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ABSTRACT

Cytochromes c¢ covalently bind their heme prosthetic
groups through thioether bonds between the vinyl
groups of the heme and the thiols of a CXXCH motif
within the protein. In Gram-negative bacteria, this
process is catalyzed by the Ccm (cytochrome ¢ matu-
ration) proteins, also called System I. The Ccm proteins
are found in the bacterial inner membrane, but some
(CcmE, CcmG, CcmH, and Ccml) also have soluble
functional domains on the periplasmic face of the
membrane. Elucidation of the mechanisms involved in
the transport and relay of heme and the apo-
cytochrome from the bacterial cytosol into the perip-
lasm, and their subsequent reaction, has proved chal-
lenging due to the fact that most of the proteins in-
volved are membrane-associated, but recent progress
in understanding some key components has thrown up
some surprises. In this Review, we discuss advances in
our understanding of this process arising from a sub-
strate’s point of view and from recent structural infor-
mation about individual components.

KEYWORDS cytochrome ¢, heme, Ccm, post-transla-
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INTRODUCTION

While the detailed mechanisms of many heme enzymes have
reached textbook status, the transport and attachment of the
cofactor to its end-user proteins remain poorly understood,
although there is considerable interest in elucidating these
mechanisms (Allen et al., 2003; Kranz et al., 2009; Stevens et
al., 2011). A ubiquitous cofactor in biology, heme is involved

in many fundamental biochemical processes that involve
highly reactive chemical species. When these reactive spe-
cies are harbored within complex membrane protein assem-
blies, these processes become hard to trap and characterize.
One much-studied and still unresolved question in this area is
the chemistry behind heme attachment to polypeptide in cy-
tochromes c, one of the staple paradigms for the protein
chemist. The fully membrane-localized System | catalyzes
the covalent attachment of heme to c-type cytochromes.
Despite difficulties in obtaining structural information, signifi-
cant advances in our understanding of this process have
been made through the study of individual components of
System | and the use of novel substrate probes to study the
system as a whole. The surprising picture that emerges is
almost expected: many aspects of heme chemistry appear to
be involved in determining heme’s own fate.

Cytochromes ¢ are key components of biological electron
transport chains of all organisms, and mitochondrial cyto-
chrome c also plays a role in the initiation of apoptosis (Liu et
al., 1996). They are characterized by covalent binding of
heme via thioether bonds between the heme vinyl groups and
the cysteine residues in a CXXCH motif, where X represents
any amino acid except cysteine (Barker and Ferguson, 1999).
The histidine residue in this motif provides an axial ligand to
the heme iron and the mature motif is generally helical in the
resulting structures, but not a-helical. A small number of
naturally-occurring c-type cytochromes have a modified
CXXCH motif with three or four X’ residues between the
cysteines. Biochemically, the stereospecific attachment of
heme to c-type cytochromes is a complex process and at
least four distinct systems have evolved to catalyze this reac-
tion, and yet a single cysteine thiol can react with a heme
vinyl group uncatalyzed in some circumstances. This article
focuses on System I, which is found in a-, y- and some
B-proteobacteria, some extremophiles, and plant and red
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algal mitochondria.
CYTOCHROME C MATURATION

The covalent attachment of heme to c-type cytochromes in
the bacterial periplasm involves at least 12 proteins, in-
cluding the ccm (cytochrome ¢ maturation), dsb (disulfide
bond) and trx gene products (Thény-Meyer et al., 1995;

Kranz et al., 1998) and has become the System | paradigm.

Both the apo-cytochrome and the heme prosthetic group
must be translocated across the cytoplasmic membrane
into the periplasm, where heme is attached stereospecifi-
cally to the protein. There is significant evidence that re-
ducing equivalents are required to catalyze the process,
ostensibly for two purposes. First, it is thought that the
CXXCH motif in the apo-protein is first oxidized to an in-
ternal disulfide as it is translocated to the periplasm but
then reduced again before reaction with the heme vinyl
groups (Barker et al., 1995; Allen et al., 2003); but what is
it reduced to? Second, reducing equivalents are also
needed to maintain the iron in reduced state during the
actual attachment process. On the face of it, this would
appear to be required to avoid oxidation of the cysteine
thiols to thiyl radicals that can result in deleterious side
reactions (Barker et al., 1993; Allen et al., 2003; Fee et al.,
2004), but if the cysteine residues were not already re-
duced would the oxidation state of the iron matter?

The Ccm system has been extensively reviewed, yet its
mode of action remains mysterious (Thény-Meyer, 2002;
Kranz et al., 2009; Stevens et al., 2011). In most
Gram-negative bacteria, there are nine Ccm proteins, des-
ignated CcmA-I, and DsbD (or CcdA), found encoded in a
single locus within the E. coli chromosome (Thoény-Meyer et
al., 1995) (Fig. 1). The Ccm proteins are integral membrane
proteins with functional domains on the periplasmic face of
the inner membrane. CcmABCD form a transmembrane
ATP-binding cassette (ABC) transporter, in which CcmA is
the ATP-binding subunit, whilst CcmB and CcmC are re-
quired for localization to the inner membrane (Feissner et al.,
2006). The CcmABC complex transports heme across the
inner membrane into the periplasm, where CcmD facilitates
its delivery from CcmC to CcmE (Richard-Fogal et al., 2008);
the heme is exported with iron in the reduced (Fe2+) state.

CcmE is a membrane-associated protein consisting of an
N-terminal membrane-anchoring domain, a soluble domain
comprising a six-stranded antiparallel 3-sheet (Arnesano et
al., 2002; Enggist et al., 2002), and a flexible C-terminal tail.
CcmE has been the subject of a great deal of study ever
since the observation that heme is transiently covalently at-
tached to it prior to attachment to the recipient cytochrome ¢
(Schulz et al., 1998). It is not clear that the unusual nature of
the proposed heme-histidine bond in this transient species
(Daltrop et al.,, 2002b) is the actual reactive species or
whether it is a stable adduct formed by quenching a more

reactive species during its extraction for analysis. However,
based upon this structure it has been proposed that attach-
ment to CcmE is facilitated when the iron is oxidized, and
released to the recipient cytochrome ¢ when the iron is re-
duced (Richard-Fogal et al., 2009). CcmF, CcmH, and Ccml
interact to form a stable membrane-integral complex. CcmF
delivers reductant to heme on CcmE, whilst CcmG and
CcmH, together with DsbD, reduce the cysteines in the
CXXCH motif of the apo-cytochrome (Kranz et al., 2009;
Stevens et al., 2011 and references therein). Intriguingly, it
has recently been found that CcmF contains a binding site for
a heme molecule that is not incorporated into the cytochrome
¢ but is thought to be required for electron delivery to the
reaction complex of CcmH, CcmE and the apo-cytochrome
(San Francisco et al., 2011). Hence it appears that there are
two possible routes for electron delivery to and from the ac-
tive site: through the CcmF heme and through the CcmH
dithiol. A full electron audit of the whole process has not been
possible so far and a mechanism remains elusive despite a
variety of suggestions.

The unfolded recipient apo-cytochrome is translocated
across the inner membrane into the periplasm through the
Sec system, which recognizes a leader sequence of 22
amino acids, which is then cleaved from the polypeptide.
Once in position, the apo-protein interacts with the various
Ccm proteins and is oriented to facilitate the formation of
thioether bonds between the heme vinyl groups and the
CXXCH cysteines. Recent evidence hints that the oxidation
state of the cysteines in the motif is neither the expected
dithiol nor the intramolecular disulfide, but could involve the
formation of a mixed disulfide between the cysteines in the
CXXCH motif and other proteins or small molecules.

WHOLE-SYSTEM STUDIES

Evidence for the presence of an apo-cytochrome mixed di-
sulfide comes from studies of how the Ccm system handles
variants of its cytochrome substrates in vivo. A modified cy-
tochrome bse2, Which has been engineered to contain the
CXXCH motif and forms c-type covalent bonds to heme in the
E. coli periplasm (Barker et al., 1995), has proved to be an
excellent probe of the substrate specificity of System | (Allen
et al.,, 2009). Unlike almost all other cytochromes c, cyto-
chrome 'chsgz' apo- and holo-proteins are stable in vivo and
purification is relatively straightforward, enabling characteri-
zation. Correctly and incorrectly matured c-type cytochrome
products can be distinguished by absorption spectroscopy
and characterized by high resolution methods of NMR and
mass spectrometry (MS) (Allen et al., 2003; 2009; Sawyer et
al., 2010).

Using this cytochrome cbss, probe it has been found that
the Ccm apparatus is able to recognize and correctly mature
variant cytochromes with cysteine residues within or adjacent
to the CXXCH moitif (Allen et al., 2009). This interesting result
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The E. coli cytochrome ¢ maturation (Ccm) proteins. The unfolded apo-cytochrome is translocated across the inner

membrane into the periplasm via the Sec system. Heme is transported into the periplasm by CcmABCD and delivered to CcmE,
which covalently binds the 2- or 4-vinyl group via an exposed histidine residue. Holo-CcmE is then reduced by CcmF, which con-
tains a b heme that is not incorporated into the apo-cytochrome. The apo-cytochrome probably undergoes a series of thiol redox
reactions facilitated by CcmG and CcmH before being presented to the heme as a mixed disulfide—likely with a small molecule thiol.
Thioether bond formation between the cysteine residues in the protein's CXXCH motif and the heme vinyl groups then takes place.
The structures of the soluble domains of CcmE (PDB 1SR3), CcmG (PDB 2B1K), and CcmH (PDB 2HL7) are shown, along with
cytochrome cbss; (adapted from PDB 1QQ3). Catalytically important cysteine residues of CcmG and CcmH are shown in or-
angel/yellow. The cysteines and histidine in the cytochrome CXXCH motif are shown as sticks and colored by element.

raises the question: why are cysteine residues not observed
within the CXXCH motifs of naturally occurring c-type cyto-
chromes? In fact, cysteine residues (except those within
CXXCH motifs) are rare in the soluble domains of c-type
cytochromes in general; it seems that despite the fact that
cells are able to correctly mature these cytochromes, other
evolutionary pressures have led to selection against cysteine.
It is likely that this is at least partly due to the need to avoid
potential heterogeneity in heme attachment. A further reason
may be to ensure that there are no free cysteine thiols avail-
able to react with heme iron leading to oxidative damage, or
other proteins leading to unwanted dimerization.

Cytochrome cbsgp variants with unnatural numbers of 'X'
residues (1, 5 or 6) between the cysteines were also engi-
neered (designated CX;CH, CXsCH, and CXsCH). MS
analysis revealed the presence of several species of holo-
cytochrome, differing in mass by multiples of 32 Da (Allen et
al., 2009). Interestingly, these “+32” modifications were first
observed in 1995 when cytochrome bss; was originally con-
verted to a c-type cytochrome (Barker et al., 1995). However,
since the origin and identity of this extra mass was unknown,
and the Ccm system had yet to be identified as the processor

© Higher Education Press and Springer-Verlag Berlin Heidelberg 2012

of cytochromes c, these species were dismissed as being
physiologically irrelevant. It has now become apparent that
understanding the origin of these extra mass units may pro-
vide insight into the mechanism of cytochrome ¢ maturation
by the Ccm system.

Using high-accuracy MS we were able to show that the
extra mass observed is due to sulfur (mass 31.97207 Da)
and not two oxygens (mass 31.9898 Da) and that it is located
on the first cysteine in the CX,CH motif, Cys-98 (Sawyer et al.,
2010). The “+32” peptides were accompanied in the mass
spectra by singly-charged heme fragment ions with one addi-
tional hydrogen atom, which seems to be a signature for
these sulfur-modified proteins. Furthermore, whenever there
was a cysteine residue at the N-terminus of the MS-fragmen-
ted peptide, the y-ion detected was 51 Da smaller than ex-
pected. This is likely to be due to a cysteine persul-
fide-specific internal fragmentation leading to formation of a
propenamide. Interestingly, propenamide y-ions were only
observed in spectra of sulfur-modified proteins and never in
control experiments on normally attached (i.e. no extra mass)
heme. These two observations clearly indicate that the per-
sulfide linkage has different chemistry from the normal thio-
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ether heme-protein bond.

What does this tell us about the mechanism of the Ccm
apparatus? The presence of a persulfide bond between the
heme and Cys-98 strongly suggests that the apo-protein was
modified before being presented to heme in the Ccm catalytic
site. It is likely that the cytochrome cbss, modification involves
formation of a mixed disulfide, probably with a small molecule
thiol. The conformational constraints imposed by having too
few or too many 'X' residues between the two cysteines result
in misalignment of the apo-cytochrome substrate and at-
tachment of heme to the wrong sulfur atom in the disulfide.
Thus these results suggest that the substrate of the Ccm
apparatus may not be the reduced CXXCH motif as previ-
ously assumed, but rather two disulfides. This has conse-
quences for a redox audit of the mechanism and it is there-
fore highly pertinent that new redox roles for the Ccm proteins
have recently been described (Richard-Fogal et al., 2009).
However, the question remains: why go to all this trouble,
since thiols can add to the heme vinyl groups in an uncata-
lyzed reaction (Barker et al., 1993; Daltrop et al., 2002a; Allen
et al.,, 2003)? In the context of cytochrome bss;, we have
never been able to observe the formation of both covalent
linkages in vitro. One idea is that such a unique mechanism
has evolved to ensure that both thioether bonds are formed
simultaneously in a concerted reaction with an activated
heme and that the heme-histidine attachment to CcmE plays
a role in directing the location of a radical during the process.
The process certainly has many hallmarks of a highly or-
chestrated radical transfer reaction.

CONCLUDING REMARKS

The example of using novel cytochrome ¢ substrates to probe
the mechanism of the integral membrane Ccm proteins
shows how membrane proteins may be studied in the ab-
sence of structural information or protein complex isolates.
The ultimate goal is still to obtain detailed structures of the
proteins at each stage of the catalytic cycle. However, in the
meantime, while our understanding of the chemistry involved
in attaching heme to c-type cytochromes continues to grow,
we should not be surprised to discover that heme controls its
own destiny in this process by harnessing reactive chemistry.
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