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The c-type cytochromes are characterized by the covalent attach-
ment of haem to the polypeptide via thioether bonds formed from
haem vinyl groups and, normally, the thiols of two cysteines in
a CXXCH motif. Intriguingly, the mitochondrial cytochromes ¢
and ¢, from two euglenids and the Trypanosomatidae contain
only a single cysteine within the haem-binding motif (XXXCH).
There are three known distinct pathways by which c-type cyto-
chromes are matured post-translationally in different organisms.
The absence of genes encoding any of these c-type cytochrome
biogenesis machineries is established here by analysis of six try-
panosomatid genomes, and correlates with the presence of single-
cysteine cytochromes c¢ and c,. In contrast, we have identified a
comprehensive catalogue of proteins required for a typical mito-
chondrial oxidative phosphorylation apparatus. Neither sponta-
neousnorcatalysed maturation of the single-cysteine Trypanosoma
brucei cytochrome ¢ occurred in Escherichia coli. However, a

CXXCH variant was matured by the E. coli cytochrome ¢ matu-
ration machinery, confirming the proposed requirement of the
latter for two cysteines in the haem-binding motif and indicating
that T. brucei cytochrome ¢ can accommodate a second cysteine in
a CXXCH motif. The single-cysteine haem attachment conserved
in cytochromes ¢ and ¢, of the trypanosomatids is suggested to
be related to their cytochrome ¢ maturation machinery, and the
environment in the mitochondrial intermembrane space. Our
genomic and biochemical studies provide very persuasive evi-
dence that the trypanosomatid mitochondrial cytochromes c are
matured by a novel biogenesis system.

Key words: c-type cytochrome, cytochrome c¢ biogenesis,
Euglena, mitochondrial respiratory chain, oxidative phosphoryl-
ation, trypanosome.

INTRODUCTION

The c-type cytochromes are widespread proteins essential for
virtually all life. They are characterized by the covalent attachment
of haem to the polypeptide. Thioether bonds are normally formed
between the vinyl groups of the haem and the thiols of two cysteine
residues in a conserved CXXCH motif, where the histidine func-
tions as an axial ligand to the haem iron [1-3]. Mitochondrial
cytochrome c is by far the best known of this type of protein.
It is located in the intermembrane space and transfers electrons
from the cytochrome bc, complex to the cytochrome aa; oxidase;
cytochrome ¢, of the bc, complex is also a c-type cytochrome.
There are many other distinct c-type cytochromes in bacteria; the
evolution of the CXXCH attachment motif is unclear [4].
Remarkably, there are in different organisms at least three dis-
tinct pathways by which c-type cytochromes undergo the chem-
ically difficult process of post-translational haem attachment [4].
One is the so-called Ccm (cytochrome ¢ maturation) system (or
System I), consisting of up to nine proteins, which is found in the
a-, y- and some B-proteobacteria, Deinococcus, and also in plant
and red algal mitochondria. Cytochrome ¢ biogenesis System II,
involving at least four proteins, occurs in -, §- and e-proteo-
bacteria, Gram-positive bacteria, cytophagales, aquaficales, plant
and algal chloroplasts and cyanobacteria. System III is the
enzyme called haem lyase; it is found in the mitochondria of
fungal, vertebrate and invertebrate cells and is also present in
the genomes of Chlamydomonas reinhardtii and Plasmodium
falciparum [5]. In many of the organisms, other than mammals,

in which System III is used, it appears that specific haem lyase
isoforms are preferentially required for the maturation of either
cytochrome c or cytochrome ¢, [5]. We have also shown in recent
work that at least one c-type cytochrome can form correctly
in vitro in an uncatalysed reaction, although the rate was low
and for all other cytochromes ¢ investigated to date malformed
side-products were also observed [6-8].

Intriguingly, there is a small group of organisms within the
phylum Euglenozoa that does not conform to the usual pattern
of c-type cytochromes with a CXXCH haem-binding motif. The
cytochromes ¢ and ¢; from the mitochondria of the euglenids
Euglena gracilis and Euglena viridis [9—11] and the Trypano-
somatidae (including Crithidia fasciculata and Trypanosoma
brucei) [9,12,13] contain only a single cysteine residue within the
haem-binding motif [A(A/G)QCH and FAPCH motifs in the cyto-
chromes ¢ and ¢, respectively], and are thus matured by the form-
ation of only one thioether bond between the haem and the apo-
cytochrome. In Euglena the single cysteine attachment of haem
to c-type cytochromes is specific to the mitochondria; the plastid
c-type cytochromes f (despite its misleading name, cytochrome

f is a c-type cytochrome) and c¢ss, both contain a CXXCH motif

[14,15], and, by analogy with cytochrome ¢ biogenesis in higher
plant chloroplasts and cyanobacteria, are presumably matured by
a System II apparatus [16,17].

We have explored the maturation of the single-cysteine mito-
chondrial c-type cytochromes of the Euglenozoa using the newly
available complete genome data for the medically relevant try-
panosomatids 7. brucei, Trypanosoma cruzi and Leishmania
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major, and the extensive genome coverage for Trypanosoma
vivax, Trypanosoma congolense and Leishmania infantum. In the
present paper we report the outcome of these investigations and
complementary studies of the expression of T. brucei cytochrome
¢ in Escherichia coli.

EXPERIMENTAL

Expression of recombinant T. brucei cytochrome ¢

The T. brucei cytochrome ¢ gene was amplified by PCR using the
primers 5-TTGAATTCGCATGCCACCAAAGGAGCGTGC-3
and 5'-GCAAGCTTTTAGTCCTTTAATGTCTCGAGG-3' with
Herculase DNA polymerase (Stratagene). The PCR product was
digested with EcoRI and HindIII (sites underlined and in bold
respectively within the primer sequences) and ligated into the
pKK?223-3 E. coli expression vector (Amersham Pharmacia) that
had also been digested with EcoRI and HindIII to yield pKK?223-
Tbeytc. For targeting the recombinant cytochrome to the peri-
plasm, complementary oligonucleotides encoding a periplasmic
targeting signal (from Pseudomonas aeruginosa cytochrome css, )
were annealed to provide a double-stranded DNA molecule with
EcoRI-compatible sticky ends; this was ligated into EcoRI-
digested pKK223-Tbcytc, yielding pKK223-Tbcytc,.;;. Addi-
tional residues between the end of the periplasmic targeting
sequence and 7. brucei cytochrome ¢ were removed by the Quik-
change method (Stratagene), producing plasmid pKK223-
Tbeytcper. Finally, both pKK223-Tbcytc,.., and pKK223-Tbcytc
were mutated using the Quikchange method to produce plasmids
to express periplasmic (pKK223-Tbcytc,.;CXXCH) and cytopla-
smic (pKK223-TbcytcCXXCH) variants respectively of T. brucei
cytochrome ¢ with a CXXCH haem-binding motif. All constructs
were DNA sequenced.

Biochemical procedures

E. coli strain JCB387 [18] was used for cytochrome ¢ expression
experiments. Cells were transformed with plasmids coding for
cytoplasmic wild-type, cytoplasmic CXXCH, periplasmic wild-
type or periplasmic CXXCH forms of 7. brucei cytochrome
c¢. Plasmid pEC86 [19] was used to express the E. coli Ccm sys-
tem. Cultures of 500 ml were grown, harvested and fractionated
exactly as described previously [8,20]. Cytochrome content was
determined from absorption spectra of the crude periplasmic or
cytoplasmic fractions to which a few grains of disodium dithionite
had been added.

C. fasciculata was cultured as described previously [12]. Cells
were harvested by centrifugation, washed twice with PBS, the
pellet slurried in 25 ml of PBS containing 600 mM NaCl and
the cells lysed by six cycles of freeze—thawing in liquid nitrogen
followed by sonication. The cell extract was centrifuged at
75000 g for 1 h; the supernatant was acidified to pH 5.0 with
2 M acetic acid and centrifuged again at 10 000 g for 20 min. The
supernatant after this step was retained for purification of the cyto-
chrome c.

C. fasciculata cytochrome ¢ and recombinant 7. brucei cyto-
chrome ¢ (CXXCH variant) were purified using an SP-Sepha-
rose chromatography column (Amersham Pharmacia XK26/20;
bed volume 70 ml). Chromatography was done at room tempera-
ture in 50 mM Tris/HCI, pH 8.0. The column was eluted with
a 0-0.5 M NaCl gradient at a flow rate of 9 ml- min~'; 7 ml frac-
tions were collected. Electrospray ionization MS was performed
as described [8]. Absorption spectra of reduced haems in the pre-
sence of hydroxide and pyridine are characteristic of the type of
Fe—porphyrin present, as well as of any modifications to it (e.g.
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covalent attachment to the polypeptide in a c-type cytochrome);
such pyridine haemochrome spectra were obtained according to
the method of Bartsch [21].

Sequence similarity searches

Sequence similarity searching was performed using the publicly
available databases at NCBI, and various other dedicated organ-
ism-specific genome browsers. Sequence data for the various
trypanosomatid genomes were obtained from The Sanger In-
stitute (http://www.genedb.org/genedb/tryp/index.jsp). Essential
components from each of the known cytochrome ¢ biogenesis
systems, or proteins necessary for the assembly or activity of the
mitochondrial oxidative phosphorylation apparatus, were used
as query sequences in BLAST analyses of the trypanosomatid
databases. In addition to using complete open reading frames as
queries, sequence alignments were used to refine the query for
each biogenesis factor down to stretches of similarity that identi-
fied without ambiguity orthologues from the widest possible
variety of taxa. These regions were also used to search each of the
trypanosomatid genomes. Some E. coli and Pseudomonas con-
taminants were identified among unassembled reads on the basis
of perfect nucleotide identity with bacterial sequences already
deposited in the non-redundant database.

For System III, the essential proteins are cytochrome ¢ haem
lyase and, in many eukaryotes, cytochrome ¢, haem lyase [5]. For
System I, the conserved and essential proteins used for our
searches were CcmC, CcmE and CemF [1,4]. We obtained
eukaryotic sequences from Arabidopsis thaliana, Oryza sativa,
the red alga Cyanidioschyzon merolae and the jakaboid protozoan
Reclinomonas americana. From the prokaryotes, we used
Rickettsia prowazekii and Magnetospirillum magnetotacticum
(a-proteobacteria), Nitrosomonas europaea and Bordetella
bronchiseptica (f-proteobacteria), plus E. coli and Azotobacter
vinelandii from the y -proteobacteria. For System II, attention was
focused on the proteins ResB and ResC from Bacillus subtilis
and their orthologues the nuclear-encoded Ccs1 and the plastid-
encoded CcsA from Chlamydomonas reinhardtii [22-24].

RESULTS

XXXCH c-type cytochromes and many respiratory chain
components, but absence of a cytochrome ¢ hiogenesis
system, in trypanosomatids

An analysis of publicly available genome data indicated that the
natural occurrence of cytochromes ¢ and ¢; with a single-cys-
teine (XXXCH) rather than a double-cysteine (CXXCH) haem-
binding motif remains unique to the mitochondria of Euglena
species and trypanosomatids. From the trypanosomatid databases
(T. brucei, T. vivax, T. congolense, T. cruzi, L. major and
L. infantum) we identified cytochrome ¢ and ¢, sequences (five
of each) that were not previously available. Each of these cyto-
chromes ¢ and ¢, has a conserved single-cysteine haem-binding
motif (AAQCH and FAPCH respectively) (Table 1).

When we asked how these unusual single-cysteine cytochromes
are matured, we were astounded to find that there was no evidence
for any of the known cytochrome ¢ biogenesis systems, i.e. the
Ccm system (System I), System II or haem lyase (System III),
in any of the trypanosomatid nuclear or mitochondrial genomes
(bioinformatic probes as described above). The T. brucei, T. cruzi
and L. major genomes are now frozen as complete, and a
vast amount of sequence from six genome projects, EST data-
bases plus trypanosomatid mitochondrial genome sequence [25]
is available. Coupled with the high degree of amino acid identity
conservation between homologous coding units in the different
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Table 1  Cytochromes ¢ and ¢, from trypanosomatids contain a conserved
single-cysteine haem-binding motif

Ahigh degree of overall sequence identity is also retained between the different trypanosomatids
(> 80 % and > 90 % for cytochromes ¢ and c¢; respectively).

Haem-binding motif

Organism Cytochrome ¢ Cytochrome ¢
Trypanosoma brucei AAQCH FAPCH
Trypanosoma congolense Not identified FAPCH
Trypanosoma vivax AAQCH FAPCH
Trypanosoma cruzi AAQCH FAPCH
Crithidia oncopelti AAQCH FAPCH
Crithidia fasciculata AAQCH FAPCH
Leishmania major AAQCH FAPCH
Leishmania infantum AAQCH FAPCH
Euglena gracilis AAQCH FAPCH
Euglena viridis AGQCH Not identified
Saccharomyces cerevisiae CLQCH (iso-1) CAACH
CQQCH (iso-2)

Schizosaccharomyces pombe CAQCH CSACH
Homo sapiens CSQCH CASCH

Mus musculus CAQCH CSSCH

trypanosomatids, it is extremely unlikely that a conserved bio-
genesis component(s) remains encoded within DNA that has
not been sequenced. Our ability to catalogue candidate genes
that encode many of the proteins necessary for or characteristic
of assembly or activity of a typical eukaryotic oxidative phos-
phorylation apparatus (see Supplementary Table 1 at http://www.
BiochemlJ.org/bj/383/bj3830537add.htm) not only confirms the
exhaustive sequence coverage available for each trypanosomatid
genome project, but, moreover, provides the necessary and
important control analysis to substantiate our claim of the
absence of any known cytochrome ¢ biogenesis system. Haem
lyase, in conjunction with cleavage of an N-terminal targeting
sequence, is involved in the import and assembly of cyto-
chrome ¢, in fungal mitochondria. The absence of haem lyase
from trypanosomatids may correlate with the observed absence
of a cleavable N-terminal sequence on any of the trypanosomatid
cytochromes ¢, identified; it is notable that cytochrome ¢, has
recently been shown to be imported into 7. brucei mitochondria
along an unusual pathway [26].

For our control analysis of the trypanosome and Leishmania
respiratory chains, we first identified, by reference to the published
composition of Complex I isolated from bovine heart mitochon-
dria and Neurospora crassa [27,28], nuclear-encoded catalytic
subunits that are conserved between eukaryotic and prokary-
otic NADH:ubiquinone oxidoreductase, and also the acyl-car-
rier protein subunit identified in the mammalian and fungal
complexes (Supplementary Table 1; http://www.BiochemJ.org/bj/
383/bj3830537add.htm). Given the paucity of data regarding
Complex I function in protozoa, we did not search the trypano-
somatid genomes for the presence or absence of the accessory
subunits that characterize the mammalian and fungal enzymes.
The roles of such subunits are ill-defined and they may not be
widely conserved.

Peptide sequences from purified components of C. fasciculata
cytochrome bc, and Leishmania tarentolae cytochrome oxidase
[12,29] were used to identify nuclear genes encoding Complex IIT
and Complex IV components in the different trypanosomatid gen-
omes (Supplementary Table 1). Subunits of C. fasciculata cyto-
chrome bc, [12] were mapped to trypanosome and Leishmania
homologues of three peptidases required to cleave import se-
quences present on other subunits, the Rieske Fe—S protein, cyto-

chrome c,, a homologue of the 14 kDa subunit conserved in other
organisms [30], and a protein that has no discernable homologue
outside of the Trypanosomatidae. Additionally, we identified
a gene encoding the 7.8 kDa homologue of Complex III hinge
protein [31]. The cytochrome b subunit is mitochondrially en-
coded [25]. For trypanosomatid Complex IV, as for that of other
eukaryotes, three large hydrophobic subunits encoded by the
mitochondrial genome constitute the catalytic core. Atleast 11 ac-
cessory factors are required to complete L. tarentolae cytochrome
oxidase [29]. Using the 11 peptide sequences published previously
[29], we identified 10 corresponding nuclear genes in the trypano-
somatid genomes (peptides from bands 4 and 5 in the published
study both map to the same open reading frame), including eight
with no apparent homologues outside of the Trypanosomatidae.

For SDH (succinate dehydrogenase; Complex II), the large
FAD-containing SDH1 subunit and the smaller Fe-S cluster-
binding SDH2 subunit were readily detected in the genomes,
albeit with the Fe—S-binding subunit divided such that amino acids
with similarity to the N-terminus of Saccharomyces cerevisiae
SDH?2 were contained on one 27.2 kDa polypeptide and the amino
acids that shared identity with the C-terminus of yeast SDH?2
were present on a second 21 kDa polypeptide. We also identified
(Supplementary Table 1) predicted trypanosomatid orthologues of
the heterodimeric ETF (electron-transferring flavoprotein), ETF:
ubiquinone oxidoreductase, several conserved components neces-
sary for iron—sulphur cluster biosynthesis and a number of other
respiratory chain accessory factors. Based in part on the com-
position of C. fasciculata F\F, ATPase, as isolated by Benne and
co-workers [32], we also identified nuclear genes for catalytic
and accessory subunits of F|F, ATP synthase (Supplementary
Table 1). There was no evidence in the genomes for the presence of
copper-containing soluble electron-transfer proteins homologous
to azurin or plastocyanin that might provide alternatives to cyto-
chrome c, as happens for example in thylakoids and many bacteria
[33].

Expression of T. brucei cytochrome ¢ and maturation of a CXXCH
variant in E. coli

The absence of a known biogenesis system raises questions
about how haem is attached to the unusual single-cysteine-
attached mitochondrial c-type cytochromes of trypanosomes. For
example, can the cytochromes ¢ be matured in an uncatalysed
process? Also, are there intrinsic features of the trypanosomatid
cytochrome c that prevent it from being matured in a double-cys-
teine form (i.e. with a CXXCH haem-binding motif)? The answers
to these questions will provide insight into the endogenous
cytochrome ¢ biogenesis pathway in the organisms where the
single-cysteine c-type cytochromes are found.

Four expression vectors were constructed. One contained the
gene for wild-type T. brucei cytochrome ¢ and another contained
the double-cysteine (CXXCH) variant. The third and fourth
carried the gene for wild-type or CXXCH T. brucei cytochrome ¢
fused with a periplasmic targeting sequence. E. coli strain JCB387
was separately transformed with each of these plasmids, and cell
extracts were assayed spectrophotometrically for holocytochrome
¢ formation. For the periplasmic cytochrome c expression
vectors, E. coli were also co-transformed with a plasmid from
which the periplasmically functioning Ccm system is expressed
[19]; the aerobic growth conditions used largely repress ex-
pression of the endogenous Ccm apparatus. Each expression
experiment was repeated at least five times.

Under our growth conditions, E. coli produces cytoplasmic b-
type cytochromes and a low level of periplasmic c-type cyto-
chromes; reference data for these endogenous cytochrome levels
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in strain JCB387 are available [3,20]. Attempted expression of
T. brucei cytochrome c¢ in the cytoplasm resulted in neither the
wild-type nor the CXXCH variant being spectroscopically detect-
able above the expected background cytochrome levels. Fur-
thermore, the spectra (absorption and pyridine haemochrome
maxima) gave no indication of cytoplasmic formation of either a
single- or a double-cysteine c-type cytochrome. Additionally, no
wild-type T. brucei cytochrome ¢ was observed when such E. coli
cytoplasmic extracts were subjected to chromatography using SP-
Sepharose to remove any endogenous proteins that may have
masked the T. brucei cytochrome in these absorption spectra.
Thus we conclude that neither wild-type T. brucei cytochrome c,
nor its CXXCH variant, is matured in the cytoplasm of E. coli.

Similarly, when wild-type (AXXCH) T. brucei cytochrome ¢
was directed to the E. coli periplasm, either with or without
co-expression of the Ccm system, no increase in cytochrome
¢ expression was observed relative to the expected endogenous
(background) levels, while the absorption maxima gave no indi-
cation of maturation of a single-cysteine c-type cytochrome. Our
previous work has shown that the Ccm apparatus could not mature
variants of Hydrogenobacter thermophilus cytochrome css, with
either AXXCH or CXXAH haem-binding motifs, even though
both variants formed stable holocytochromes in the E. coli cyto-
plasm in an exceptional uncatalysed reaction [20]. The present
observations complement this earlier failure, but with a cyto-
chrome that has evolved to have only one thioether bond between
haem and protein. Exceptional features in the natural single-
cysteine cytochromes ¢ from organisms such as T. brucei may
have allowed their maturation by the Ccm apparatus, but that pos-
sibility can now be excluded. In contrast, a CXXCH variant of
T. brucei cytochrome ¢ was matured in the periplasm of E. coli in
the presence of the plasmid-expressed Ccm proteins. It is clear,
therefore, that the Ccm pathway requires two cysteine residues
in the apocytochrome haem-binding motif. Plausible explana-
tions include the possibility that two cysteines are a required
recognition feature, and/or that they are required for haem release
from the chaperone CcmE, and/or that an intramolecular di-
sulphide bond in the CXXCH motif is an obligate intermediate in
haem attachment by the Ccm system.

The CXXCH variant of T. brucei cytochrome ¢ produced was
purified using SP-Sepharose. Its absorption and pyridine haemo-
chrome spectra are shown in Figure 1. The absorption maxima
in the two spectra are absolutely characteristic of a c-type cyto-
chrome with haem bound to protein through two thioether bonds.
The B- and «-absorption maxima are at 520.5 and 550 nm
respectively; the pyridine haemochrome has its #-band maximum
at 549.5 nm, diagnostic of a double thioether linkage. For com-
parison, the absorption and pyridine haemochrome spectra
of native C. fasciculata cytochrome ¢, a natural single-cys-
teine cytochrome c, are also shown in Figure 1. As expected for
a single rather than a double thioether bond attachment, the bands
are broadened and clearly red-shifted from those observed for
the CXXCH variant of T. brucei cytochrome ¢ (maxima at 524.5
and 555 nm). Single-cysteine-attached cytochromes ¢ give the
pyridine haemochrome «-band maximum at 552-3 nm [9,12], as
we observed for our sample of the C. fasciculata protein, which
had this peak at 553 nm (Figure 1).

The purified T. brucei CXXCH cytochrome ¢ was analysed by
electrospray MS. A peak was observed corresponding to a mass
of 12918 Da, in agreement with the expected mass of T. brucei
CXXCH cytochrome ¢ with covalently bound haem (12920 Da).
(DNA sequencing of the cytochrome ¢ gene that we cloned from
genomic DNA isolated from 427 strain trypanosomes indicated
the presence of an alanine as residue 15 of the mature peptide,
whereas in the genome reference strain this residue is valine,
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Figure 1 Absorption spectra of the recombinant CXXCH variant of
Trypanosoma brucei cytochrome ¢ and of wild-type Crithidia fasciculata
cytochrome ¢

The CXXCH variant of T. brucei cytochrome ¢ was purified from periplasmic extracts of E. coli
cells co-transformed with the plasmid for the E. coli Cem system. The spectrum (solid line) was
recorded at 25 °C with the protein in 50 mM Tris/HCI, pH 7.5, following addition of a few grains
of disodium dithionite. Wild-type C. fasciculata cytochrome ¢ was purified from the mitochon-
dria of a chanomastigote culture; the spectrum (broken line) was recorded under the same
conditions as above, except at pH 8.0. In the absence of accurate molar absorption coefficients,
these spectra have been normalized by the Soret band intensity. Inset: reduced pyridine
haemochrome spectra of the CXXCH variant of T. brucei cytochrome ¢ purified from the
periplasmof E. coli (solid line) and of C. fasciculata cytochrome ¢ (broken ling). The final concen-
trations of NaOH and pyridine were 0.2 M and 30 % (v/v) respectively; spectra were normalized
by the ee-band intensity.

implying some natural variability at this position. Our calculated
mass is for the protein with alanine-15). The N-terminal region of
the protein was found to be as expected by peptide sequencing.
In combination, our analytical data confirm categorically that the
c-type cytochrome overexpressed in the periplasm of E. coli was
complete T. brucei cytochrome ¢ with a CXXCH motif to which
haem was covalently attached through two thioether bonds. The
yield of such cytochrome ¢ produced periplasmically in E. coli
with co-expression of the Ccm apparatus was approx. 1.6 mg per g
of wet cells, assuming a reduced Soret band molar absorp-
tion coefficient of 130 mM~! - cm™! (the value for horse heart mito-
chondrial cytochrome c). These results demonstrate that there is
no intrinsic reason why T. brucei cytochrome ¢ cannot accom-
modate a second cysteine in the typical CXXCH cytochrome ¢
haem-binding motif; our CXXCH variant is clearly folded and
stable. The expression of this variant also provides a positive
control for our experiments in which 7. brucei cytochrome c
maturation was not observed in E. coli (i.e. for the periplasmic
AXXCH, cytoplasmic AXXCH and cytoplasmic CXXCH
forms).

DISCUSSION

To date, three cytochrome ¢ biogenesis systems have been de-
scribed, but our analysis shows that none of these operates in tryp-
anosomatid mitochondria. This striking observation correlates
with the occurrence of single-cysteine (XXXCH) mitochondrial
cytochromes c¢ and ¢, exclusively within the phylum Euglenozoa,
to which the trypanosomatids and euglenids, such as Euglena
gracilis and Euglena viridis, belong. In contrast with the absence
of a known cytochrome ¢ biogenesis system, we readily detected
the major required components and accessory proteins of the mi-
tochondrial oxidative phosphorylation apparatus in the genomes
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of six different trypanosomatid parasites (Supplementary Table 1;
http://www.BiochemlJ.org/bj/383/bj3830537add.htm).

In the absence of a recognizable cytochrome ¢ biogenesis
apparatus in these organisms, one possibility is that the haem
covalently attaches to apocytochrome ¢ in an uncatalysed reaction.
However, this seems highly unlikely even in principle, given
the complexity of the maturation systems that have evolved in
prokaryotes and the precise stereocontrol of attachment of the
asymmetrical molecule haem that is observed in cytochromes ¢
[2]. One might consider that stable and correct maturation in
the E. coli cytoplasm of cytochrome css, from the thermophile
H. thermophilus sets a precedent for spontaneous maturation
of c-type cytochromes [34,35]. However, although the reaction
can also be reconstituted in vitro, the rate is very low [6],
and all other attempts to produce holocytochromes ¢ without a
maturation apparatus have led to mixed products in vitro or in vivo
[7,8,36—38]. The mitochondrial cytochromes ¢ from humans and
yeast, expressed as either double-cysteine (wild type) or single-
cysteine (variant) forms, are stable in the E. coli cytoplasm when
matured by haem lyase (e.g. [39—42]), and T. brucei CXXCH cyto-
chrome c is stable in the periplasm (this work). Thus our failure
to observe wild-type T. brucei cytochrome ¢ formation in either
the cytoplasm or periplasm of E. coli leads us to conclude that
spontaneous formation is not the route taken for cytochrome ¢
maturation by the Euglenozoa.

In combination, our biochemical and bioinformatic observa-
tions indicate that a novel fourth biogenesis system operates in
trypanosomatids, and by inference in euglenids. Such a system
may be further differentiated, since it needs to mature two cyto-
chromes (c and c,). The single-cysteine haem attachment con-
served in these species can be argued to be the result of a positive
evolutionary process, possibly linked to the environment in the
mitochondrial intermembrane space where the cytochromes are
located. Perhaps there is a powerful oxidizing protein (such as
the conserved Ervl) in the intermembrane space of Euglenozoid
mitochondria that would irreversibly oxidize the CXXCH motif
of a typical apocytochrome c to a disulphide bond, preventing
haem attachment. A disulphide bond has been shown to form in
several apocytochromes ¢ [6—8], but would be avoided by the
apocytochrome having only one cysteine residue. Another possi-
bility is that acquisition of a novel cytochrome ¢ biogenesis sys-
tem by the Euglenozoa provided not just the opportunity through
which an existing maturation system, such as haem lyase, could
be lost, but also the evolutionary pressure to move from CXXCH
to XXXCH cytochromes c. Notably, the available biophysical
data suggest that single-cysteine-attached cytochromes ¢ have
reduction potentials and stabilities comparable with those of their
double-cysteine-attached counterparts [9,42,43].

Crystal structures of the cytochrome bgf complexes from the
Chlamydomonas reinhardtii chloroplast and the cyanobacterium
Mastigocladus laminosus intriguingly show, in addition to the
expected cytochrome b and cytochrome f centres, a novel
covalently bound haem [44,45]. As in the mitochondrial cyto-
chromes c of the Euglenozoa, this haem is covalently bound to
the polypeptide through one thioether bond between a cysteine
residue and a vinyl group. Four mutants have been identified
that are unable to make this newly identified covalent link in the
Chlamydomonas reinhardtii bsf complex [46]. Originally inter-
preted as a requirement for b-type cytochrome biogenesis pro-
teins, it may now transpire that within these gene loci [46]
another distinct ‘c-type’ cytochrome biogenesis system is encoded
[47]. Trypanosomatids share many metabolic traits with higher
plants that are yet to be adequately explained [48,49]. In this
context, our intriguing findings raise the possibility that the arrival
in the nucleus of an euglenid/trypanosomatid progenitor of a

biogenesis machinery required for the single thioether covalent
haem attachment in plastid cytochromes bqf, and its subsequent
co-option into the maturation pathway for mitochondrial cyto-
chromes ¢, might constitute a further plant-like metabolic trait.
It should be noted, however, that the cytochromes b from the
trypanosomatid bc; complexes do not contain the cysteine to
which the novel haem of the b¢f complex is attached, but this
cysteine is universally conserved among the b¢f enzymes. If the
machinery for covalent attachment of haem to the b¢f complex
is not related to the cytochrome ¢ biogenesis system of trypano-
somatids, there are two new systems for thioether bond formation
between haem and apocytochromes awaiting identification.
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