial mem-
brane, most likely because ATP hydrolysis
induced conformational changes that mod-
ify the interaction with the transmembrane
domains of CcmB (Rayapuram et al. 2007).
Mitochondrial CCMA occurs in a 480 kDa
complex that does not contain other Ccm
proteins such as CcmF, CCME or CCMH
(see below) (Rayapuram et al. 2007). It is
likely that this complex contains CcmB but
this could not be tested due to the lack of an
antibody against this protein.

(2) Preparation of the Apocytochrome
¢ Substrate. Maintenance of the heme-
linking cysteines in a reduced form is
essential for covalent attachment of heme
to apocytochrome c¢. Bacterial CcmH is
a membrane-anchored, periplasm-facing
thiol-disulfide reductase proposed to be
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involved in maintaining the heme-binding
motif of apocytochromes ¢ in a reduced
form (Sanders et al. 2010; Verissimo and
Daldal 2014). However, its mechanism of
action still remains obscure (Verissimo
and Daldal 2014) (see the Chap. 27 by
Khalfaoui-Hassani et al.). In plants, the
ortholog of CcmH is a nuclear-encoded,
integral inner membrane protein with an
IMS-facing domain containing a RCXXC
redox motif (Meyer et al. 2005). Y2H
experiments show an interaction between
the IMS-facing domain of mitochondrial
CCMH and apocytochrome c¢. Moreover,
in vitro redox assays with a recombinant
form of mitochondrial CCMH show that
the RCXXC motif can reduce a disulfide in
a model apocytochrome c¢ peptide (Meyer
et al. 2005). The thioredoxin-like CcmG and
a TDOR (Thiol-disulfide oxido-reductase) of
the DsbD family (see Fig. 26.1), which are
proposed to maintain bacterial CcmH in a
reduced form, cannot be identified in land
plant genomes (Giegé et al. 2008; Sanders
et al. 2010; Cho and Collet 2013). Hence,
it is unclear how mitochondrial CCMH is
maintained reduced in the IMS (Giegé et al.
2008; Bonnard et al. 2010).

(3) Thioether Bond Formation. CcmF
was long considered to be the component
catalyzing thioether bond formation but
experimental evidence for this claim
was only provided recently (Ren et al.
2002; Sanders et al. 2008; Richard-Fogal
et al. 2009; San Francisco et al. 2014).
Bacterial CcmF is a heme-handling protein
(HHP) with a “WWD” domain and two
flanking histidines on the p-side and two
transmembrane histidines facing the n-side
of the membrane (Richard-Fogal et al. 2009;
San Francisco et al. 2011). The histidines on
the p-side are proposed to bind the CcmE-
attached heme while histidines on the n-
side are ligands of a structural b-heme. The
transmembrane b-heme was proposed to be
involved in transferring electrons from the
cytoplasm to the periplasmic side in order
to maintain the heme substrate in a reduced
form. Arabidopsis CcmF is encoded by the
mitochondrial genome in the form of three
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genes (ccmFyy, ccmFyy, cemF ), each of
which encodes an integral inner membrane
protein with similarity to a corresponding
domain of bacterial CcmF (Giegé et al. 2004;
Rayapuram et al. 2008). Histidines on the p-
side are in CcmFy; and CecmFy; while the n-
side histidines are provided by CcmFy; and
CcmFc. The occurrence of CemFyi, —Fno,
—F¢ in a mitochondrial membrane complex
and Y2H-based interaction of CcmFyny, with
CcmFy; and CemFc suggest that all three
CcmF proteins constitute a functional unit
in plant mitochondria (Giegé et al. 2004;
Rayapuram et al. 2008). CcmFy; also
contains the WWD domain that was shown
to face the IMS and interact with apoforms
of both cytochrome ¢ and ¢ in an Y2H assay
(Rayapuram et al. 2008). CcmFy; interacts
with CCMH in Y2H assays and both proteins
are also detected in a complex at the inner
membrane (Rayapuram et al. 2008). It is
likely that mitochondrial CcmF and CCMH
form a complex controlling the heme ligation
reaction, similar to the bacterial CcmFH,
which was shown to carry the cytochrome ¢
synthase activity (San Francisco et al. 2014).
A role for Arabidopsis CcmFc in c-type cy-
tochrome maturation was evidenced through
the identification of a splicing defect of the
ccmF ¢ transcript that results in decreased
accumulation of holoforms of cytochromes ¢
and ¢; (Francs-Small et al. 2011). Similarly,
an editing defect at a single position in the
cemFy transcript results in loss of CemFy
and severe reduction of mitochondrial c-type
holocytochromes in maize (Sun et al. 2015).

D. System Il or CCS (Cytochrome C
Synthesis) Pathway

1. Discovery of System Il in Plastids

System II was originally discovered in
the green alga Chlamydomonas reinhardtii
through genetic studies of the ccs mutants
(ces for cytochrome ¢ synthesis), a class of
photosynthesis-minus mutants specifically
deficient for the accumulation of the
holoforms of plastid c-type cytochromes
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(Howe and Merchant 1992; Howe et al.
1995; Xie et al. 1998). The ccs mutants
are deficient for the thylakoid membrane-
bound c-type cytochrome f, which is required
for cytochrome bgf assembly, and also
for soluble cytochrome cg, the functional
replacement of plastocyanin in Cu-deficient
conditions (see the Chaps. 30 and 31 by
Bendall and Howe, and Diaz-Moreno et al. in
this volume). All ccs mutants display a block
in the conversion of apo- to holoform of
plastid c-type cytochromes because the heme
attachment to apocytochromes, a chemical
reaction taking place in the thylakoid lumen,
is compromised (Howe and Merchant 1993,
1994; Xie et al. 1998). It is also expected that
lumen resident cytochrome cga, the novel
c-type cytochrome conserved in the green
lineage (see the Chap. 33 by Howe et al.) is
not assembled in the ccs mutants. However,
this could not be determined because its
holoform could not be detected in wild-type
strains.

At least 7 loci, plastid ccs4 and nuclear
CCS1 to CCS6 were uncovered through ge-
netic analysis of ccs mutants (Howe and
Merchant 1992; Xie et al. 1998; Dreyfuss and
Merchant 1999; Page et al. 2004). Sequence
analysis of the cloned ccs4 and CCS! genes
(Xie and Merchant 1996; Inoue et al. 1997)
revealed that the predicted protein products
were novel integral membrane proteins co-
occurring in cyanobacteria, the majority of
the Gram-positive bacteria (e.g. Bacillus sub-
tilis), proteobacteria of the B- (e.g. Bordetella
pertussis), 8 — (e.g. Desulfovibrio desulfuri-
cans), and ¢ groups (e.g. Helicobacter py-
lori, Wolinella succinogenes), and aquificales
(Simon and Hederstedt 2011). Forward and
reverse genetics studies in several bacterial
and cyanobacterial models have confirmed
the roles of CcsA and CCSl1-like proteins
in the assembly of c-type cytochromes. This
led to the definition of a distinct pathway for
thioether bond formation in apocytochrome
¢ (Tichy and Vermaas 1999; Beckett et al.
2000; Le Brun et al. 2000; Kern et al. 2010a,
b). A representation of bacterial and plastid
System II components is shown on Fig. 26.1.
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2. A Transmembrane Heme Channel
with Cytochrome ¢ Synthase Activity

While CcsA was recognized as a member of
the HHP family, based on the presence of the
“WWD” domain and conserved histidines
also found in System I CemC and CcemkF,
there was no motif in CCS1 suggestive of a
biochemical function in thioether bond for-
mation (Inoue et al. 1997; Goldman et al.
1998; Hamel et al. 2003). Functional inves-
tigation of plastid CcsA and CCS1 proteins
established that they are polytopic membrane
proteins with functional domains exposed to
the lumen and essential histidinyl residues
on both the lumen and stromal side of the
thylakoid membrane (Dreyfuss et al. 2003;
Hamel et al. 2003). CcsA and CCSI1 re-
quire each other for accumulation in vivo
and were therefore proposed to function as
a transmembrane heme delivery system from
stroma to lumen in a complex, possibly with
the products of some of the other CCS loci
(Dreyfuss et al. 2003; Hamel et al. 2003).
Experimental support for the biochemical ac-
tivity of CcsA and CCS1 came with the dis-
covery that naturally occurring Cecsl-CcsA
fusion proteins called CcsBA, from several
e-proteobacteria, could assemble reporter cy-
tochrome(s) ¢ in an E. coli strain lacking
all of the Ccm components (Feissner et al.
2006b; Frawley and Kranz 2009; Goddard
et al. 2010; Kern et al. 2010a; Richard-Fogal
et al. 2012). The finding that CcsBA could
substitute for all Ccm components indicated
that the fusion protein was necessary and
sufficient for thioether bond formation. The
function of CcsBA as a transmembrane heme
delivery system was confirmed from spectro-
scopic analysis of the purified CcsBA pro-
tein. This analysis revealed that heme can be
trapped at an external binding domain where
periplasmic localized histidines, provided by
the CcsA moiety, act as axial ligands (Fraw-
ley and Kranz 2009). Histidines in transmem-
brane domains (TMD) of CcsB and CcsA,
close to the cytoplasmic surface of the mem-
brane, were postulated to act as an entry site
for heme. This conclusion was based on the
fact that heme was no longer detected at the
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external binding domain when these residues
are mutated. Imidazole-dependent rescue of
the cytochrome ¢ synthase activity of CcsBA
carrying mutations in the TMD histidines
also supported their implied involvement in
providing a route for heme transport from
the cytoplasm to the periplasm (Frawley and
Kranz 2009). The mechanism by which heme
is maintained reduced prior to the ligation
reaction remains to be established. However,
heme is bound to CcsBA in the oxidized
form when either one of the heme-interacting
histidines facing the periplasm is mutated
(Frawley and Kranz 2009). This observa-
tion led to the proposal that histidine lig-
ands act by protecting reduced heme from
oxidation.

3. Operation of a Transmembrane
Disulfide Reducing Pathway

(1) A Two-Component Redox Pathway
in Bacteria. In System Il, the involvement of
thiol-based chemistry in the heme attachment
reaction was first demonstrated in bacteria
through the discovery of redox factors
controlling cytochrome ¢ assembly. Genetic
screens in System II bacterial models led to
the identification of a thiol-disulfide oxido-
reductase (TDOR) from the DsbD family
at the plasma membrane and a membrane-
anchored, periplasm-facing thioredoxin-
like ResA/CcsX, which are required for
the covalent linkage of heme to apoforms
of cytochromes ¢ (Schiott et al. 1997a, b;
Beckett et al. 2000; Erlendsson et al. 2003).
Loss of function of the redox cytochrome
¢ assembly factors can be bypassed by
provision of exogenous reduced thiols in
the medium, a finding that led to the
proposal that these components function
in a disulfide reducing pathway (Beckett
et al. 2000; Erlendsson and Hederstedt 2002;
Erlendsson et al. 2003; Feissner et al. 2005;
Small et al. 2013). One interpretation is
that the thiols act as a substitute for the
reducing activity of the assembly factors.
A possible mechanism is that the thiols
reduce a disulfide in the apocytochrome c
heme-binding motif to free sulthydryls. In
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agreement with this view is the fact that the
redox cytochrome ¢ assembly factors are no
longer required for heme attachment when
the components of the disulfide forming
pathway are inactivated (Erlendsson and
Hederstedt 2002; Erlendsson et al. 2003;
Small et al. 2013). One likely explanation
is that disulfide bonds in apocytochromes ¢
are formed by the disulfide forming pathway
during their translocation to the periplasm.
When the disulfide forming pathway no
longer operates, sulfthydryls remain reduced
and apocytochrome ¢ is in the competent
form to be acted upon by heme. So it
appears that in bacteria the disulfide reducing
pathway, in the context of thioether bond for-
mation, is only needed to counter sulthydryl
oxidation of the heme-binding cysteines. In
System I bacteria, a similar transmembrane
disulfide reducing pathway (consisting of
the thioredoxin-like CcmG and a TDOR)
is also required for cytochrome ¢ assembly
(Fig. 26.1). As in System II, this pathway
is only necessary for holocytochrome c
maturation when the disulfide bond forming
enzymes operate (Monika et al. 1997;
Deshmukh et al. 2000, 2003; Bardischewsky
and Friedrich 2001; Turkarslan et al. 2008).
In vivo, the disulfide bond in the heme-
binding site of apocytochrome c is reduced to
sulthydryls by action of the thioredoxin-like
ResA/CcsX. This is supported by extensive
biochemical and structural studies of B.
subtilis ResA, which reveal that the enzyme
undergoes drastic conformational change
and consequent increase in reactivity upon
binding of oxidized apocytochrome ¢ (Crow
et al. 2004; Colbert et al. 2006; Lewin et al.
2006, 2008; Hodson et al. 2008). In the
periplasm, ResA is maintained reduced by
the activity of a TDOR of the DsbD family,
which conveys the reducing power across the
cytoplasmic membrane via thiol-disulfide
exchange reactions. The primary source of
electrons for this pathway is provided in the
form of NADPH, via TrxA, the cytoplasmic
thioredoxin (Moller and Hederstedt 2008).

(2) A Bacterial-Like Redox Pathway
in Plastids. In plastids, the implication of
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thiol-based chemistry in the assembly of
plastid cytochrome ¢ was inferred from (1)
the observation that the Chlamydomonas
ccs4 and ccs5 mutants could be phenotyp-
ically rescued by application of exogenous
reductants, and (2) the occurrence in
Arabidopsis of CCDA, another TDOR of the
DsbD family at the thylakoid membrane, and
HCF164, a membrane-anchored thioredoxin-
like protein facing the lumen (Lennartz
et al. 2001; Page et al. 2004; Motohashi and
Hisabori 2010). Loss of function of CCDA
and HCF164 yields a bgf assembly defect,
an expected phenotype if heme attachment to
apocytochrome f* is compromised. However,
this phenotype could not be attributed to a
specific defect in cytochrome c¢ assembly
because the heme attachment reaction was
not monitored in the ccda and hcfl64
mutants in Arabidopsis (Lennartz et al. 2001;
Page et al. 2004). Molecular identification
of the Chlamydomonas CCS5 gene showed
that the corresponding gene product is
the ortholog of Arabidopsis HCF164.
CCS5 was shown to interact with plastid
apocytochromes ¢ in a Y2H assay and a
recombinant form of the molecule was active
in reducing a disulfide-bonded CXXCH
motif in a soluble form of apocytochrome f
in vitro (Gabilly et al. 2010). Based on these
findings, a role for CCS5/HCF164 as an
apocytochrome ¢ disulfide reductase in the
heme attachment reaction was formulated.
Oxidation of apocytochrome ¢ CXXCH
motif in the thylakoid lumen remains to
be demonstrated, but the fact that the ccs5-
null mutant is rescued in vivo by application
of exogenous thiols is in agreement with
the proposed disulfide reductase activity of
CCS5/HCF164 (Gabilly et al. 2010). It is
possible that, as in bacteria, apocytochrome
c is a target of the disulfide bond forming
pathway operating in the thylakoid lumen,
but this remains to be experimentally tested
(Karamoko et al. 2011; Lu et al. 2013).

The identification of CCS4 is intriguing,
because this component does not display
any motif suggesting a role in thiol-based
redox chemistry (Gabilly et al. 2011). CCS4
displays limited similarity to Arabidopsis
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HCF153, a thylakoid membrane-anchored
protein required for the assembly of the
cytochrome bgf complex (Lennartz et al.
2006). However, the activity and site of
HCF153 action in the assembly process
has so far remained undeciphered. The
thiol-dependent photosynthetic rescue of
the ccs4 mutant, and the suppression of the
ccs4 phenotype by ectopic expression of
CCDA, confirms the activity of CCS4 in a
disulfide-reducing pathway for cytochrome
¢ assembly (Gabilly et al. 2011). Moreover,
the CCDA-dependent suppression of ccs4
solidifies the placement of CCDA in plastid
cytochrome ¢ maturation, as earlier studies in
Arabidopsis supported, but did not establish
the requirement of plastid CCDA in the
conversion of apo- to holocytochromes c¢
(Page et al. 2004). By analogy to the bacterial
disulfide reducing pathway, the proposed
model is that CCDA and CCS5/HCF164
define a trans-thylakoid pathway for the
delivery of reductants from stroma to lumen
via thiol-disulfide exchanges (Page et al.
2004; Motohashi and Hisabori 2006, 2010;
Gabilly et al. 2010, 2011). The involvement
of CCS4 in the disulfide bond reducing
pathway remains unclear, but a role in
regulating the activity/stability of CCDA was
postulated (Gabilly et al. 2011). The source
of reductant is expected to originate from the
stroma and in organello experiments support
the role of the stromal thioredoxin Trx-m
as a possible electron donor to both CCDA
and HCF164 (Motohashi and Hisabori 2006,
2010).

4. Additional System Il Components
in Plastids?

Saturating screens in System II bacteria have
established the involvement of four assembly
components CcsA, Ccsl/CcsB, a TDOR of
the DsbD family and the thioredoxin-like
ResA/CesX (Beckett et al. 2000; Le Brun
et al. 2000). In plastids, at least four addi-
tional CCS factors were revealed through ge-
netic studies of Chlamydomonas ccs mutants,
out of which, CCS3 and CCS6 still remain
uncharacterized at the molecular level (Xie
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et al. 1998; Page et al. 2004). The CCS2
locus was cloned and the corresponding gene
shown to encode a plastid-resident OPR (oc-
totricopeptide repeat) protein (Cline et al.,
unpublished). Because all the OPR proteins
characterized to date regulate translation, sta-
bility or maturation of chloroplast transcripts
(Auchincloss et al. 2002; Balczun et al. 2005;
Merendino et al. 2006; Eberhard et al. 2011;
Rahire et al. 2012; Kleinknecht et al. 2014;
Marx et al. 2015; Wang et al. 2015), the
CCS2 protein is probably not directly in-
volved in the heme attachment reaction. One
possible function is that it controls the trans-
lation of the plastid-encoded ccsA transcript.
It is plausible that cytochrome ¢ maturation
in the thylakoid lumen is more complicated
than in bacteria and relies on additional com-
ponents. The discovery that CCS4 functions
in the disulfide reducing pathway and appears
to be restricted to photosynthetic eukaryotes
supports this view (Karamoko et al. 2013).
The fact that the Chlamydomonas CCS3,
CCS4, CCS5 and CCS6 loci are only defined
by single alleles suggests that screens for
plastid cytochrome ¢ deficient mutants are
not saturated and that additional CCS loci
could be uncovered (Howe and Merchant
1992; Xie et al. 1998; Dreyfuss and Merchant
1999; Page et al. 2004).

E. System Ill or HCCS (HoloCytochrome
C Synthase) Pathway

1. Discovery of HCCS, the Signature
Component of System il

System III, the first pathway for thioether
bond formation to be described is defined by
a single component, the prototypical HCCS
or holocytochrome ¢ synthase. This enzyme
is responsible for the terminal step in the
holocytochrome ¢ synthesis pathway, that
is, the formation of the thioether bonds
in apocytochromes ¢ and c¢; (Allen 2011;
Babbitt et al. 2015). The HCCS pathway
seems to be restricted to mitochondria of
fungi, animals, apicomplexan parasites,
red and green algae, and some protists
(e.g. Dictyostelium discoideum), as gauged
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from genome sequence analysis (Giegé
et al. 2008; Allen 2011; Mavridou et al.
2013; Babbitt et al. 2015). Remarkably,
the existence of two distinct mitochondrial
enzymes, HCCS and HCC;S, catalyzing
heme attachment onto apocytochrome c¢
and ¢, respectively, was first discovered
more than 30 years ago from studies of
holocytochrome ¢ reconstitution using
apoprotein, heme and mitochondrial extracts
from fungi (Korb and Neupert 1978; Basile
et al. 1980; Hennig and Neupert 1983; Visco
et al. 1985). Identification of the HCCS
and HCC;S-encoding genes came from
later genetic studies of mutants deficient
in mitochondrial cytochromes ¢ and ¢
in fungi S. cerevisiae, Neurospora crassa,
and Candida albicans, and these organisms
have remained the focus of attention for
the analysis of System III (Dumont et al.
1987; Nargang et al. 1988; Drygas et al.
1989; Zollner et al. 1992; Cervera et al.
1998). Genetic studies in S. cerevisiae
established that apocytochrome ¢ can only be
assembled by HCCS, while apocytochrome
c1 1s a substrate of both HCCS and HCC;S
(Bernard et al. 2003). The holocytochrome
c1 synthase activity of HCCS is weak but
can be enhanced if the substrate-enzyme
interactions are modified via over-expression
of the HCCS-encoding gene or point
mutations in either HCCS or apocytochrome
c1 (Bernard et al. 2003). However, animals
are the only System III organisms with a
single HCCS, which was shown to act on
both apocytochrome ¢ and c¢; substrates
(Schwarz and Cox 2002; Bernard et al.
2003).

Both HCCS and HCC; S are peripherally
bound to the mitochondrial inner membrane
and face the IMS, the compartment where the
heme attachment reaction takes place (Du-
mont et al. 1991; Steiner et al. 1995; Bernard
et al. 2005). All HCCSs are related in se-
quence (less than 20 % amino acid sequence
identity in pairwise comparisons) and display
zero to four typical HRMs (heme regulatory
motif), also present in several other heme-
binding proteins, such as the transcription
factor Haplp and HO (Heme oxygenase)
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(Li et al. 2011). In intact or detergent-
solubilized mitochondria, HCCSs were
shown to interact with apocytochromes
¢ (Nicholson et al. 1988; Nicholson and
Neupert 1989; Mayer et al. 1995) and also
with heme via the HRM (Steiner et al. 1996).
Nevertheless, the HRMs are not strictly
essential for formation of holocytochrome ¢
and cp, suggesting that other domains of the
HCCS must be important for their enzymatic
activity (Steiner et al. 1996; Moore et al.
2011).

Because mitochondrial cytochrome ¢
could be correctly matured in the bacterial
periplasm or cytoplasm upon expression
of HCCS alone, and did not require co-
expression of any other assembly factors,
HCCSs were proposed to participate in
the biogenesis of c-type cytochromes
by catalyzing thioether bond formation
(Dumont et al. 1988; Pollock et al. 1998;
Sanders and Lill 2000; Richard-Fogal et al.
2012).

However, despite the fact that HCCSs
were the first c-type cytochrome assembly
factors to be discovered, the specific
enzymatic function of the proteins had
remained elusive for a long time until
recently. An important breakthrough in
detailing the enzymology of HCCS came
with the purification and spectroscopic
analysis of the human enzyme co-expressed
with its cognate apocytochrome ¢ substrate in
the bacterial cytoplasm (San Francisco et al.
2013; Babbitt et al. 2014a, b). Furthermore,
the use of mutant forms of the enzyme
and apocytochrome substrate enabled the
trapping of intermediate complexes, which
led to the delineation of possible steps in
the heme attachment reaction. The first step
in the HCCS-dependent heme attachment
reaction is the binding of heme to the
enzyme via two domains (I and II) containing
conserved residues. One of these, a histidine
in domain II, acts as an axial ligand
of heme. Formation of the heme-HCCS
complex triggers the recognition of the
apocytochrome c substrate. The determinants
for substrate recognition by HCCS were
established using cytochrome ¢ and found
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to lie within a 9 residue sequence upstream
the CXXCH motif (Stevens et al. 2011; Asher
and Bren 2012; Verissimo et al. 2012; San
Francisco et al. 2013). It is likely that the
sequence requirements for recognition of
cytochrome c¢; are similar but this awaits
experimental testing.

The heme-HCCS-apocytochrome ¢ to-
gether forms a ternary complex, where heme
is coordinated by one histidine in domain II
and another histidine in the CXXCH motif
on apocytochrome ¢ (San Francisco et al.
2013). The mechanism for thioether bond
formation is still obscure, but bis-histidinyl
coordination of heme in the heme-HCCS-
apocytochrome ¢ complex is postulated to
provide the ideal geometry for stereospecific
thioether bond formation. In addition, the
observation that some residues in HCCS
control the retention of holocytochrome c
in HCCS suggests that a mechanism for
releasing the mature holoform from the
enzyme is probably required for optimal
cytochrome ¢ synthesis (San Francisco et al.
2013; Babbitt et al. 2014a, b). Interestingly,
none of the domains defined as important
for the HCCS enzymatic activity include the
HRMs initially postulated to be required for
HCCS function (Allen 2011). In HO, another
enzyme containing HRM motifs, the HRM
cysteine sulfhydryls can switch between
an oxidized or reduced form depending on
the cellular redox state. Furthermore, thiol-
disulfide interconversion at the HRMs was
shown to regulate the heme-binding activity
of HO and it is possible HRMs in HCCSs
perform the same function (Yi and Ragsdale
2007; Yi et al. 2009).

2. Missing Components in System IlI?

System III appears deceptively simple in
terms of composition, in contrast to the
complexity of Systems I and II, because
extensive genetic screens in S. cerevisiae
and N. crassa have so far revealed only
HCCS and HCC;S as assembly factors for
mitochondrial cytochromes ¢ (Lang and
Kaudewitz 1982; Dumont et al. 1987; Drygas
et al. 1989; Sherman 1990; Zollner et al.
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1992). Important future avenues for research
include investigation into the mechanisms
of heme delivery to the mitochondrial
IMS. Furthermore, by analogy to System
I and II, mechanisms for maintenance of
the sulthydryls and chemical reduction of
heme prior to the ligation reaction must also
operate. There is evidence that both of these
are still biochemical requirements of the
pathway from in organello reconstitution of
holocytochromes ¢ and c¢;. In the former
instance, the CXXCH sulfhydryls were
shown to be maintained reduced by an
unknown mechanism until the heme ligation
reaction (Nicholson et al. 1987). In the
latter instance, both pyrimidine and flavin
nucleotides were shown to be required for
chemical reduction of heme iron (Basile
et al. 1980; Nicholson and Neupert 1989;
Nicholson et al. 1989; Tong and Margoliash
1998).

One candidate protein for the reduction
of heme is Cyc2p, a mitochondrial protein
first discovered in a screen for cytochrome
¢ deficient mutants in yeast and initially
assigned a function in the import of
apocytochrome ¢ (Dumont et al. 1993;
Pearce et al. 1998; Sanchez et al. 2001).
Cyc2p is an inner membrane anchored, IMS-
facing, NAD(P)H-dependent flavoprotein
and was re-isolated as a factor enhancing
the holocytochrome c¢; synthase activity
of HCCS through a multicopy suppressor
screen (Bernard et al. 2003, 2005). An in vivo
indication that Cyc2p controls a reductive
step in the heme attachment reaction is
the finding that the requirement for its
function can be bypassed by exogenous
reductants (Corvest et al. 2012), similar
to what was observed for plastid and
bacterial cytochrome ¢ assembly mutants
deficient in the disulfide reducing pathway
(Deshmukh et al. 2000, 2003; Bardischewsky
and Friedrich 2001; Turkarslan et al. 2008;
Gabilly et al. 2010, 2011). However, although
redox titrations of Cyc2p flavin indicate that
reduction of a disulfide at the CXX CH site of
apocytochrome ¢ is a thermodynamically
favorable reaction, Cyc2p does not act
as an apocytochrome ¢ CXXCH disulfide
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reductase in vitro. Instead, Cyc2p is able to
catalyze the NAD(P)H-dependent reduction
of hemin in vitro, indicating a possible role in
reducing the heme iron prior to its attachment
(Corvest et al. 2010, 2012). Y2H analysis
showing that Cyc2p interacts with HCCS
and also with apocytochromes ¢ and ¢
led to the proposal that Cyc2p, possibly in
a complex with HCCS, reduces the heme
iron prior to co-factor attachment to the
apoforms of cytochrome ¢ and c;. Operation
of a distinct heme reductase dedicated to
the HCC;S enzyme was postulated based
on the fact that Cyc2p is only required
for the HCCS-dependent assembly of
cytochrome ¢ and ¢; and does not control
the HCC,S-catalyzed heme attachment to
apocytochrome c; (Corvest et al. 2010).
Because Cyc2p appears to be restricted
to fungi, additional mechanism(s) of heme
reduction in System III mitochondria must
exist in other organisms.

F. System IV or CCB (Cofactor Assembly
on Complex C SubunitB)

1. A Multi-step Pathway for Heme c;
Formation in the bsf Complex

Covalently attached heme in cytochrome
be in the bgf and cytochrome b in the bc
of Firmicutes was suspected from spectro-
scopic measurement and the observation
that heme/cytochrome b association was
unusually resistant to denaturing treatment
(Lavergne 1983; Joliot and Joliot 1988;
Kuras et al. 1997; Yu and Le Brun 1998)
However, by or by heme was believed to
be attached covalently at the time and the
discovery of an additional heme (heme c;)
bound via a single thioether bond in the X-ray
structures of chloroplast and cyanobacterial
bef came as a surprise (Kurisu et al. 2003;
Stroebel et al. 2003). Heme ¢; is located
in close vicinity to heme by and unlike
heme ¢ in canonical c-type cytochromes,
does not appear to have any amino acid axial
ligands (Kurisu et al. 2003; Stroebel et al.
2003; de Vitry et al. 2004). Heme ¢; has a
unique axial ligand, a water molecule (or
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possibly a hydroxide ion) also interacting
with a propionate group of heme by. A
pathway for apo- to holocytochrome bg
conversion was deduced from the analysis
of Chlamydomonas strains depleted for
heme or carrying mutations of the histidines
coordinating by and by hemes (Kuras et al.
1997). While apocytochrome bg could be
immunodetected in heme-deprived cells
and mutants unable to ligate by, a distinct
immunoreactive species of cytochrome
be was present in mutants altered for by
ligation. The same species is also detected
when the thioether bond forming cysteine
in cytochrome b¢ is mutated (de Vitry
et al. 2004). This indicates that loss of by
ligation prevents formation of heme ¢; and,
reciprocally, that, in the absence of covalent
attachment of heme, heme by is presumably
no longer retained. Spectroscopic analysis
of the purified bgf complex altered for
by ligation showed that heme b was
present while hemes by and ¢; were lost
(Malnoé et al. 2011). Collectively, these
results demonstrate that holocytochrome bg
assembly proceeds through a by -containing
intermediate, followed by incorporation of
by and formation of heme c¢;.

2. ldentification of Novel Proteins
Required for Heme c¢; Assembly

The accumulation of a bp-containing
intermediate was exploited as a signature
to identify assembly factors controlling
heme c¢; formation, referred to as CCB (for
Cofactor assembly of complex C subunit B?)
(Kuras et al. 1997; de Vitry et al. 2004).
In Chlamydomonas, four CCB loci were
defined from the genetic analysis of bgf-
deficient mutants that no longer assemble
holocytochrome bg but still accumulate the
by -containing cytochrome bg intermediate
(Gumpel et al. 1995; Kuras et al. 1997,
2007). The cch mutants are unable to grow
photosynthetically but still retain low levels
of bef (Lyska et al. 2007; Saint-Marcoux

3B is for petB (or cytochrome bg) of the cytochrome
bef complex (complex C).
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et al. 2009). Wild-type levels of bgf lacking
heme c¢; can be restored in cch mutants with
suppressor mutations attenuating the activity
of the thylakoid FtsH protease (Malnog et al.
2014). This result demonstrates that heme
¢; is not absolutely required for complex
assembly/activity and that bqf lacking heme
¢; becomes prone to proteolytic degradation.
The photosynthetic growth of the suppressed
strains is light-sensitive, an indication that
the presence of heme c¢; is required for
optimal activity of the bgf complex (Malnoé
etal. 2014).

The CCB genes were cloned and the
corresponding gene products were shown to
be novel thylakoid transmembrane proteins
conserved in all organisms performing
oxygenic photosynthesis (Kuras et al. 2007).
In Arabidopsis, loss of function of CCB
proteins yields a defect in heme ¢; formation
(Lyska et al. 2007; Lezhneva et al. 2008). In
cyanobacteria, cch mutants are impaired for
photosynthesis, but the function of CCB in
heme ¢; biogenesis could not be ascertained
because the impact on the bgf complex was
not examined (Ishikawa et al. 2009).

The following pathway of action for
the CCB machinery can be deduced from
genetic and biochemical studies (Fig. 26.1).
Interaction of CCB proteins with cytochrome
be 1s supported by BN-PAGE and co-
immunoprecipitation experiments (Saint-
Marcoux et al. 2009). Because subunit
IV is not detected in association with
the CCB factors, it was deduced that
unassembled cytochrome bg, presumably a
form containing both bp and by hemes, is
the substrate of the CCB machinery. The
detection of a CCB1/cytochrome bg complex
in ccb2, ccb3 and ccb4 mutants indicates
that this complex is the first intermediate
in the pathway and may chaperone the
cytochrome bg substrate before the heme
ligation step. This step is believed to be
catalyzed by a CCB2/CCB4/CCB3 complex,
also detected in association with cytochrome
be In a mutant altered for the thioether
bond-forming cysteine. The presence of
a stable CCB2/CCB4 heterodimer and a
CCB3/cytochrome bg complex indicates
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that these might also be intermediates
in the assembly pathway. A model was
postulated where CCB3/cytochrome bg is
the second intermediate in the pathway
and recruits the CCB2/CCB4 complex
to form the CCB3/CCB2/CCB4 heme
ligation complex (Fig. 26.1). Although the
biochemical activity of the CCB factors
remains to be elaborated, it is reasonable
to postulate that some of the protein
domains must interact with both heme and
cytochrome bg. Moreover a mechanism for
maintaining heme in a reduced form must
exist, considering that the redox state of
the heme iron is critical for the chemistry
of thioether bond formation. Typical heme-
binding motifs found in System I and II
cytochrome ¢ assembly factors, or conserved
histidines, are not present in the CCB
factors (Kuras et al. 2007). Occurrence of
conserved, heme-interacting residues, such
as tryptophan, tyrosine and/or phenylalanine,
in regions exposed to the n-side of the
membrane speaks to a possible heme
handling/relay function, but this remains to
be experimentally tested.
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