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INTRODUCTION time. A cytochrome ¢ has at least one thioether bond formed

Heme is protoporphyrin IX with iron (Fig. 1). It is also
sometimes called protoheme IX or heme b when it is associ-
ated as the prosthetic group of b-type cytochromes. A compre-
hensive review on the enzymes involved in heme biosynthesis
and their regulation has been recently published (109). The
present review covers covalent additions to the porphyrin of
the heme molecule, with emphasis on heme ¢ (cytochrome ¢
assembly) and emerging concepts. In all cases discussed here,
the natural modifications to heme occur after the ferrous iron
(Fe*™) is inserted into the porphyrin by ferrochelatase, the last
enzyme in heme biosynthesis. The site of action of ferroche-
latase is inside the prokaryotic cell (probably at the cytoplasmic
membrane) and similarly in the mitochondrial matrix or chlo-
roplast stroma of eukaryotes. Hence, the mechanisms defining
modifications must take into account how the heme travels
from this location to where it is modified, what the oxidation
state of the heme iron is along the way, and what accessory
factors might be involved.

Heme has been used as a cofactor for over 3 billion years,
and the modifications to make various types, such as ¢ heme in
a cytochrome ¢, have probably existed for almost as long.
Consequently, these ancient molecules have stood the test of
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between a cysteine of the protein and a vinyl group of the
heme. Almost always, two cysteines in a CXXCH “heme bind-
ing motif” of the protein are linked by two thioether bonds to
the two vinyl groups of heme, where the histidine acts as one
axial ligand to the heme iron (Fig. 1). In general, it is thought
that such covalent linkages provide stability to the cytochrome,
making them much less likely to lose their heme or denature
(9). Stability might be particularly important to cytochromes
which function outside of the inner membrane, where all cy-
tochromes ¢ are found. While the mitochondrial cytochrome c,
containing a single heme group, has received the lion’s share of
attention in the last century, it has become clear that in the
prokaryotic world there are hundreds of cytochromes ¢ with
structures and functions unlike those of mitochondrial cyto-
chrome ¢ (128). Some of these may have more than 10 heme
groups (each attached to a distinct CXXCH motif) in a single
polypeptide. Moreover, they function in diverse and sometimes
extraordinary electron transport chains that have evolved in an
untold number of prokaryotic species. Many species have the
classic aerobic respiratory chain from which the mitochondrion
is derived, but countless cytochromes ¢ are involved in photo-
synthesis or reduction of terminal electron acceptors such as
nitrates, dimethyl sulfoxide, metals, and more (128). These
oxidation/reduction reactions have a profound impact on
the planet’s environment, including all of the earth’s nutri-
ent cycles.

The typical purpose of these diverse electron transport
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FIG. 1. Types of heme (b, o, a, and c), modifications and genes/enzymes required for modification, as discussed in the text. The Fischer

numbering system was used.

chains is the generation of a proton gradient across the inner
membrane and thus energy conversion. This gradient is in turn
used to make ATP, for motility, for transport, and for other
processes common to all life. It is the respiratory diversity that
has, in part, made the prokaryotic world so successful in in-
habiting nearly every microenvironment on earth. For exam-
ple, in Shewanella species, “nanowires” assembled with differ-
ent multiheme cytochromes c¢ shuttle electrons from organic

substrates inside the bacterium to metal precipitates such as
iron oxides or uranium outside (67, 143). In so doing, they
often solubilize the metal. This molecular nanowire involves
four different c-type cytochromes, three each with 10 c-type
hemes (MtrA, MtrC, and OmcA) and one with 4 hemes
(CymA) (143). Understanding the mechanisms by which or-
ganisms attach heme to each CXXCH motif in all cytochromes
¢ is the major topic of this review. Of the three pathways to
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assemble a cytochrome c (i.e., to covalently attach the heme),
prokaryotes use the pathways called systems I and II. System I
is comprised of eight proteins (CcmABCDEFGH) and system
II of minimally two proteins (CcsBA) that are dedicated
strictly for cytochrome ¢ biogenesis (Fig. 2). All are integral
inner membrane proteins.

Here we bring in old and new ideas on mechanisms of
cytochrome ¢ assembly via analogies to other heme modifica-
tion mechanisms. We propose future challenges in fully under-
standing the molecular mechanisms and evolutionary under-
pinnings behind the biosynthetic pathways. One of the goals of
this review is to move from the traditional “protein blob”
models to a membrane topological and structure/function level
in describing the biosynthetic pathways. We believe that ex-
perimental topological data and recent biochemical studies of
the systems facilitate this level of understanding.

HEME TYPES AND MODIFICATIONS

Experimentalists over the last century have characterized a
handful of major types of heme molecules with various natural
modifications (Fig. 1). These hemes were initially discovered
based on their spectral characteristics and later characterized
based on their unique heme chemistries that yield the distinct
spectral absorptions. Over the last 2 decades, the biosynthetic
mechanisms behind these heme modifications have been at the
forefront (reviewed in, e.g., references 84, 115, and 154). Be-
cause there are some similarities among the chemical mecha-
nisms and positions in the porphyrins for certain modifications,
it is instructive to review the prominent types of hemes (Fig. 1).

Except for heme d, which appears to have bireductive hy-
droxylations at carbons 5 and 6 of the porphyrin rings, other
noteworthy modifications to heme involve additions to one or
both vinyl groups at the porphyrin carbons designated 2 and/or
4 (Fig. 1). The modifications can range from a single change
catalyzed by a single enzyme to a complicated pathway involv-
ing many protein accessory factors. In the former, hemes o and
a both have a farnesyl addition to vinyl group 2, catalyzed by
the protoheme IX farnesyltransferase enzyme, also called
heme o synthase. Heme o synthase is encoded by the Esche-
richia coli cyoE, the Bacillus ctaB, and the yeast COX10 genes,
all of which are related (133, 156). Additionally, in heme a, a
methyl group at carbon 8 is oxidized to an aldehyde. Heme o
is the substrate for this modification, which is catalyzed by a
heme-containing monooxygenase (or peroxidase) enzyme
called heme a synthase, encoded by the Bacillus ctaA and the
related yeast COX11 genes (31, 32, 104, 149-151). In vivo, the
heme o and a synthases may form a complex for substrate
channeling (30). Note that E. coli has only cyoE, and thus
one of its two terminal oxidases is a cytochrome bo copper
oxidase, which is related to the more publicized cytochrome
aa copper oxidase (35, 36, 119). The other E. coli oxidase is
the unrelated noncopper cytochrome bd (69).

The enzymes for modifications in heme o and heme a (Fig.
1) show some parallels to certain features of cytochrome c
synthesis that are worth mentioning. For example, in vitro
addition of the farnesyl pyrophosphate substrate to heme by
the cyoE-encoded heme o synthase (in vesicles) absolutely re-
quired heme-iron reduction by sodium dithionite (135). In that
report, Saiki et al. stated, “The resulting polyprenyl cation

MICROBIOL. MOL. BIiOL. REV.

undergoes a nucleophilic attack by the vinyl group of ferrous
protoheme IX, thus succeeding to a transfer of the farnesyl
group to position 2 (beta) of the 2-vinyl group of ferrous
protoheme IX with concomitant addition of a hydroxyl group
to position 1. Since the electron density at the 2-position of the
vinyl group is assumed to be higher in ferrous protoheme IX
than in its ferric state, the former must be the real substrate for
farnesylation.” Thus, as in cytochrome c synthesis, the heme
iron must be in the reduced state so that the vinyl groups are
chemically active for ligations (see below). Although the model
described by Saiki et al. suggests that the resulting heme o
product maintains iron in the reduced state after farnesylation,
this was not tested because of the absolute requirement for
dithionite in the in vitro reaction. CyoE was predicted and
experimentally demonstrated to have seven transmembrane
domains (TMDs) (34-36). Most of the highly conserved resi-
dues are on the cytoplasmic side, where one would predict that
reduced heme b enters for farnesylation. CyoE also contains a
conserved binding site located in a cytoplasmic loop for poly-
prenyl diphosphate. Saiki et al. showed the functional impor-
tance of key residues in CyoE at the cytoplasmic surface of the
inner membrane, including residues that may be axial ligands
to the heme iron, such as histidine and tyrosine (134).

The aforementioned heme a synthase (CtaA) is predicted to
contain eight TMDs, interestingly, with five conserved histi-
dines that are located on the periplasmic side of the mem-
brane; these, in theory, are for coordinating two hemes that
were shown to be present (76). One is a b heme that transfers
electrons in the oxidative reaction, and the other is the heme o
substrate (32, 149-151). Since the conserved histidines are at
the outer surface of the membrane, it is suggested that the
heme b substrate for CyoE (CtaB) and the heme o substrate
for CtaA may be located on opposite sides of the inner mem-
brane. As discussed below, certain analogies to CcmF in the
system I cytochrome ¢ assembly can be made for the CtaA
heme a synthase.

Heme ¢ synthesis requires involvement of the apocyto-
chrome, that is, attachment of the CXXCH motif to the heme,
so the terms “synthesis of (holo)cytochrome ¢” and “synthesis
of heme ¢” are necessarily the same. Cytochrome c synthesis is
by far the most complex heme modification, with three differ-
ent systems having evolved to accomplish the same ligations
(84, 115) (see below). The cysteine residues of the CXXCH
motif must be reduced to form the thioether bonds to the alpha
carbons of the heme vinyl groups. Some recent reviews on
cytochrome ¢ synthesis have included thorough discussions of
the thiol reduction components (58, 157), and so the present
review will only briefly describe these components. One aspect
that makes cytochrome ¢ synthesis even more phenomenal is
that the polypeptide folds around the heme only after ligation,
unlike the case for hemoglobins and other cytochromes, where
protein folding occurs prior to heme binding. It is well docu-
mented that most apocytochromes ¢ are degraded in vivo if the
heme is not attached, yet apoglobins and apocytochromes b
fold properly without heme and can be purified and reconsti-
tuted with heme in vitro (see reference 18 for a discussion).

Reactions of protein side chains to the heme vinyls have
been studied in other contexts with various approaches, and
the particular reactivities of the vinyl groups have been ele-
gantly addressed, as have the ramifications of modifications



VoL. 73, 2009

CYTOCHROME ¢ BIOGENESIS 513

System |
cam

=D
-/
Periplasm

Some d proteobacateria (e.g. Myxococcus, Desulfovibrio)

Plant mitochondria (e.g. Oryza, Triticum, Arabidopsis)

Some protozoal mitochondria (e.g. Reclinomonas, Paramecium,
Tetrahymena)

Deinococci (e.g. Deinococcus, Thermus)

Archaea (e.g. Archaeolglobus)

SES
Outside (p-side)
S S} S)
leme feme ferme SS+@©—SS
CcmH | /g
H
i Sec i o 2C Heme S¥&/ i
Q
:u:u:n:u:m: Mﬂﬂuﬂu system .mw: Ccm Ccm S 15805808604
Signal CcmA | CcmA T
sequence
ATP ADP + Pi Cytoplasm
Inside (n-side)
ALA
« Proteobacteria (e.g. Rhodobacter, Agrobacterium, Caulobacter)
v Proteobacteria (e.g. Escherichia, Pseudomonas, Shewanella, Vibrio)
Some 3 proteobacteria (e.g. Nitrosomonas, Nitrospira) SyStem m : 3

CCHL

System Il
ccs

>

Outside (p-side)

/,,/ ~

Sec
system

Uil

Signal
sequence

Inside (n-side)

ALA

CCHL

Apo-C

T
iy

Ferrochelata

FeZ+
Protoporphyrin

Inside (n-side)

Chloroplasts (e.g. Chlamydomonas, Arabidopsis)

Gram positive bacteria (e.g. Mycobacterium, Bacillus)
Cyanobacteria (e.g. Synechocystis)

€ proteobacateria (e.g. Heliobacter, Wolinella)

Most 3 proteobacteria (e.g. Bordetella, Neisseria, Burkholderia)
Some d proteobacateria (e.g. Geobacter, Bdellovibrio)

Fungal mitochondria (e.g. Saccharomyces)

Vertebrate mitochondria (e.g. Mouse, Human)

Invertebrate mitochondria (e.g. Caenorhabditis, Drosophila)

Some protozoal mitochondria (e.g. Plasmodium, Dictyostelium,
Volvox, Chlamydomonus)

FIG. 2. Working models for cytochrome ¢ biogenesis by systems I, II, and III. Models include trafficking and oxidation states of heme, as well
as the subpathways for apocytochrome reduction (in red for system I and system II). Representative genera possessing each system are listed under

the models.



514 KRANZ ET AL.

(78). For instance, Metcalfe et al. studied ascorbate peroxi-
dase, which was mutated to form a spontaneous covalent bond
to the 2-vinyl group (100). Interestingly, if the amino acid
residue adjacent to the heme vinyl was changed to a cysteine,
the covalent adduct required iron(II) (Fe**). If the residue was
changed to a methionine, a covalent adduct required iron(III)
(Fe**) for formation, and an oxidative H,O,-catalyzed reac-
tion was proposed. Similarly, Barker and colleagues (19, 20)
and Allen et al. (4) have studied cytochrome bs4, and bs,
changing the amino acid residues adjacent to the vinyls (pre-
dicted from the three-dimensional structures) to cysteine to
study spontaneous thioether bond formation. Again, the reac-
tions require a reduced heme, using dithionite. Daltrop et al.
have analyzed a unique cytochrome c¢ from a thermophile,
which, unlike most cytochromes ¢, folds properly even when
the heme is not attached (39-41). They have made some im-
portant observations concerning the spontaneous nature of the
thioether ligations, which again occur only when the iron is
reduced (to Fe®"). A very recent study using an exceptional
hemoglobin that normally forms a covalent histidine linkage to
the 2-vinyl, has shown that the fifth and sixth axial ligands to
the iron can also play a key role in the type of ligation, even
changing preference to 4-vinyl over the 2-vinyl (108). Clearly,
nothing can be left to chance in the synthesis of hemes ¢, 0, and
a, and orchestrated modifications with precise mechanisms are
the rule.

CYTOCHROME ¢ BIOGENESIS: THREE SYSTEMS AND
SOME EMERGING, SPECIALIZED ONES

The three systems for cytochrome ¢ synthesis are summa-
rized in Fig. 2, as are representative genera that possess each
system. For systems I and II, there is a good understanding of
how the CXXCH cysteines are reduced, using a general trans-
membrane thioredox protein such as DsbD (101) (or the
smaller, related CcdA [43, 139]) and dedicated thioredoxins
such as CcsX (23) or CemG (24). Figure 2 diagrams the thiol
proteins (in red) which transfer reducing equivalents from
inside the cell to outside. Since some aspects of assembly have
been reviewed in the last 5 years (5, 9, 12, 58, 70, 157), here we
focus on selected emerging concepts. Because all proteins in
systems I and II are integral membrane proteins, descriptions
will be presented in the context of the two-dimensional topol-
ogies of the integral membrane proteins in the pathways. Spe-
cial emphasis will be placed on the completely conserved res-
idues in this framework. For example, early studies of system I
and II noted that three proteins possessed a highly conserved
region called the “WWD domain,” due to the completely con-
served tryptophans and an aspartate (WXWD) (25). It was
proposed that this domain, in key proteins in the pathways
(CemC, CemF, and CesA), bound the heme that was presented
to the apocytochrome c for ligation. In each protein, the WWD
domain is flanked by conserved histidine residues originally
predicted to ligand the heme iron and later shown to face the
periplasm. The authors of a recent review on the evolution of
the three members of this superfamily termed this the “heme-
handling protein” family (94). The present review will spotlight
the heme molecule as it moves through the systems, including
the oxidation-reduction state, and it will include the very recent
biochemical and spectroscopic evidence that these proteins do
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indeed handle heme, using the external histidines as axial li-
gands (59, 125). Our premise is that the WWD domain in each
of the three families positions the heme molecule with the two
vinyl groups surface exposed for orchestrated reactivity with
the interacting partners. We next describe each of the three
systems. For didactic purposes, we begin with the simplest,
system III, and end with the most complicated pathway, system
I. Some lessons learned about system II are also instructive for
understanding system I.

System III: CCHL

In 1987, Dumont et al. reported the first identification of the
gene encoding the enzyme that attaches heme to the two iso-
forms of yeast cytochrome ¢ (49). This gene was able to com-
plement the cytochrome c deficiency of the Saccharomyces
cerevisiae CYC3 mutant, and it encoded a polypeptide with 293
amino acid residues. Designated the cytochrome ¢ heme lyase
(CCHL), it has since been shown to be related to the CCHLs
of humans and some other eukaryotes (Fig. 2). CCHL has
been recently reviewed (70), so here we provide only an over-
view.

A CCHL expressed with its cognate cytochrome ¢ in the E.
coli cytoplasm is all that is necessary to synthesize recombinant
holocytochrome ¢, proving the enzyme’s cytochrome c¢ syn-
thetase activity (see, e.g., reference 118). [A note on enzyme
nomenclature: currently it is common to use the term (holo)
cytochrome ¢ synthetase (or synthase) for the enzyme that
directly catalyzes the heme attachment to apocytochrome c. As
discussed above, the term CCHL was originally used in the
yeast mitochondrial studies (see, e.g., reference 49). In this
review we retain the use of CCHL for system III for historic
and descriptive purposes. Clearly the CCHL is a cytochrome ¢
synthetase.] In Fig. 2 we color code orange the proteins in each
system which have been designated with the cytochrome ¢
synthetase activity. Each cytochrome ¢ synthetase must bind
heme and the apocytochrome ¢ substrates. In some organisms,
such as yeast, there are two CCHLs, one for cytochrome ¢
(CCHL) and a related one for cytochrome ¢, (CC,HL) (162).
In other organisms, such as humans, a single CCHL recognizes
and synthesizes both cytochromes ¢ and ¢, (26). Thus, there
appears to be more apocytochrome ¢ substrate specificity than
just the CXXCH motif for system III; systems I and II typically
recognize only the CXXCH (see below). There must be fea-
tures other than CXXCH within the cognate apocytochromes
that the CCHL enzymes recognize. Defining the apocyto-
chrome ¢ substrate features and the CCHL recognition deter-
minants remain important aims. Surprisingly, even though the
CCHLs are soluble enzymes in the intermembrane space and
have been functionally expressed in the E. coli cytoplasm, a
structure has yet to emerge.

Although the CCHL gene in yeast was discovered 2 years
earlier (48-50, 105-107) than the first system I ccm genes (85),
there have been no reports of any other proteins necessary for
system III, with the exception of Cyc2p (27). When the gene
encoding Cyc2p is mutated, some cytochrome c, albeit lower
levels, is still produced (27). Cyc2p is a flavoprotein, and it was
proposed that it might reduce either the heme-iron or cysteines
for ligation by the CCHL. It is also possible that dedicated
disulfide-forming and thiol-reducing pathways are present in
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mitochondria (17, 79, 82, 96, 144), but the exact mechanism(s)
to maintain reduction of the apocytochrome ¢ cysteines for
system III is unknown.

A heme binding site in CCHL has likewise been elusive. A
particular sequence, CPX, was implicated as a heme binding
motif and is required for CCHL function (145), but it has been
noted that some CCHLs do not have this sequence (70). Also
unknown is how the mitochondria employing system III traffic
heme to the CCHL (Fig. 2) (99). Three possibilities come to
mind: (i) a specific, yet-unidentified heme transporter such as
described below for system II; (ii) simple diffusion through the
inner membrane, with heme equilibrating between the mem-
brane and intermembrane space, where CCHL binds it; and
(iii) a broad substrate “flippase” like those used to “flip” phos-
pholipids from the inside leaflet to the outside leaflet (33, 46,
77, 83), followed by binding to the CCHL. Recall that like
phospholipids, heme is an amphipathic molecule (Fig. 1). In-
direct support for the second or third mechanism comes from
the heterologous synthesis of hemoglobins and cytochromes b
in the E. coli periplasm (64). As long as the heme is maintained
in the reduced state, the second or third mechanism could
suffice for CCHL function and cytochrome ¢ synthesis.

System II: CcsB and CcsA Form a Heme Channel and
Cytochrome ¢ Synthetase

The system II pathway emerged in the mid-1990s through
genetic analyses of Chlamydomonas (47, 80, 159, 160) and
selected bacteria such as Bacillus (92, 139, 140) and Bordetella
(23, 55, 86) (Fig. 2). There were some inklings in 1992 that a
system different from systems I or III existed when a compar-
ison to the CemC and CemF proteins yielded a chloroplast
open reading frame (ORF) which comprised a different WWD
subfamily (25). This ORF was later called ccsA4 (cytochrome ¢
synthesis) when it was deleted from the chloroplast genome of
Chlamydomonas, resulting in a strain that could not make
cytochrome b f (160). Cytochrome f is analogous to cyto-
chrome c, of the bc, complex and contains the CXXCH motif.
System II uses reducing equivalents from inside the cell to
reduce DsbD (or a similar, smaller version called CcdA) (23,
139). A dedicated thioredoxin called CcsX is involved in re-
ducing the cysteines of the CXXCH motif directly (23). Note
that exogenous thiol-reducing agents such as dithiothreitol can
substitute for DsbD and CesX activity; thus, they are not es-
sential. The CcsA protein has the WWD domain and three
conserved histidines, two predicted to be on the outside (H761
and H897 in Fig. 3) and one in TMD8 (H858). Concerning the
topology of this protein, although hydropathy programs typi-
cally predict eight TMDs (94), two experimental analyses sug-
gest six (62, 71). In the experimentally derived model, there are
two hydrophobic patches that are placed in the bacterial
periplasm rather than as TMDs, as shown in Fig. 3. The clear
placement of these two conserved hydrophobic patches will
await three-dimensional structural determination. Neverthe-
less, note that whether six or eight TMDs are present, no
conserved residues change in location (topology), and so it is
worthwhile to consider the roles of conserved residues in to-
pological context.

The other absolutely essential protein for system II is called
CcsB (80). In most organisms the CcsB and CcsA proteins are
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present as two separate polypeptides, usually encoded in an
operon in bacteria. Experimental topological studies indicate
that CcsB has four TMDs, with the third and fourth separated
by a large periplasmic domain (200 to 500 residues) (Fig. 3)
(23). Conserved residues in CcsB are very sparse, although the
predicted secondary structures are maintained. The CcsB and
CcsA proteins form a tight complex in Bordetella pertussis, and
CcsB is completely degraded in the absence of CcsA (55).
Likewise, in ccsB (ccs1) mutants of Chlamydomonas, the CcsA
protein is not detectable (159). This may mean that critical
interactions between TMDs of CcsB and CcsA exist. Early
proposals suggested that the WWD domain bound heme, li-
ganded by flanking histidines that would maintain the heme in
the reduced state for presentation to the CXXCH motif (Fig.
3). The large periplasmic domain in CcsB would feature the
apocytochrome ¢ CXXCH recognition function, presenting the
apocytochrome to the heme in CcsA.

In a few bacteria such as Helicobacter, Bacteroides, and
Wolinella, the CcsB and CcsA proteins are naturally fused into
one large ORF (called ccsBA). This ORF (from Helicobacter),
when overexpressed in E. coli deleted of its ccm (system I)
genes, was all that was necessary to synthesize a periplasmic
cytochrome ¢ (57). In this recombinant reconstitution, the
CXXCH motif is reduced by the housekeeping reductants
(e.g., DsbD and DsbC [E. R. Frawley and R. G. Kranz, un-
published data]). Thus, it is clear that CcsBA represents the
system II cytochrome c¢ synthetase. Topological studies of
CcsBA give results similar to those for the separated CesB and
CcsA, as shown in Fig. 3, with the same caveat discussed above
concerning the two hydrophobic patches in CcsA (59). Re-
cently, Frawley and Kranz purified milligram quantities of the
CcsBA protein with heme bound (59). Spectral analyses indi-
cate that this heme is b type and is purified in the reduced state
(Fe*™). Importantly, when the two flanking periplasmic histi-
dines (H761 and H897) were individually mutated to alanines,
the purified proteins still had heme, but it was in the oxidized
state (Fe®*) and the spectral absorptions were significantly
perturbed (59). We conclude that the function of each
periplasmic histidine is to ligand the iron and maintain the
heme in the reduced state for covalent thioether bond forma-
tion. This represents the “external heme binding domain,”
which probably defines the active site of the CcsBA cyto-
chrome ¢ synthetase (Fig. 3).

The third conserved histidine (H858) in TMDS8 near the
bacterial cytoplasm was also mutated to an alanine. Notably,
purified CcsBA (H858A) does not have heme in its external
heme binding domain, yet the protein is stably synthesized
(59). Another conserved histidine (H77) is located in the CcsB
portion of CcsBA (and in all CcsB proteins). The CcsBA
(H77A) protein contains fourfold less heme in its external
heme binding domain. All four histidines in the recombinant
CcsBA are required for synthesis of a cytochrome ¢ (59), and
they are also required in the Chlamydomonas CcsA (71) and
CcsB (Ccsl) (47). Remarkably, the H77A and H858A TMD
mutants are complemented for function by adding exogenous
imidazole, but the histidine mutants that comprise the external
heme binding domain are not (59). Complementation by imi-
dazole has been demonstrated for recombinant myoglobin
when the proximal histidine is mutated, wherein it was cor-
rected for heme binding (21, 22). For this myoglobin “cavity”
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FIG. 3. Topology of the system II CcsBA fusion protein from Helicobacter hepaticus and completely conserved residues (red). This topology
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Reduced heme is proposed to move through CcsBA (using H77 and H858 as initial axial ligands) to the WWD domain where H761 and H897
ligand the heme iron. Conservation was determined by alignments of the CcsB and CcsA proteins from the following organisms, which were chosen
as representatives across the kingdoms and genera shown in Fig. 2: Arthrobacter aurescens, Arthrobacter butzleri, Bdellovibrio bacteriovorus HD100,
Bordetella pertussis Tohama I, Campylobacter jejuni NCTC 11168, Chlamydomonas reinhardtii, Chlorobium tepidum TLS, Desulfitobacterium
hafniense Y51, Geobacter sulfurreducens PCA, Helicobacter acinonychis Sheeba, Helicobacter hepaticus ATCC 51449, Helicobacter pylori 26695,
Leifsonia xyli CTCB07, Mycobacterium leprae TN, Neisseria gonorrhoeae FA1090, Ralstonia metallidurans CH34, Synechocystis sp. strain PCC6803,

Thiobacillus denitrificans ATCC 25259, Thiomicrospira denitrificans ATCC 33889, and Wolinella succinogenes DSMZ 1740.

mutant, crystallographic results indicated that the cavity con-
tains the exogenous imidazole, allowing the myoglobin to bind
heme (22). Our working model is that two heme binding sites
are present in CcsBA, one at the channel entry (via H77 and
HS858) that facilitates delivery of reduced heme through a
CcsBA channel, and a second site, the external heme binding
domain, that is composed of the WWD domain and the two
external histidine ligands that protect heme from oxidation.
The results with CcsBA H77A and H858A also suggest that
CcsB and CcsA are integrally associated, with a single heme
binding site formed from the respective TMDs 3 and 8 (see
Fig. 3).

Once the CXXCH motif is brought near the heme tethered
within the WWD domain of CcsA, we predict that the spon-
taneous ligation to form the thioether bonds may induce the
ligand switching to occur (i.e., the histidine of CXXCH for
either the H761 or H897 in CcsA). Subsequently, we envision
that this ligand switching and folding of the holocytochrome ¢
polypeptide provides the energy to release the heme from the
CcsA WWD domain. Note that one idea for system II is that it
binds heme with a lower affinity than system I, so that the
energy needed to release holocytochrome ¢ may be less (see

Evidence for Why Three Systems Exist: Evolution and Ecology
below).

System I: CcmABCDEFGH

Genetic studies in the late 1980s and early 1990s started to
unravel a complicated pathway for cytochrome ¢ synthesis in a
few model alphaproteobacteria such as Rhodobacter (24, 25,
85, 91), Paracoccus (111-114), and Rhizobium (120, 131). Al-
though the players (now called the ccmABCDEFGH genes)
were well defined genetically and were certainly dedicated
specifically to cytochrome ¢ synthesis, biochemical studies have
only recently begun to elucidate the mechanisms involved. In
short, cytochrome ¢ synthesis by system I includes some fasci-
nating chemistry and elegant molecular mechanisms for heme
trafficking. It is instructive to describe system I as a two-step
process, with oxidation and reduction of heme as it moves
through the pathway (Fig. 2). One of the proteins in system I
is a periplasmic heme chaperone called CcmE, discovered by
Schulz et al. (142), and Reid et al. (122). Step 1 is the for-
mation and release of oxidized (Fe®") holoCcmE (by
CcmABCD), while step 2 ends with a cytochrome ¢ synthetase
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FIG. 4. Topologies of the CcmABCDE integral membrane proteins required for system I cytochrome ¢ biogenesis step 1, i.e., heme delivery
to apoCecmE and release of holoCcmE by CcmABCD. Completely conserved residues are in red. The indicated sequences are from Escherichia
coli. The topologies of CemB, CemC, CemD, and CemE are based on experimentally determined topologies as described in the text (see, e.g.,
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sequences from genera shown in Fig. 2. Histidine residues that potentially act as axial heme iron ligands are starred, and some are shown with
dashed lines to specific heme molecules. CcmE has a completely conserved His or Cys (deinococci) residue (green) for covalent heme attachment
and a Tyr (Y134) residue as an axial heme iron ligand (dashed line). The oxidation states of heme are shown, and other important residues,
domains, or motifs are labeled for descriptions used in the text. Genes from the following organisms were used for determining conserved residues:
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complex (CemF/H) that is proposed to use quinols to rereduce
the iron of heme from holoCcmE, bring the CXXCH to this
heme, and thus catalyze the ligation reaction.

Step 1: heme delivery (to form oxidized holoCcmE) and the
holoCcmE release subpathway, CcmABCD. Briefly, step 1
(Fig. 2) involves the flux of reduced heme (from ferroche-
latase) to the periplasmic WWD domain of CcmC, concomi-
tant with binding of CcmE to this heme/CemC/CemE ternary
complex (Fig. 4 shows the proteins in step 1). The spontaneous
covalent attachment of the 2-vinyl group of heme to the CcmE
histidine (H130) then occurs (Fig. 4), which we refer to here as
“adduct” formation (142). Adduct formation results in oxi-
dized heme. A “release complex” comprised of the CcmABCD
proteins uses ATP hydrolysis to release the oxidized (Fe**)
holoCemE, freeing it to react with the CemF/H complex (37,
56). CcmA is the ATP binding cassette (ABC) protein, while
CcmB is a six-TMD protein (62) always encoded adjacent to
cemA (85, 120). Note that as diagrammed in Fig. 2, this step
(formation of released holoCemE) is likely very rapid in vivo.
However, we have recently been able to trap, purify, and char-
acterize intermediates in this step using various genetic strat-
egies (125). These intermediates are reviewed here, and we

discuss the chemistries underlying adduct formation and heme
iron redox states.

(i) Formation of the holoCcmCDE “preadduct” intermedi-
ate complex. It has been shown genetically that the six-TMD
protein CemC (Fig. 4) (62) is sufficient to bring heme to CcmE
(56, 141). By removing the ccmA and ccmB genes, we have
been able to trap heme in stable CcmCDE complexes (56,
125). Our recent results indicate that CemC alone will not bind
heme and that apoCcmE is necessary; heme is also necessary
for CemC to interact with apoCemE, and so we propose that
determinants on the heme molecule are recognized by both
CemC and apoCcmE, facilitating the formation of this stable
ternary complex (125; C. Richard-Fogal and R. G. Kranz,
unpublished data). If wild-type CcmCDE is overexpressed
(without ccmA or ccmB), all of the heme is covalently linked to
CcmE via the H130 residue (see “(ii) Formation of the oxi-
dized holoCcmCDE ‘postadduct’ intermediate complex” be-
low). However, in a CcmE(H130A) mutant the heme is b type
in the holoCcmCDE preadduct complex (125). Thus, heme
binding determinants in both CemC and CcmE (other than
H130) are important for initial binding of heme. This is con-
sistent with results of site-directed mutagenesis of CcmE,
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where it was suggested that hydrophobic residues may be in-
volved in binding heme (54, 75). The intermediate
holoCcmCDE complexes use two histidines in CemC flanking
the WWD domain as axial ligands to the heme (Fig. 4) (see
below). Importantly, at least half of the heme in the preadduct
holoCemCDE complex is purified in the reduced state (125).

One of the important questions in the field has been how
heme accesses each of its external sites (i.e., WWD domain),
either through a protein channel (e.g., as shown above for
CcsBA) or through the inner or outer leaflet of the membrane
(see, e.g., references 62 and 155). For CemC, there are no
conserved histidines within TMDs, but other residues such as
tyrosine are conserved (Fig. 4). Now that heme can be assayed
in CemC (as a complex) (125), it will be important to deter-
mine if a specific binding site in TMDs (and thus a channel
from inside) is suggested. Because the covalent bond forma-
tion to CemE H130 does not necessarily require Fe** (see
below), a nonspecific channel that does not protect the heme
may be sufficient. Alternatively, without a need for protection
from oxidation, heme could enter the CcmC WWD domain
from the membrane directly.

(ii) Formation of the oxidized holoCcmCDE “postadduct” in-
termediate complex. Overexpression of the wild-type CcmCDE
(no ccmAB) results in the postadduct intermediate complex,
which has been purified and characterized (125). This
holoCemCDE complex contains all oxidized heme, with a
striking UV/visible absorption spectrum when reduced with
dithionite (125). A novel split alpha absorption is observed (at
553 and 559 nm), which was shown to be due to the unique
chemical environment of the heme. Purification and spectral
characterization of various CcmCDE mutants showed that the
CcmE H130 covalent adduct and the CcemC H60 and H184
each contribute to the unique spectra. Spectra of complexes
that contain alanine substitutions for either of the two external
histidines in CemC (H60 and H184) unequivocally show that
these are the fifth and sixth axial ligands to the heme (125).
Complexes with CcemC(H60A) and CemC(H184A) have 50%
less heme than the wild-type complex, and they exhibit major
spectral perturbations. Interestingly, even with the CemC(H60A)
and CcmC(H184A) mutations, all of the heme is covalently
linked to CecmE, consistent with the result that mutants with
mutations in each were still partially functional (124). This also
distinguishes the CcmE adduct formation from the CXXCH
attachment noted earlier for analogous histidine substitutions
in CcsBA. In CcsBA, the flanking histidine mutations com-
pletely abolish function, and these mutant CcsBA proteins
were unable to protect the heme from oxidation (59). In this
case, the wild type and CcmC histidine mutants result in an
oxidized holoCcmCDE complex.

The covalent bond formed between the CcmE H130 and
heme has received much attention. The unique chemistry and
structure of this bond to the 2-vinyl B carbon (93) have been
discussed (61, 93, 147, 148, 158). We discovered that all
CcmCDE postadduct complexes and released holoCemE (see
below) contain Fe** heme, suggesting that in addition to co-
valent bond formation in CcmE, there must also be an oxida-
tion step leading to an oxidized holoCemE. Ferguson and
colleagues have discussed the idea that the CcmE H130 imi-
dazole would require a radical intermediate to form the cova-
lent bond at the B carbon of the heme vinyl group (3, 93).

MICROBIOL. MOL. BIiOL. REV.

However, the final oxidation state of the heme iron has drawn
little attention. Figure 5A illustrates possible mechanisms for
the adduct formation to CcmE H130. The first uses the H130
imidazole cation radical, but formation of this radical would
itself require an oxidant (marked “Q” in the Fig. 5A, but its
identity is unknown). The second mechanism is a nucleophilic
reaction that is favored by an oxidized heme iron. The fact that
heme in the preadduct CcmCDE complex is approximately
50% reduced (125) could argue for either mechanism. The in
vitro synthesis of the holoCemE* adduct appears to require the
reductant dithionite (15, 42, 148), leading to the suggestion of
a radical mechanism, although it is unclear whether a cation or
an anion radical is proposed. The mechanism by which this
radical might be formed in vitro or in vivo is still a mystery, but
note that with the cation radical, the end product has oxidized
(Fe**) heme. It seems unlikely the imidazole could form a
cation radical in the presence of the dithionite reductant (since
the oxidation potential of heme is around —0.2 V and that of
imidazole is around +0.5 to 0.8 V at neutral pH.) Imidazole
reduction by dithionite to form an anion radical also seems
unlikely. The alternative is to form the CcmE H130 adduct
through a nucleophilic Michael addition, which would prefer
oxidized (Fe**) heme (Fig. 5A). Likewise, the oxidant to form
Fe’* heme, whether a quinone or semiquinone or other, is
unknown. It is feasible that both mechanisms operate in vivo
and that the partial function of the CcmC histidine mutants
noted above reflects this plasticity. Clearly, the more likely
chemical mechanisms for adduct formation to the B carbon
predict a holoCcmE with oxidized heme, and the data on inter-
mediate holoCcmCDE complexes and released holoCemE (125)
are in agreement with these mechanisms.

Mutation of tyrosine 134 in CcmE(Y134A) was shown pre-
viously to have a dramatic effect on the spectra of purified
holoCemE* (no TMD), and thus tyrosine 134 is an axial ligand
in released CcmE (158). In the intermediate CcmCDE com-
plex with heme, a CcmE(Y134A) mutant showed a spectrum
no different from that of the wild-type CcmCDE complex. This
indicates that axial ligands to the heme iron have not yet
switched over to the CcmE tyrosine 134 in the intermediate
complexes, and thus all heme is still liganded to the CcmC H60
and H184.

(iii) Release of holoCcmE via the CcmABCD complex. We
conclude that the stable intermediate holoCcmCDE com-
plexes described above require the release function provided
by CcmAB and that in the release process axial ligands must
switch from CemC (H60 and H184) to CemE (Y134) (125).
Only when the CcmA and CemB proteins are coexpressed is
the released holoCemE free from CemC (56). We envision that
major conformational movements are needed to accomplish
this switching and holoCecmE release, thus explaining the re-
quirement for an ABC transporter complex (125). Note that a
CcmABCD complex has been suggested for Rhodobacter cap-
sulatus (62, 63, 65) and E. coli (56), but others in the field offer
alternative views proposing that a CcmAB transporter oper-
ates independently of CcmC by exporting an unknown sub-
strate such as a reductant (37, 141, 146).

We believe that all data are consistent with the ABC trans-
porter release function for CcmABCD (Fig. 6). Conceptually,
the release is similar to that for the Lol ABC transporter
(LolCDE), designated the lol system, that has been character-
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A. Mechanism of attachment of CcmE His130 imidazole to B carbon of the vinyl group of heme
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FIG. 5. Proposed radical and nucleophilic reaction mechanisms for holoCcmE (His130) adduct (A) and cytochrome ¢ (B) linkage to heme vinyl
groups. Noted are the oxidation states of iron (Fe*>" or Fe?"); red half arrows are one-electron transfers, and full red arrows are two electron
transfers. Transfer of the proton from the imidazolium to the alpha carbon is probably solvent or protein mediated (i.e., the proton may be
abstracted at an early step, with a solvent- or protein-mediated protonation at the alpha carbon at a later step). The final Fe*>* state could be either
reduced back to the Fe?™" state by Q or kept in the Fe* state to stabilize the imidazole adduct until it is ejected at the next step (reverse blue
arrow). Only a single vinyl of heme and, for the radical step, only one set of one-electron arrows are shown for simplicity.

ized by Tokuda and colleagues (Fig. 6) (81, 153, 161). We note
that both the LolCDE proteins and the CcmABC proteins are
not typical ABC transporters in that they do not translocate a
substrate but instead are involved in recognition and release of
periplasmic molecules. The release function of each has been
shown to require the ABC component (LolD or CcmA) for a
proposed conformation change and “release” of the target
molecule, lipoproteins for LolCDE and holoCemE for
CcmABC (56). The lol system is dedicated toward recognizing
lipoproteins that will be sent from the cytoplasmic membrane

to the outer membrane of gram-negative bacteria. Lipopro-
teins have a fatty acid attached to an N-terminal cysteine res-
idue. Some lipoproteins function tethered to the cytoplasmic
membrane, but most require tethering to the inner surface of
the outer membrane. LolCDE in E. coli recognizes lipopro-
teins that do not have an aspartate next to the cysteinyl attach-
ment (97). The aspartate is an exclusion feature, and therefore
lipoproteins with the aspartate remain as cytoplasmic mem-
brane-anchored lipoproteins. Outer membrane-targeted li-
poproteins are tightly bound to LolCDE in the absence of ATP
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FIG. 6. Comparative models of the system I CcmABCD holoCcmE release pathway and the Lol lipoprotein release system (LolJABCDE).

hydrolysis (by LolD) or in the absence of the periplasmic LolA
chaperone. Upon binding of LolA, ATP hydrolysis releases the
lipoprotein to LolA, which transfers it to the outer membrane
LolB. LolB and LolA are related, and this energy-independent
exchange has been discussed previously (110). Thus, the ho-
loCcmE release is analogous to the lipoprotein-LolA release.
LolA is the lipoprotein chaperone to the outer membrane, and
CcmE is the heme chaperone to what we refer here as “step 2,”
the synthetase component of system I (Fig. 6).

It was previously determined that the small polypeptide
CembD is part of a CcmABCD complex in R. capsulatus (63)
and in E. coli (127). Recently we have shown that CemD is
essential for the holoCcmE release but not for the heme at-
tachment to CemE or binding of CemE to CemC (127). As we
have described for the R. capsulatus CemD, the E. coli CcmD
has a single TMD with an N terminus in the periplasm (Fig. 4).
The short N terminus contains a completely conserved tyrosine
of unknown function, although it was proven not to be an axial
ligand in the intermediate CcemCDE complexes (125).

In summary, three recent experimental results lead us to
suggest that the released holoCemE is in the oxidized Fe**
state rather than Fe?*: (i) all heme in the purified, trapped
holoCcmCDE complex and holoCemE is Fe** (125); (ii) all
heme in the purified WWD protein CcsBA from system II is in
the reduced (Fe*") state, as one would predict, and thus even
purification under ambient air yields a reduced WWD holo-
protein (59); and (iii) a highly conserved mechanism to rere-
duce the heme iron of holoCcmE appears to be present in
CemF [see “Step 2: heme attachment to apocytochrome c
(from holoCcmE), and CemFH as a holoCemE reductase and
cytochrome ¢ synthetase” below] (125). (Daltrop et al. have
observed heme transfer from holoCcmE* [truncated] to an

apocytochrome c¢ in vitro [albeit without CcmF/H present and
after overnight incubation] [42]. The heme for this transfer
from holoCcmE* required reduction by dithionite. Although
the authors concluded that one function of holoCcmE may be
to retain the heme in the reduced state, unlike our proposal
here, their data are consistent with a need for iron reduction in
holoCcmE.)

Step 2: heme attachment to apocytochrome ¢ (from holoCcmE),
and CemFH as a holoCemE reductase and cytochrome ¢ syn-
thetase. Released holoCemE is free to interact with the
CcmF/H complex, but a key question is the mechanism by
which the heme is reduced for covalent bond formation to the
CXXCH motif. We have recently purified CcmF in milligram
quantities from E. coli (125). Similar to the results of Sanders
et al. with R. capsulatus CcmF (138), the E. coli CcmF and
CcmH proteins form a complex. Surprisingly, the preparations
were tinted red, which is suggestive of heme (125). Initially, we
thought that this might originate from holoCemE, since it has
previously been shown using coimmunoprecipitation experi-
ments that CcmE and CemF interact (2, 123). However, spec-
tral analysis, heme assays, and pyridine hemochromagens in-
dicated that this is a b-type heme and that (holo)CcmE was not
copurifying (125). Even in the absence of the ccmE or cemH
gene, CcmF has a b heme in a 1:1 stoichiometry. Thus, the data
indicate that the CemF/H complex is itself a cytochrome b that
has the cytochrome ¢ synthetase function. This result is con-
ceptually reminiscent of the heme a synthase encoded by ctaA
described above. Recall that CtaA has a heme b which is
involved in electron transfer and the heme o substrate for
modification to heme a (76). Based on experimentally deter-
mined topological models for CcmF (62, 129) and new phoA
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attachment to apocytochrome ¢ by CemFH. The indicated sequences are from Escherichia coli. The topologies of CemH and CemF are
experimentally established, as described in the text (see, e.g., reference 125). Completely conserved (i.e., identical) amino acid residues (red) were
identified by individual protein alignments with bacterial sequences. The potential histidine axial ligands to the b heme and heme in holoCcmE
are starred. The highly conserved WWD domain in CcmF is shaded, as are the hydrophobic patches. The following organisms were used for
determining conserved residues: the alphaproteobacteria, Agrobacterium tumefaciens C58, R. capsulatus, Caulobacter crescentus CB15, and
Bradyrhizobium japonicum (blr 0467); the betaproteobacteria, Nitrospira multiformis ATCC 25196 and Nitrosomonas europaea ATCC 19718; the
gammaproteobacteria, E. coli K-12 MG1655, Pseudomonas fluorescens P01, Shewanella oneidensis MR-1, and Vibrio parahaemolyticus RIMD
2210633; the deltaproteobacteria, Myxococcus xanthus and Desulfovibrio desulfuricans; and the deinococci, Deinococcus geothermalis and Thermus

thermophilus.

fusion results (125), a unified topological diagram for CcmF is
shown in Fig. 7. The completely conserved residues (in red in
Fig. 7) are used to discuss the following three functions for the
CemF/H complex.

First, at least one histidine (CcmF H261) acts as an axial
ligand to the b heme to yield the cytochrome b function. A
CemF (H261A) mutant protein has one-quarter the amount of
b heme in the wild type and a perturbed absorption spectra
(125). The other heme b axial ligand could be H491, but this
has not yet been tested. The b heme of CcmF is reduced in
vitro by quinols, suggesting that its cytochrome b functions as
a quinol:heme oxidoreductase. We note a partially conserved
motif, (“Q” in Fig. 7) with the amino acid sequence NPF at the
outer surface of the second periplasmic loop, which is analo-
gous to the quinone binding motif of RegB (GGXXNPF) in
a comparable topological position (152). We suggest that the
CemF protein accepts electrons from quinols to reduce the b
heme, which subsequently reduces the heme from holoCemE
(125). Note also that the b heme is positioned topologically
directly below the WWD domain, the predicted location for
the heme of holoCemE (Fig. 7). Although we cannot rule
out that the cytochrome b is directly involved in the
thioether bond formation, the simplest interpretation is that
it acts as a quinol:heme oxidoreductase in vivo.

A second predicted function of CemF is binding to holoCemE
as part of its synthetase activity, using the holoCcmE heme for
attachment to apocytochrome ¢ (57, 123, 125). The CcmF
(H173A) protein has wild-type cytochrome b function (125)

yet is completely nonfunctional (123, 125). In analogy to
CcmC and CcsA, as discussed above, the H173 and H303 of
CcemF are periplasmically located, adjacent to the WWD
domain, and are likely ligands to the heme from holoCcmE,
which is used for the synthetase reaction (Fig. 7). How does
axial ligand switching of this heme (from holoCcmE to
CcemF to CXXCH) occur? Possibly, the energy from cyto-
chrome clectron transfer is used for this, and/or the covalent
attachment to CXXCH induces this switching. Uchida et al.
used Raman spectroscopy to indicate that one axial ligand in
holoCemE* (truncated with no TMD) is a histidine and the
other is the tyrosine 134 discussed above (Fig. 4) (158), but
it is not necessary to envision two heme ligands from CcmE
immediately switched to two from CcmF and then to the two
from cytochrome c. Garcia-Rubio et al. used various spec-
tral approaches on holoCcmE* indicating that tyrosine is
one axial ligand, but an unknown sixth ligand may exhibit
conformational flexibility (61). In any event, it is likely that
the WWD domain binds holoCcmE heme, precisely posi-
tioning the vinyl side chains (one with the CcmE adduct) to
accept the CXXCH motif of the apocytochrome ¢ (see be-
low). The synthetase reaction is likely spontaneous, as long
as the iron of heme is reduced (see Fig. 5B for chemical
reaction of one thiol of CXXCH to the a carbon of the heme
vinyl group). At this site, the CcmE H130 imidazole side
chain must be ejected from the B carbon of the 2-vinyl
group. As shown in Fig. SA (large blue arrow), iron reduc-
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tion of the heme in holoCcmE would also favor ejection of
the imidazole by the reverse Michael reaction.

The third function of the CemF/H complex is recognition of
the CXXCH motif for the synthetase activity. The apocyto-
chrome ¢ CXXCH motif may be recognized by CcmH, poten-
tially chaperoning the motif to the WWD active site containing
heme (from holoCcmE). Although the large periplasmic N-
and C-terminal loops of CemF (Fig. 7) have no designated
functions as of now, possibly these are involved in interaction
with CemH. Both the R. capsulatus (138) and E. coli CemF
proteins are easily dissociated from CcmH, in the latter case
simply by using high-salt conditions (125). These results sug-
gest that interaction between TMDs of CcmF and -H are
minimal and that electrostatic interactions via soluble domains
may predominate, hence leading to the suggestion that the
large periplasmic domains of CcmF are involved. CcmH has an
RCXXC motif (Fig. 7), which was previously shown to reduce
the CXXCH of apocytochrome c (see, e.g., reference 103). The
structure of the first CcmH periplasmic domain (from Pseudo-
monas) containing the RCXXC motif has been shown to be a
three-helix bundle, unlike the case for other thioredoxin-like
proteins (45). The recently described analogous E. coli CcmH
domain suggests that it is a dimer (1). Note that in most
organisms (e.g., R. capsulatus) ccmH is split into two ORFs
(Fig. 7). The first was previously called cc/2 and has a single
TMD and the RCXXC periplasmic domain (25, 103). The
second ORF is called cycH (or ccml), which had been topo-
logically dissected and studied in alphaproteobacteria such as
R. capsulatus and is potentially involved in the chaperone func-
tion (of the apocytochrome c), using a tetratricopeptide repeat
(38, 44, 91, 136, 137). Employing two-hybrid analysis in yeast,
Meyer et al. have shown that the Arabidopsis CcmH interacts
directly with apocytochrome ¢ (102). Because only the N-ter-
minal periplasmic domain (Ccl2) appears to be essential for
cytochrome ¢ synthesis under certain conditions (see, e.g., ref-
erences 44 and 132), it is important to key in on this domain
(Fig. 7). It clearly has both chaperonin and thiol reduction
functions. After attachment to the CXXCH motif, the ¢ heme
must be released from CemF/H. Potentially, the reactions of
the two vinyl groups with CXXCH (including ejection of the
histidine-vinyl from CcmE) and/or the subsequent folding of
the apocytochrome ¢ around the heme provides the energy for
release from the CcmF/H active site.

When we first presented the sequence of CemF (called Ccll)
in 1992 (25) and subsequently performed a topological and
residue consensus profile in 1998 (62), we wondered why CemF
was so large and why there were so many completely conserved
histidines. We believe that multiple functions described here
provide the rationale for these conservations and observations.
Interestingly, in plant mitochondrial genomes, CcmF is sepa-
rated as two (72) and sometimes three individual ORFs, called
CemFy;, CcmFy,, and CemF, which form a complex with
CcemH (70, 121). Has genomic reorganization of the mitochon-
drial endosymbiont naturally separated multiple functions of
the CemF protein, albeit while still forming a complex? Finally,
we must note that the detailed mechanism of formation of the
two thioether bonds at the CcmF/H active site remains a very
significant open question in the field. With the likely addition
now of a mechanism to reduce holoCcmE at the active site
prior to ligation, the molecular mechanisms and timing of
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reactions become even more intricate. Below we address why
such a complicated system has been maintained for billions of
years through evolution.

System IV and Others

System IV. Kuras et al. identified four integral membrane
proteins (called Ccbl to -4) that are necessary to attach heme
covalently to a single cysteine in cytochrome b, of the cyto-
chrome by, complex (hence the designation cch genes) (87, 88).
The ccb genes are present only in oxygenic phototrophs (95),
where the cytochrome b, has been known for some time to
have this spectrally unique heme. The cysteine is located on the
opposite side of the membrane from the cytochrome f (¢ type),
and so this putative Ccb complex functions on the opposite
side (n side) from that of the three systems for cytochrome ¢
synthesis (p side) just described. The authors suggested desig-
nating Ccb “system IV,” which seems appropriate. Like sys-
tems I to III, it is widely distributed, and clearly the mechanism
of attachment and the functions of the Ccb proteins are of
tremendous interest and may provide parallels with and clues
to other systems down the road.

Others. The apocytochrome ¢ recognition motif for system I
has been much studied and appears to be only the CXXCH
motif (6-8, 13, 14, 29), with the caveat that CXXXCH may also
be used (130). Some variants of system I (e.g., NrfEFG [51],
which is related to CcmFGH) and system II (CcsBA) recognize
slightly altered apocytochrome ¢ signature motifs such as
CXXCK (51, 74, 117) or CX15CH (73). These variants are
likely to play major roles in the future in understanding of the
apocytochrome c¢ recognition determinants and the features of
the substrate and synthetases that are important for such.

Some variations of system I exist in archaea and a few bac-
terial outliers (e.g., Desulfovibrio) in that the CemE protein has
a cysteine instead of the histidine (H130) for covalent bond
formation (11). Note that a cysteine (thiol) can carry out re-
actions similar to those of the imidazole (histidine), forming a
covalent bond to the B vinyl group of heme (Fig. 5A); likewise,
this thiol adduct would be ejected preferentially by reduction
of the heme iron (Fig. 5A). Interestingly, the CcmH protein is
missing in the organisms that have a cysteine in CcmE. The
significance of this should become clearer as we understand the
chemical mechanisms underlying holoCcmE adduct formation
and the CcmF synthetase reactions (on the holoCcmE and
CXXCH motif of the apocytochromes). One speculation might
be that the ejected thiol (of CemE) reduces the CXXCH
(rather than the CcmH RCXXC), and thus CemH is no longer
required for reduction, possibly with CcmF taking over the
CXXCH recognition function.

Certain rare protozoans (Euglenozoa such as trypanosomes
and Leishmania) have a cytochrome c¢ in their mitochondria
with a single cysteine in a CH motif (rather than the classic
CXXCH) (10, 12). Surprisingly, they do not appear to have any
proteins from system I, II, or III. The structure of their cyto-
chrome c is similar to that of other mitochondrial cytochromes
¢, so Fulop et al. have speculated that a new, yet-unknown
system is still to be discovered for these protozoa (60). It also
remains possible that a diverged CCHL that cannot be de-
tected by BLAST searches is present yet recognizes more than
just the CH in the apocytochromes. Recall that there clearly
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are determinants on apocytochromes ¢ and c; (other than the
CXXCH) recognized by the CCHLs. Possibly both the recog-
nition determinants and CCHLs have coevolved, drifting so
that they are not detectable by homology searches.

EVIDENCE FOR WHY THREE SYSTEMS EXIST:
EVOLUTION AND ECOLOGY

Why are there cytochromes c¢? Studies in the last decade
have suggested that the covalent linkage provides added sta-
bility to the cytochrome ¢, and so they are much less likely to
lose the heme than the globins or other cytochromes (see, e.g.,
reference 16; reviewed in reference 3). The idea that a wider
range of redox potentials result from attachment (28) has been
discussed as being unlikely (3, 18). As noted earlier, in pro-
karyotes there are many different types of cytochromes ¢ in
hundreds of different electron transport chains, and efficient
mechanisms to recognize a CXXCH motif are critical (12).
Remember also that cytochromes ¢ in prokaryotes function
outside the protected cytoplasm. Using cytochromes ¢ may be
one way to “hard-wire” a chain or conduit for electron transfer
that will function under diverse and sometimes hazardous en-
vironmental conditions.

Why are there three predominant systems for assembly
rather than one? Let us start with system III, the simplest,
which uses the CCHL enzyme. Clearly the CCHL evolved after
mitochondrial endosymbiosis (which occurred with an alpha-
proteobacterium possessing the system I pathway) (68, 89, 90).
Recall that all alphaproteobacteria possess system I, as do the
mitochondria of plants and some primitive protozoa (Fig. 2).
One case for the need for systems I and II in bacteria and
plants is that they must ultimately end with a reduced heme
iron for ligation to occur, even under environmental conditions
that may be oxidizing. What would make the more complicated
system I obsolete in certain mitochondria? For some eu-
karyotes, it is likely that the internal milieu requiring synthesis
by system I changed. We speculate that the heme was largely
protected against oxidation, and additionally that reduced iron,
and therefore reduced heme, was not limiting for growth (see
below for a discussion of the benefits of system I). For exam-
ple, one could envision that the levels of iron needed for Fe/S
proteins, hemoglobins, and/or other cytochromes significantly
surpassed that needed for cytochromes ¢ and c¢;. A simpler
mechanism that did not involve the synthesis of at least eight
integral membrane proteins and the use of ATP (as with sys-
tem I) became more economical. Since only two cytochromes
¢ were used (cytochromes ¢ and c;), a specialized enzyme that
recognizes these two became possible. Circumstantial proof for
these ideas is the retention of system I in plant and some
protozoal mitochondria, which likely face more oxidizing and
varying environments. Possibly, some protozoa in the future
with both systems I and III, in the process of losing system I
and/or using each under different conditions, will be discov-
ered.

At present, because of the significant amount of lateral
transfer that has occurred with systems I and II, it is not
possible to say which came first (Fig. 2) (66). Because of its
simplicity, one would guess that system II evolved initially. Its
presence in cyanobacteria and plant chloroplasts indicates that
it was also part of the cyanobacterial endosymbiotic events
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leading to the algal chloroplast. Its retention might well be due
to the fact that the heme is well protected from oxidation (59).
Still, some accessory players in chloroplasts, possibly for main-
taining reduced thiols of the CXXCH in cytochrome f, may
have evolved subsequent to the endosymbiosis. These have
been discussed previously (116).

What possible advantages might system I confer that are not
features of system II? Why is system I so complicated, as it
clearly takes more energy to produce the system I proteins
than system II and we know that ATP is required for system I
function? We have evidence from the comparison of these two
recombinant systems in E. coli that system I can use heme at
potentially five-times-lower concentrations than system II
(126). Iron is the limiting factor in heme biosynthesis (109).
Thus, in certain iron-limiting environments an organism with
system I can make a cytochrome ¢ while those with system II
cannot. Moreover, in experiments where holoCecmE was syn-
thesized and then heme synthesis shut off completely (either
with heme synthesis inhibitors or by genetically knocking out
heme biosynthesis), E. coli with system I but not with system II
was still able to synthesize cytochromes ¢ de novo (57). This
means that holoCcmE can function as a heme reservoir when
no iron is available. (These experiments also prove that the
heme attached to the cytochrome ¢ comes from holoCcmE.)
Together, these advantages might provide for a fitter organism
in particular habitats. Interestingly, a very few species of bac-
teria have both systems I and II, such as Bordetella parapertus-
sis. Possibly these are in the process of lateral transfer, awaiting
selection against the system that provides less advantage. (For
example, B. pertussis has only system II.) Alternatively, B.
parapertussis may use system I under one growth condition and
system II under a different condition. Studying the use of each
system in these organisms and their ecology may further ad-
dress the advantages and disadvantages of each in nature. We
have attempted to evaluate the types of organisms that possess
each system and to analyze the habitats in which these are
typically found (B. San Francisco and R. G. Kranz, unpub-
lished data). No clear patterns have emerged in this analysis, in
part because the microhabitats that microorganisms use and
their ecological distributions are poorly understood.

FOR GENOME ANNOTATORS: WHAT DEFINES A
SYSTEM I (ccm GENES), A SYSTEM 11
(ces GENES), OR A SYSTEM
III (CCHL)

Given the fact that some proteins from both systems I and II
(CcsA, CemC, and CemF) possess the highly conserved WWD
domain, it can sometimes be confusing and time-consuming to
properly annotate the sequences of new genomes for cyto-
chrome ¢ synthesis proteins. What signature genes and se-
quences can identify a system when the picture is murky? Here
we provide some brief guidance for proper annotation and how
to quickly establish whether the organism has system I (ccm),
system II (ccs), both systems I and II (rarely), or system III.
Table 1 presents some signature motifs found in each of the
subfamilies of the WWD proteins (heme-handling proteins)
and other proteins. The signature genes for system I that
should emerge from a BLAST search are ccmC, ccmF, and
ccmE. In outlying organisms with system I, the other ccm genes
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are most likely present, with the exception of ccmH, as noted
above. For system II, the signature gene is ccs4 with the indi-
cated WWD motif. As shown for the few conserved residues in
CcsB (Fig. 3, in red), the ccsB ORF can be troublesome to
detect by homology searches in outliers, although it is typically
in an operon with ccsA. For system III in mitochondria, all
CCHLs are related, but specifically conserved residues in out-
liers also might be difficult to detect by BLAST searches (as
discussed above for Euglenozoa). Finally, a few organisms can
have multiple copies of a system. For example, Salmonella
enterica serovar Typhimurium has two complete sets of ccm
genes (98). Remember that the variations that recognize rarer
apocytochrome substrates may be additionally present (e.g., in
Wolinella two more CcsBA proteins, one for a CXXCK and
one for a CX14CH motif, and in E. coli the nrf genes, which
encode CemFGH paralogs that recognize CXXCK).

FUTURE STUDIES

Throughout this review we have noted some particularly
important studies that are needed in the field. Recall that the
structures for only a few proteins in systems I and I have been
determined, and then only soluble, truncated versions that are
typically nonfunctional (CcmE*, CemG*, CesX* [ResA], and
CcmH™ [periplasmic domains] [see, e.g., references 52 and 53]
and others cited above). The crystal structure of a WWD
domain (heme-handling) protein (CcmC, CemF, or CcsA),
with and without heme, remains a critical need. Although some
in the field have proposed that the WWD domain interacts
with the CcmE polypeptide component (70, 124), the presence
of the WWD domain in CcsA (system II), where no CcmE
operates, suggests otherwise. We suggest that the fundamental
purpose of the WWD domain is as an external scaffold for
heme, whereby the vinyl groups are surface exposed for inter-
action with various proteins, yielding a heme environment (in-
cluding the flanking histidines as axial ligands to the iron) that
is ideal for the necessary vinyl reactivity. The three-dimen-
sional structures of the heme o and a synthases are important
in and of themselves but also for comparison with the cyto-
chrome ¢ synthetases (CcmF and CcsA) that are discussed in
this review. A CCHL structure, with and without substrates,
will be very interesting.

It would be invaluable to reconstitute in vitro the holoCcmE
release in step 1 and the step 2 synthetase reaction for system
I and purified system II (CcsBA) and III (CCHL) synthetases.
We need to learn much about the synthetase mechanisms for
all three systems. Understanding the details of heme move-
ment into or through the membrane, through channels or by
other mechanisms, has been discussed above. Finally, more
ecological and evolutionary studies are needed for further
speculation on the advantages of each system.
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