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Abstract — The synthesis of holocytochromes in plastids is a catalyzed process. Several proteins, including plastid CcsA, Ccsl,
possibly CcdA and a thioredoxin, plus at least two additional Ccs factors, are required in sub-stoichiometric amounts for the conversion
of apocytochromes$ and ¢4 to their respective holoforms. CcsA, proposed to be a heme delivery factor, and Ccs1, an apoprotein
chaperone, are speculated to interact physically in vivo. The formation of holocytocbhgama multi-step pathway in which at least

four, as yet unidentified, Ccb factors are required for association dx tikeme. The specific requirement of reduced heme for in vitro
synthesis of a cytochronigsg-derived holop, suggests that cytochronesynthesis in PSII might also be catalyzed in vivo. © 2000
Société francaise de biochimie et biologie moléculaire / Editions scientifiques et médicales Elsevier SAS
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1. Introduction 2. Cytochromes

Metalloproteins such as cytochromes are ubiquitou®.1. Definitions and general features
electron-transferring molecules fulfilling important and
diverse functions in basic biological processes like oxida- Cytochromes are defined as heme-proteins in which the
tive phosphorylation, photosynthesis, and nitrogen fixaheme prosthetic group undergoes oxidation/reduction as
tion. They acquire their function by post-translationalpart of the function of the protein. Cytochromes can be
assembly of a metal-containing prosthetic group or alassified according to their heme iron coordination, by
metallocluster. Besides their obvious and well-heme type, and further by sequence similarity. By defini-
documented role in electron transfer, they can also béon, b-type cytochromes contain non-covalently bound
recruited for other purposes such as signaling, sensing, Gieme while the-type cytochromes harbor the same heme
regulatory functions (reviewed in [1-4]). The elucidation group attached covalently via one or, in most cases, two
of metalloprotein assembly in vivo has become a topicathioether linkages between conserved cysteines of a
area of research. It is well appreciated that the metabolisr@xxCH motif and the vinyl side chains on the porphyrin
of metal cofactors (such as Fe) and metal containinging (figure 1). For bothb-type andc-type cytochromes,
prosthetic groups (such as heme) is biologically catalyze¢he protein also provides axial ligands to the heme iron.
— from delivery to distribution to association with specific One ligand is usually a histidine residue. In thdype
apoforms of metalloproteins. However, much remains taytochromes, this histidine residue is adjacent to the
be understood, especially with respect to the mechanistigysteine involved in the C8 thioether linkage.
details of specific cofactor-polypeptide association. Ow- Cytochromesbss, bg, f and cg are the only four
ing to the catalytic properties of their metal cofactors,cytochromes characterized at the biochemical and mo-
numerous and abundant metalloproteins operating in reagacular levels so far in chloroplast thylakoid membranes,
tions involving electron transfer, oxygen chemistry andthe two former being of the-type and the two last being
photochemistry are found in the plastid (reviewed in [5]).of the c-type. Cytochromebss, is a membrane-spanning
Each metalloprotein has a particular sub-organellar locagprotein in PSII (reviewed in [6]). Cytochromég andf are
tion, specific interactions with partner subunits, and aatalytic subunits of thebsf complex, which transfers
unique cofactor binding site. Thus, the assembly of eacllectrons from plastoquinol to plastocyanin. Gyt and
protein must be studied separately. In this minireview, wecyt f, encoded by the chloroplagetB and petA genes,
aim to summarize our present understanding of thesgspectively, are found in plastids and cyanobacteria. Cyt
processes, with a focus on cytochromes as rather simptg, encoded by a nuclear gene @hlamydomonas rein-
models of metalloprotein biogenesis in the chloroplast. hardtii, is transcribed in copper deficient and hypoxic
conditions [7-9]. It is a soluble cytochrome found in
* Correspondence and reprints: merchant@chem.ucla.edu  Cyanobacteria and certain algal species and it serves as a
Abbreviations: PS, photosystem; cyt, cytochrome. functional replacement for plastocyanin.
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Figure 1. Cytochrome ligands involved in cofactor binding are illustrated using Rasmol V2.6. Sidechains are shown with spheres
whereas heme atoms are joined by distance. The heme Fe is depicted as a sphere for emphasis. A. Coordination of heme and residues
Cysl4 and Cysl7 are from the C. reinhardtii cyt cg structure [96] (PDB file 1cyi). B. Cyt f structure from cyanobacteria [97] (PDB
file 1ci3); thioether linkages by Cys21 and Cys24; His25 and Tyrl are axial ligands. C. Cyt ¢, thioether linkages between heme and
Cysl4, Cysl4; axial ligands Met60, His18 from C. reinhardtii structure asin A. D. Example of axia ligands in b-type cytochromes.
His87 and His182 binding b, heme and His97 and His308 binding b,, heme in the bovine cytochrome bc, complex structure [98] (PDB

file 1be3).

3. Heme
3.1. Heme metabolism

Synthesis of the heme cofactor requires the operation of
the tetrapyrrole pathway for synthesis of protoporphyrin
IX and mobilization of iron from a mineralized ferritin-
containing storage form. During plastid development, a
dramatic decrease in ferritin accumulation parallels a high
demand for iron in heme biosynthesis and iron-sulfur
cluster formation, suggesting that ferritin acts as an

iron-storage molecule [10]. The mechanism of iron mobi-
lization in the plastid is not known. In Saccharomyces
cerevisiae, a role of the mitochondria in regulating iron
uptake and distribution in relation to the making of heme
and Fe/S containing proteinsis evident [11-14]. In aplant,
one might imagine that the plastid might play an equive
lent role, especially considering the localization of plant
ferritin to the chloroplast, but this aspect of Fe metabolism
has not been studied yet.

The pathways leading to the synthesis of heme are well
characterized in photosynthetic organisms [15]. The tet-
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rapyrrole biosynthetic pathway leading to heme from
precursor 5-aminolevulinate is highly conserved in all
living organisms. In addition to heme synthesis, this
pathway branches to produce chlorophyll or bacteriochlo-
rophyll in photosynthetic organisms. The fina steps of
heme synthesis, catalyzed by protoporphyrinogen oxidase
(EC 1.3.3.4) and ferrochelatase (EC 4.99.1.1), occur in
both the mitochondria and plastid [16] with distinct
isoforms of the enzymes located in each organelle [17,
18]. It is assumed that the heme for plastid cytochromesis
the product of plastid ferrochelatase activity. The plastid
enzyme is thylakoid membrane bound. Since heme attach-
ment into apocytochrome ¢ occurs in the lumen after
processing to the mature form [19], the heme must be
delivered after it is synthesized from the membrane into
an agueous compartment. It has been commonly assumed
that heme diffuses freely through the membranes but this
assumption is probably not correct in cell sublocations
such as energy-transducing membranes where heme can
generate damaging reactive oxygen species.

3.2. Heme-dependent synthesis of cytochromes

The availability of cofactors can affect both the syn-
thesis and accumulation of the polypeptide component of
heme- and chlorophyll-containing proteins. In Chlamy-
domonas, it is possible to examine rates of protein
synthesis through pulse-labeling experiments (e.g.,
[20-22]), and this approach was used to look at the effect
of heme availability on b- and c-type cytochrome synthe-
sis [22, 23]. In these studies, gabaculine, which inhibits
the enzyme catalyzing the synthesis of 5-aminolevulinate,
was used to decrease heme production. These experiments
suggest that a tetrapyrrole pathway intermediate is re-
quired for increased translation of Cyc6 mRNA. Although
gabaculine treatment affects the synthesis of many plastid-
resident proteins, theinhibition of Cyc6é mRNA translation
is more severe and suggests a more specific requirement
for tetrapyrroles for the synthesis of heme proteins in
addition to a perhaps more general effect on gene expres-
sion as a result of tetrapyrrole-dependent signaling be-
tween the plastid and nucleus [24-27]. A similar approach
with wheat seedlings indicates that cyt f can be synthe-
sized even when heme synthesis is inhibited [28] but
whether or not the rate of synthesis of pre-apocytochrome
f is affected in gabaculine treated plants is not known.
Nevertheless, an important conclusion from this work,
which is supported by later work in Chlamydomonas [22,
23, 29], is that heme synthesis is not required for translo-
cation of pre-apocytochrome f nor for its processing. In
the etiolated wheat system the apoprotein accumulates,
but in Chlamydomonas the apoprotein is degraded.
Whether this difference is attributable to a fundamental
difference between Chlamydomonas versus plant plastid
degradation mechanisms or whether the use of etiolated
versus green cells constitutes an important variable is
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open for speculation. The pattern of labeling of cyt bg in
gabaculine treated wild type Chlamydomonas cells mim-
ics that of untreated cyt b site-directed mutants defective
in heme binding [30]. These mutants synthesize a
membrane-associated apocytochrome by but accumulate
very low amounts of apocytochrome b suggesting that the
apoprotein is degraded.

4. The c-type cytochromes

Because holo c-type cytochromes reside in a different
location than the site of apoprotein and heme synthesis,
assembly of cofactor with polypeptide requires consider-
ation of the temporal order of synthesis, polypeptide
translocation, and holoprotein formation.

4.1. Pre-cytochrome processing and translocation

Cytochrome f is synthesized on thylakoid membrane
bound ribosomes [31, 32] with an N-termina extension
[33]. This extension resembles bacterial signal sequences
[34] and is required for insertion into the thylakoid
membrane [35]. The presequence from pea cyt f can target
[-galactosidase to the bacteria cytoplasmic membranevia
the SecA-dependent transport system [36]. Although un-
processed full-length precursors of many plastid proteins
have been detected in vivo, despite their very short
half-life and low abundance, pre-cytochrome f is not
detectable unless translocation is blocked. While this does
not exclude post-translational import, the co-translational
model is preferred because it is compatible also with
trandation of petA mRNA on thylakoid bound ribosomes
(reviewed in [37-39]). A conserved AXA sequence in the
pre-protein is required for processing that occurs on the
lumen side [29]. This exposes the N-terminal tyrosine that
serves as an axia ligand to the heme iron [40]. Site-
directed mutation of the processing site from Ala-Gln-Ala
to Leu-Gln-Leu, or mutation of the N-termina Tyr to Pro
resulted in slower processing of the precursor in Chlamy-
domonas [29, 41], which emphasizes the importance of
the conserved processing site. When processing is slowed
down by mutation, the precursor can bind heme. The
pre-holo form of the polypeptide is also assembled with
the other subunits into a complex, illustrating that pro-
cessing does not have to precede heme binding nor
complex assembly. The temporal order of processing,
heme attachment, and complex assembly is probably
determined kinetically in the chloroplast system. Interest-
ingly, in Synechocystis, when heme attachment is blocked,
processing of cyt f is aso inhibited [42], suggesting that
the two steps are either coupled or that heme attachment
must precede processing as is the case for cyt ¢, matura-
tion in Saccharomyces mitochondria (reviewed in [43]).
Whether this reflects a difference in the substrate speci-
ficity of the plastid versus cyanobacteria protease or
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whether it reflects a difference in the accessibility of the
cleavage site in the plastid versus cyanobacterial pre-
apocytochrome needs to be tested.

Cytochrome ¢, is nucleus-encoded and trandated as a
precursor protein with a bipartite signal sequence. The
first signal targets the protein to the chloroplast envelope
membrane import apparatus and is removed upon trans-
location to generate the intermediate form, which is
translocated across the thylakoid membrane into the
lumen [19] (reviewed in [44]). Because pre-cyt cg lacks
the twin arginine motif found in the signal sequences of
proteins utilizing the pH-dependent pathway, we assume
that it uses the SecA-dependent pathway but this has not
been verified experimentally since the preprotein is not
imported into pea plastids, the usual system for in vitro
import assays (N.S. Pergam and S.M. Theg, unpublished
data). Processing and translocation of the pre-protein
occurs independent of heme attachment [45] but the
apoprotein is degraded rapidly if it is not converted to the
holoform [23].

4.2. Holocytochrome formation

4.2.1. Mitochondria and bacteria

What can we deduce about plastid apocytochromes ¢
maturation from our knowledge of this process in bacteria
and mitochondria?

4.2.1.1. Heme attachment

In S. cerevisiae mitochondria (and perhaps in animal
mitochondria) two cyt c/heme lyases operate in the
mitochondrial inter-membrane space [43]. The two cyto-
chrome heme lyases are specific for their respective
apoprotein substrates, namely apocytochromes ¢ and ¢,
[46-48]. These appear to be the only factors required for
the biogenesis of mitochondrial c-type cytochromes and it
is assumed that they catalyze thioether bond formation,
although the chemistry has not been detailed yet. The
lyase in the bacterial periplasm has not been identified.
Genome sequence analysis suggests that it is a different/
unrelated protein. It is likely that the mechanism is
different because the bacterial periplasm provides a dif-
ferent chemical environment than does the mitochondrial
inter-membrane space. Indeed, the bacterial system of
cytochrome ¢ assembly is different and requires several
ccm (cytochrome ¢ maturation) genes [49-51].

Candidate Ccm homologues of vascular plants (Arabi-
dopsis, Oenothera, wheat) are found in mitochondrial but
not plastid genomes, where it is assumed that they
function in a cytochrome maturation pathway more
closely resembling the bacterial system. Because homo-
logues of the cytochrome heme lyases are not found in
plant genomes (1/00) and the candidate Ccm homologues
appear to be localized in mitochondriarather than plastids,
it is reasonable to imagine that the plant Ccm homologues
function in the mitochondria. Therefore, the mechanism of
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cytochrome ¢ assembly in the chloroplast could require
distinct factors from either the bacterial Ccm system or the
fungal/mammalian cyt c/heme lyase system [52] (re-
viewed in [53]).

4.2.1.2. Heme transport and delivery

Heme needs to be transported, in a conventional sense,
from one side of a membrane to another. It also needs to
be delivered properly and targeted specifically from a
membrane location to the cytochrome assembly complex
in a usable form. What can we learn from what has been
resolved in the bacterial system? The ccm genes encode
components of an ABC-type transporter, which are known
to be required for cyt ¢ assembly in the bacterial peri-
plasm, but the substrate transported is not known. Al-
though it has been assumed that heme is the substrate [54],
recent work [55] shows that a periplasmic heme chaper-
one (CcmE), which delivers heme to the apocytochrome
in the Escherichia coli periplasm, can still be loaded in the
absence of CcmA and CcmB. A transmembrane protein,
CcmC, containing a signature ‘“WWD' motif [52-54] is,
nevertheless, required for CcmE loading, suggesting that
CcmC might function in heme transport. One tryptophan
in this motif [56] and two conserved histidines [54, 55] in
CcmC are required for c-type cytochrome biogenesis.

In E. coli, CcmE functions as an intermediate in heme
delivery to apocytochromes [57]. CcmE is membrane
associated with the C-terminal bulk of the protein lying in
the periplasm. CcmE binds heme covalently through a
functionally essential histidine residue within the con-
served sequence VLAKHDE [57]. CemC is required for
loading CcmE with heme, while a presumptive lyase,
perhaps CcmF, delivers heme from CcmE to the apocyto-
chromes [55]. In plants, a CcmE-homologue residesin the
mitochondria (G. Bonnard, personal communication) and
presumably functions in cytochrome c/c; assembly, rather
than in plastid cyt f assembly.

4.2.1.3. Thioreduction

It is evident that a thioreduction and oxidation pathway
is necessary to maintain the cysteines (in the CxxCH
motif) of the apocytochrome in an appropriate form for
heme attachment to occur in the bacteria periplasm.
CcmG (aso called Hel X, CycY, or DsbE) is a membrane
anchored thiol:disulfide oxidoreductase required for cyto-
chrome ¢ maturation in the bacteria periplasm [58-61]. In
E. coli, deletion of ccmG results in the complete absence
of cytochrome ¢ while mutating either cysteine in the
active site of CemG dramatically reduces the accumula
tion of cytochrome ¢ [61]. This suggeststhat CcmG has an
auxiliary function besides its role in thiol metabolism. In
the active site mutants, cytochrome ¢ accumulation can be
restored upon addition of certain thiol compoundsinto the
medium [61] illustrating the importance of the cysteinesin
the reducing function for CcmG and supporting the role of
CcmG in thiol maintenance. In addition to CcmG, DipZ
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(also called DshD) is required for cytochrome maturation
in E. coli [62]. dipZ null mutants have defects in disulfide
bond formation [61, 63-65]. In the absence of DipZ,
CcmG remains oxidized [66], and as with the CcmG
active site mutants, c-type cytochrome synthesis is re-
stored by the addition of certain thiol compounds [67]
supporting its role in a reductant transfer pathway.

Interestingly, disruption of the dipZ gene in Pseudomo-
nas aeruginosa results in only a partial defect of cyto-
chrome ¢ synthesis [64]. It is proposed that, in P. aerugi-
nosa, a CcdA-like protein could substitute for part of the
DipZ function [64]. Since CcdA does not have a thiore-
doxin motif, it seems unlikely that it could replace the
thioreduction function of the C-terminus of DipZ. Instead
CcdA might replace the membrane domain, which func-
tions to transfer electrons across the membrane. The
C-termina thioredoxin domain might be replaced by a
periplasmic thioredoxin like molecule. CcdA was discov-
ered originaly as being required for cytochrome ¢ bio-
genesis in Bacillus subtilis [68, 69] and will be discussed
in more detail in section 4.2.2.3. The conflict in cyto-
chrome accumulation of the dipZ disruption mutants from
E. coli and P. aeruginosa might be due to the fact that E.
coli has only dipZ and not ccdA, while P. aeruginosa has
both [64], possibly allowing for partia overlap in func-
tion. On the other hand, R. capsulatus also has both CcdA
and DipZ; yet ccdA mutants do show a cytochrome
assembly defect, suggesting that the two proteins are not
functionally redundant in this organism. Perhaps, in R.
capsulatus, the two proteins may have evolved to have
specific interactions for cytochrome ¢ maturation versus
general periplasmic disulfide metabolism.

In E. coli, DsbA and DsbB, which are responsible for
disulphide bond formation, are required also for cyto-
chrome maturation [70, 71]. E. coli expresses multi-heme
cytochromes which are not present in mitochondria and
chloroplast. The DsbA/B oxidation pathway might be
important only in the E. coli situation where multiple thiol
groups occur in a protein. Oxidation of the right pair
ensures that the lyase reaction proceeds with the correct
dithiol substrate [72]. The DsbA/B requirement may not
apply to systems such as chloroplasts where the apo-
polypeptides contain a single CxxCH heme binding motif.

4.2.2. Plastid holocytochrome ¢ assembly

To elucidate the factors required for cytochrome c
assembly in the plastid, non-photosynthetic/acetate-
requiring mutants of C. reinhardtii were screened for a
specific loss of c-type cytochromes [45]. Such mutants,
called ccs strains (for cytochrome ¢ synthesis) were
pleiotropically deficient in cytochromes f and cg but
contained norma amounts of mitochondrial cyt ¢ and
plastid cyt bssg [45]. The defect was localized to the step
of heme attachment because the apoproteins were synthe-
sized normally, targeted and processed [22, 45], but not
converted to the respective holoforms. A total of 20 ccs
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strains were analyzed and shown genetically to represent
aminimum of six loci, nucleus-encoded Ccsl to Ccs5 and
plastid-encoded ccsA [45, 73, 74]. There might be more
genes involved since three of the loci are represented by
only one mutant, suggesting that the screen is not satu-
rated. The large number of genesisnot asurprise since the
process in bacteria al so requires numerous ccm genes. The
ccsA [75] and Ccsl [76] genes have been cloned.

4.2.2.1. ccsA

The plastid encoded ccsA gene, formerly known as ycf5
[75], encodes a novel hydrophobic protein. The ccsA gene
was identified on the basis of its ability to complement
strain B6 and is now known to rescue all ccsA mutant
alleles including ct34, ct59, and FUD8. The sequence of
CcsA does not spesk to its specific biochemical function.
The protein has a molecular mass of approximately 3.5 x
10* and spans the membrane several times. Approximately
only 80 residues (out of > 300) are absolutely conserved in
a multiple alignment of 12 plastid and cyanobacteria
homologues [52]. Less related proteins are found in the
genomes of many bacteria including cyanobacteria, B.
subtilis, Mycobacterium spp., Neisseria spp., and Helico-
bacter pylori [52]. But again, their specific biochemical
functions are not known. In Synechocystis, where cyt bgf
function is essential, ccsA cannot be ‘knocked out’ [77],
which is not inconsistent with a role for cyanobacterial
CcsA in ¢yt f assembly. The C-terminal portion of CcsA is
very highly conserved, especially the region containing
the “WWD motif’. This motif, consisting of WGXxWx-
WDXE, was noted originally in CcmF and CecmC [50, 54,
78, 79]. Since it is found only in cytochrome biosynthesis
components, it was suggested that it is involved in heme
binding. Some of the tryptophans and the aspartic acid of
the WWD motif in CcsA are essentia for its function in
cytochrome assembly along with conserved histidine resi-
duesin putative trans-membrane domains (B.W. Dreyfuss
et a., unpublished data). The tryptophan-rich motif is
predicted, by PhoA fusion analysisin E. coli, to liein the
periplasm [54] (B.W. Dreyfuss et a., unpublished data),
which corresponds to the lumen, and this is consistent
with a possible role in heme delivery or heme binding
during holoprotein assembly. Based on the role of CcmC
in E. coli and the similar functional importance of tryp-
tophan and histidine residues in the bacterial proteins [55,
80], it is likely that CcsA functions in a heme delivery
pathway.

4.22.2. Ccsl

Six ccsl aleles have been isolated and characterized
[73] (B.W. Dreyfuss, S. Merchant, unpublished data).
Loss of function alleles and point mutations resulting from
insertional and UV mutagenesis, respectively, can be
isolated at high frequency. Pulse-chase analysis of ccsl
strains shows that the mutants are blocked in heme
attachment; specifically, they synthesize the apocyto-
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chromes but can not convert the apoprotein to its holoform
[45, 73]. The cloned Ccsl gene complements all C.
reinhardtii ccsl mutant alleles. The nucleus-encoded Cesl
gene of Chlamydomonas also encodes a novel protein
with three potential transmembrane domains in the
N-terminal half of the protein and a hydrophilic
C-terminal half predicted to lie in the lumen. It has a
molecular mass of approximately 6.0 x 10 Ccsl is less
conserved than CcsA. Candidate homologues occur in
virtualy al organisms that encode CcsA-like proteins,
suggesting that they might function together. Indeed, in
some organisms they are physicaly linked [52]. The
protein sequence does not speak to any obvious function
in the maturation of c-type cytochromes. A Ccsl-
homologue, called CcsB, in Synechocystis sp. PCC 6803,
appearsto be essential like CcsA of Synechocystis sp. PCC
6803 [42]. Nevertheless, a partially functional version was
created by deleting the first 24 codons. In this A(M1-A24)
mutant, pre-apocytochrome f accumulates and holocyto-
chrome f isfound at levels corresponding to about 20% of
wild type. This suggests that processing is coupled to
heme attachment in cyanobacteriain contrast to what was
noted for cytochrome f synthesis in chloroplasts (see
above, section 3.2). Interestingly, the cyanobacterial mu-
tant could not be generated in a ApetE strain (lacking
plastocyanin) where cyt cg function becomes essential,
demonstrating that CcsB is required for cyt cg maturation
in Synechocystis as well. The impairment of now two
essential proteins, cyt f and cyt ¢, might well result in a
synthetic lethal phenotype for the strain carrying the ccsB
A(1-24) mutation.

Since pre-apsocytochrome f accumulates in a Syn-
echocystis A(M1-A24) mutant, Tichy and Vermaas have
proposed that CcsB is an apocytochrome chaperone.
Nevertheless, the accumulation of atruncated CcsB in this
strain remains to be verified. The accumulation of sto-
ichiometric amounts of CcsB as proposed by these au-
thors, may open the door to biochemical characterization
of the protein in this system. By contrast, Ccsl appears to
be a very low abundance protein in C. reinhardtii, as is
expected for an assembly factor. In greening C. reinhardtii
y-1 cells, the accumulation of Ccsl parallels that of
holocytochrome f (B.W. Dreyfuss et al., unpublished
data), an observation which is compatible with a role of
Ccsl as an apoprotein chaperone.

Ccsl does not accumulate to wild-type levels in the
ccsA mutants (B.W. Dreyfuss et al., unpublished data)
suggesting that the two proteins may interact in a complex
such that the stability of one affects the other. As noted
aready, the genes encoding the two proteins are often
found in operon-like arrangements with other potential
cytochrome assembly factors in some bacterial and plastid
genomes [52]. One working model is that the CcsA and
Ccsl proteins form a ‘CCS complex’ involved in heme
transport and attachment as has been demonstrated for the
bacterial Ccm system [54, 80] (figure 2).
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4.2.2.3. CcdA and thioredoxin

What could the unidentified Ccs genes encode? The
CCS pathway of plastids is one of three different pro-
cesses for cytochrome ¢ maturation [53]. Other organisms
that contain CcsA- and Ccsl-like components include B.
subtilis and Mycobacterium spp. In these bacteria, a
thioredoxin-like protein islinked to the ccs genes[52, 81].
Based on what we know about the ccm pathway in E. coli
(see above, section 4.2.1.3), it is reasonable to imagine
that a thioredoxin-like component might be required for
maintenance of the cysteinyl thiols of plastid apocyto-
chromes in a state suitable for the lyase reaction. Thus,
one of the unknown Ccs genes of C. reinhardtii may well
encode such a thioredoxin-like protein. A search of the
EST database reveals four different thioredoxin-like se-
guences: three of them correspond to known thioredoxins
[82], the fourth is probably lumen-targeted and hence not
likely to be a Ccs factor. This is not surprising, since Ccs
encoding RNAs are expected to be low abundance spe-
cies. For instance only one C. reinhardtii Ccsl-encoding
EST was found (4/00) versus 200 for Pcyl (4/00).

Genetic analysis of cytochrome c¢ formation in B.
subtilis led to the identification of the ccdA gene [68, 69].
Mutations in ccdA result in a pleiotropic cytochrome
c-deficiency. CcdA displays low but significant sequence
similarity to the Dipz/DsbD family of thiol-disulfide
oxidoreductases. Two cysteines are conserved in the
CcdA-like sequences found in the databases (12/99), but
these are not arranged in a thioredoxin-type motif. Recent
work with R. capsulatus has shown that both conserved
cysteines in CcdA are in a transmembrane domain and
both are required for its function [83]. CcdA possibly
functions in concert with a thioredoxin in apocytochrome
thiol metabolism (reviewed in [84]). In Porphyra pur-
purea, CcdA is encoded in the plastid genome, suggesting
that it functions in this organelle. Interestingly, it is
physically linked to a Ccsl-like protein (asis aso the case
in Mycobacterium spp., Genbank Z74024 and several
cyanobacteria, Genbank AF052290, AF079137, D90916,
D64001). Again, this argument suggests a function for
CcdA in the plastid cytochrome ¢ biogenesis pathway.
Nevertheless, neither biochemical nor genetic evidence is
available at present to assign a function to the plant or
cyanobacterial CcdA-like proteins, nor even to present a
sub-organellar location or topology. At least one CcdA-
encoding gene (Genbank AF225913) is found in Arabi-
dopsis (Chromosome 5; 31% sequence identity in a 239
amino acid overlap with P. purpurea CcdA (figure 3).
Also, many ESTs encoding CcdA-like proteins are found
in the genomes of rice, tomato, and soybean. They are
found with BLAST [85] scores ranging from = 107/ to
= 1075, suggesting that they probably are homologues of
Arabidopsis CcdA. The gene product from Arabidopsis
has an N-terminal extension relative to the plastid and
bacterial proteins, suggesting that the Arabidopsis protein
could be targeted to an organelle (U. Boronowsky et a.,
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Figure2. Summary of the proposed cytochrome c synthesis pathway. Ccsl and CcsA are drawn as part of the CCS complex with
CcdA and ResA as potential additional players. Ccsl is proposed to interact with the apo-cytochrome, illustrated here as a chaperone
for apo-cyt f. CcsA is apotential heme delivery factor. Although ResA has not been identified in the plastid system, it is expected that
thioredoxin-like proteins, such as ResA and CcdA, will be required for cysteinyl thiol maintenance.

work in progress). Since a CcdA-encoding gene has been
identified in Arabidopsis and since Chlamydomonas chlo-
roplast components are extremely similar to those of
vascular plants, we suspect that one of the uncharacterized
CCS loci in Chlamydomonas could encode CcdA.

5. b-type cytochromes

While the requirement of catalytic factors for heme/
apoprotein association has long been acknowledged in the
case of holocytochrome c, the need for cytochrome b
specific assembly factors was not considered until re-
cently. Because the cofactor is retained by non-covalent
interactions in b-type cytochromes, it has been assumed
that, in vivo, the heme moiety is captured spontaneously
into the apoprotein. Indeed, heme is able to bind in vitro,
without catalysis, to synthetic peptides mimicking the
helices of mitochondrial cytochrome b [86]. Thisview has
long been uncontested by virtue of the fact that no specific
factor involved in heme binding to b-type cytochrome had
been identified. However, in many systems, the fact that
heme association defects cannot be distinguished from

other defects related to b-type cytochrome assembly has
rendered difficult any investigation of holoform matura-
tion.

5.1. Cytochrome by

Cytochrome bg spans the membrane four times and
binds two hemes, b, and by, on the lumen and stromal
side, respectively, by interhelix bis-histidyl ligation
(figure 1D) [87, 88]. However, in the absence of assembly
partners, apocytochrome by is synthesized normally, in-
corporates heme but undergoes rapid degradation [30].
Interestingly, unlike most b-type cytochromes, the heme/
cytochrome bg association is resistant to denaturing treat-
ments [30, 89, 90], which suggests that the interaction
might be covalent. Mutation of any of the four histidine
ligands that coordinate the b, and b, hemes led to the
appearance of distinct immunoreactive species of cyto-
chrome by corresponding to apocytochrome by, holocyto-
chrome bg, and a b, -heme dependent intermediate. The
identification of these species has been exploited to define
a pathway for apo to holocytochrome by conversion [30].
Heme-depleted cells or cells carrying altered b, sites
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Figure 3. CcdA sequence alignment of plastid organisms: Arabidopsis thaliana (Genbank AF225913), Anabaena PCC7120 (Genbank
AF136760), Porphyra purpurea (ycf44) (Genbank U38804), Synechococcus PCC 6301 (Genbank AF079137), Synechocystis PCC
6803 (DshD and hypothetical protein) (Genbank D90916 and D64001), and Synechococcus PCC 7002 (Genbank AF052290).
Alignment was done using the CLUSTAL method. Residues that match the consensus sequence determined by the CLUSTAL program

are shaded in black.

accumulate a single immunoreactive band corresponding
to apocytochrome bg. Cells harboring by, site-directed
mutations accumulate an additional species identified as a
b, -intermediate in the formation of holocytochrome by,
Thus, the assembly pathway proceeds in the following
order (figure4): apocytochrome - b, heme dependent
intermediate — holocytochrome.

Among a collection of nuclear photosynthetic mutants
displaying fluorescence characteristics typical of mutants
impaired in bgf activity, a subset exhibits a specific block
in the insertion of by revealed by the co-occurrence of
apocytochrome by and b, -intermediate species but not
holocytochrome bg. Genetic analysis concluded that these
mutants defined four unlinked CCB loci, for conversion of



Assembly of chloroplast cytochromes b and ¢

b, heme dependent intermediate

assembly factors?

611

Ccb1 to Ccb4

Figure 4. Cytochrome bg assembly pathway. The apoprotein is integrated into the membrane even when heme is not present. No
factors have been found that are required for the assembly of the b, heme-dependent intermediate. The formation of this intermediate
can be prevented by gabaculine treatment (section 3.2). Nuclear encoded factors, Ccbl to Ccb4, are required for holocytochrome

formation.

cytochrome b, whose products are required specifically for
the formation of holocytochrome bg [30]. The identifica-
tion of trans-acting mutants, which are blocked at one step
of this pathway, gives credence to the fact that conversion
of apo to holocytochrome by is catalyzed. However,
b, -heme association mutants could not be identified and it
is quite possible that b, insertion isindeed an uncatalyzed
step or that mutations resulting in ablock in this step lead
to a pleiotropic cytochrome deficiency phenotype. For
instance, a defect in cyt bz would cause an inability to
assemble PSII. And therefore such mutants would have
escaped the screen, which relied on a bgf-specific defect
[30].

Since the Ccb genes are not cloned, their putative
functions can only be speculated upon. Candidate func-
tions for the CCB loci include cofactor chaperoning/
delivery/transport, apocytochrome processing and cataly-
sis of heme/apoprotein association. One might expect the
Ccb factors to be conserved in other organisms such as
Synechocystis spp. and Bacillus spp., which contain a bgf
or bgf-related complex showing an unusualy tight binding
of heme to cytochrome b [90]. It will be very interesting
to see whether chloroplast and bacteria show diversity in
the mode of assembly of bs-related cytochromes b as they
do for the formation of c-type cytochromes [53].

5.2. Cytochrome bggg

Cytochrome bggg consists of two small polypeptides,
the o (9 kDa) and 3 (4 kDa) subunits encoded by plastid
genes psbE and psbF, respectively. Although the precise
structure of the cytochrome is not known, it has been
determined that each subunit contains a single histidine

involved in the coordination of the heme cofactor. Muta-
tion of this histidine residue from either subunit resultsin
destabilization of PSII and loss of assembly [91]. The two
subunits have a 1:1 stoichiometry [92] and may form a
heterodimer a/f3 with one bis-histidinyl coordinated heme
molecule [93]. In Synechocystis sp. PCC 6803, however, a
genetic fusion of the amino terminus of the 3 subunit with
the carboxy terminus of the o subunit enables photo-
autotrophic growth [94] and supports an a.,/f§, homodimer
model with one heme molecule in each a, or B, ho-
modimer. The stoichiometry between bggg and PSI1 sub-
units has yet to be agreed upon. Several groups report one
heme in PSII, supporting one o/f heterodimer in the
complex; while other groups report two hemes, which
could correspond to either two heterodimers or one a./f3,
homodimer in PSII (reviewed in [6]). In vitro assembly of
a 3, holocytochrome bggo-like complex, with spectral and
redox properties similar to the native cyt bgsg, from a
synthetic peptide corresponding to the Synechocystis psbF
gene product was accomplished recently [95]. In this
work, assembly of the 3, dimer was successful only when
ferro-heme was supplied. The assembled protein con-
tained a single heme per dimer. This work supports an
a. /B, model and suggests that specific factors may well be
required for cyt bgzy assembly in vivo, at least for
maintenance of the heme iron in the reduced state.

6. Conclusion
The assembly of cofactor-containing proteins requires

several catalyzed steps. For simple proteins, like the
cytochromes, these include cofactor delivery to the correct
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compartment, maintenance of the apoprotein in a
structure/conformation amenable for holoprotein assem-
bly, and specific ligation of the cofactor to the functional
groups on the polypeptide. The process is difficult to study
by traditional biochemica methods, since the specific
reactions are not yet known. Further, as judged from the
low abundance of Ccs transcripts in Chlamydomonas and
the rather meager representation of cDNAs for Ccsl and
CcdA in the EST databases (4/00), the factors are likely to
be low abundance proteins. The discovery of such factors
therefore relies heavily on genetic approaches. Indeed,
this has proved useful for the discovery of similar factors
required for mitochondrial and bacterial cytochrome as-
sembly. Based on the specificity of the six Ccs factors for
cytochromes ¢, and f, and the four Ccb factors for only
one of the two heme binding sites of cytochrome bg, we
predict that a substantial number of assembly factors
remain to be discovered.
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