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Abstract—Apicomplexan parasites contain so-called apicoplasts, which are similar to chloroplasts of red
algae. Multiple alignments of the 5'-leader regions of plastid-encoded genes revealed several conserved non-
coding regions in parasites as well as in red algae. The regions were assumed to be sites for RNA interactions
with regulatory proteins. Conserved sites were found upstream of ycf24, which is required for [Fe-S] cluster
development, and several other genes. In particular, a simultaneous regulation was predicted for ycf24, rps4,
and rpoB in Toxoplasma gondii. The prediction agreed with the known data that apicoplasts are only required
for a short time, but confer pathogenicity on 7. gondii. Another site was predicted upstream of rpoB, which
encodes the B subunit of RNA polymerase, in red algae Porphyra spp. and parasites Eimeria tenella and Theile-

ria parva.
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INTRODUCTION

The mechanisms of gene expression are similar in
plastids and bacteria. In particular, the regulation of
translation initiation is related to conserved regions in
the 5'-untranslated regions of mRNAs in the vicinity
of the initiator codon, where a ribosome-binding site
occurs [1-3]. While the amino acid sequences of plas-
tid-encoded proteins are highly conserved [4], the
noncoding gene regions substantially vary even in
closely related species, suggesting an important role
in the regulation of gene expression for their con-
served sites [3].

We examined the 5'-leader regions of all plastid
genes in protozoa of the phylum Amicoplexa. Similar
nucleotide sequences of the 5'-leader regions of plas-
tid genes were considered for red algae and protozoa,
whose plastids have related genomes [4] (table).
Amixoplexan protozoa are of particular interest as
animal pathogens. For instance, Theileria and Babesia
ssp., which are transmitted by Ixodes ticks, cause sev-
eral bovine diseases, including babesiosis caused by
B. bigemina and B. bovis, theileriosis caused by
Th. annulata, and East Coast fever caused by
Th. parva [5). Eimeria tenella causes eimeriosis in
chicken, Toxoplasma gondii causes toxoplasmosis in
cats and humans [6], and various Plasmodium species
cause malaria in humans (Pl. falciparum) and rodents

(Pl. berghei, Pl. chabaudi, and PI. yoelii). The B.
bovis and Th. parva genomes are highly similar [7].

With the exception of Cryptosporidium parvum
[8], all of the organisms under study have plastids
(apicoplasts) with a substantially reduced genome.
For instance, E. tenella apicoplasts have certain ribo-
somal protein genes: rps4 for the small-subunit pro-
tein S4; tufA for the elongation factor; rpoB, rpoCl,
and rpoC2 for the B-, B'-, and B" subunits of bacterial-
type RNA polymerase; clpC, which is important for
the folding of nucleus-encoded proteins within plas-
tids; and ycf24, which is orthologous to bacterial sufB.
Other open reading frames are not conserved, and
many of them have low homology to the genes for
ribosomal proteins and RNA polymerase subunits.

While ycf24 is positionally linked to ycf16 in algae,
the latter is absent from apicoplasts of Apicomplexa.
The two genes code for SufB and SufC, which are
involved in iron metabolism and the formation of FeS
clusters [9, 10]. Many FeS proteins encoded by the
nucleus are known to reach apicoplasts. For instance,
this group includes ferredoxin (with a Fe2S2-type
cluster) in PL falciparum [11], as well as GepE and
LytB, which are enzymes involved in isoprenoid syn-
thesis, and LipA, which is involved in lipoic acid syn-
thesis, in 7. gondii [12]. The proteins are transferred
unfolded across the plastid membrane, and their FeS
clusters are formed within plastids. In red algae, the

552



5-LEADER REGIONS IN AMICOPLEXA AND RED ALGAE

553

Plastid genomes and genome regions extracted from the NCBI and Sanger Institute databases

Division, class Species NCBI Sanger Institute
Apicomplexa Cryptosporidium parvum No plastids
Coccidia Eimeria tenella NC_004823.1
Toxoplasma gondii NC_001799.1
Apicomplexa Plasmodium chabaudi CAAJ01003137.1
Aconoidasida Pl falciparum FCC-2/Hainan ABGWO01002254.1
PL. falciparum Santa Lucia ABHA01004340.1
PL. yoelii yoelii 17XNL AABL01000014.1
Pl berghei Contig4648
Babesia bovis T2Bo NC_011395.1
Theileria annulata Contigl014
Theileria parva NC_007758.1
Bacillariophyta Heterosigma akashiwo NC_010772.1
Odontella sinensis NC_001713.1
Phaeodactylum tricornutum NC_008588.1
Thalassiosira pseudonana NC_008589.1
Cryptophyta Guillardia theta NC_000926.1
Rhodomonas salina NC_009573.1
Glaucocystophyceae Cyanophora paradoxa NC_001675.1
Haptophyceae Emiliania huxleyi NC_007288.1
Rhodophyta Cyanidioschyzon merolae NC_004799.1
Cyanidium caldarium NC_001840.1
Gracilaria tenuistipitata NC_006137.1
Porphyra purpurea NC_000925.1
Porphyra yezoensis NC_007932.1
Xanthophyceae Vaucheria litorea NC_011600.1

chloroplast genome contains genes for several other
proteins with FeS clusters, such as the ChlL subunit
(with a Fe4S4 cluster) of protochlorophyllide reduc-
tase, PetF ferredoxin (with a Fe2S2 cluster), apopro-
tein A1 of photosystem I PsaC, and ferredoxin-depen-
dent glutamate synthase GItB. Note that cyanobacte-
ria have two different glutamate synthases [13].

EXPERIMENTAL

Genome sequences. We examined the complete
plastid genomes and genome fragments that contained
genes orthologous to ycf24. The sequences were
extracted from the NCBI and Sanger Institute data-
bases by the BLAST program. The genomes and their
fragments are listed in the table.
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An ycf24 ortholog was not found in the nuclear and
plastid genomes of Th. parva, B. bovis, and C. par-
vum. The Th. annulata genome includes a pseudo-
gene, which potentially codes for a protein with a low
amino acid sequence homology to the N end of SufB
(39 out of 140 amino acids (27%) are identical) and
has an in-frame UAG codon. In addition, the C-termi-
nal domain (Pfam accession no. PF01458), character-
istic of SufB, was not found in Th. annulata.

Conserved regions were sought using a multiple
sequence alignment program that consecutively con-
structs pairwise alignments with the use of a species
tree known a priori (L.I. Rubanov, unpublished data).
The resulting alignments were then corrected manu-
ally. Multiple sequence alignments of proteins were
constructed using the ClustalX program [14]. The
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G. tenuistipitata GAAUUAAARAUACUGAUAVUAUAUAAUUAU============

P. purpurea
P. yezoensis
Pl berghei
PL. chabaudi
PL falciparum
PL yoelii

E. tenella

T. gondii

AAUAUGAAAUVA=UUUVAVARAUAAUUAAUUGUUGCACU==
GAAUUAAGAUA=UUAUAUARAUAAUVUAAAUGUUUCAUU==
ACUUGAAUAUUUUAUARAVAUARAAUUAUU===========
ACUUACAUAUUUUAUAAUAUARAAUUAUU===========
AGCUUUUAUUVAUUUUVAVAUAURAAUUAUY===========
ARUUUAAAAUA=UAUUCUUUARAAAUUUUURAAAU=======
AAUAAUAAAUA=UUAUAUARAPAAUUUUAA A =========
AUUUUUUUAUU=UUAVAVAUUUAAUUUUUUUUUACUARRU

AnnUUnAnAUA=UNWUAUAWAWAAUUAU===========

Th. annulata

AGACUGAAACUAUAACUGAAGARACUACUG==========

Fig. 1. Multiple sequence alignment of the 5'-leader regions of ycf24 (at the top) and the corresponding Th. annulata pseudogene
(at the bottom). The sequences are immediately upstream of the initiator codon. Conserved positions are in bold. The nucleotides
found in more than 65% of the sequences are in capital letters. The absolutely conserved nucleotides (with the exception of Th.
annulata) are underlined. The region under study is the same in Pl falciparum FCC-2/Hainan and PL falciparum Santa Lucia.

annotation was additionally verified using the Pfam
database.

RESULTS

Conserved sequences of the 5'-leader regions of
vcf24 were found in red algae of the genera Porphyra
and Gracilaria and many Apicomplexa species
(Fig. 1). The 5'-leader regions had nucleotide substitu-
tions even in species of the same genus of Porphyra.
It was unfeasible to extend the above alignments of
the 5'-leader gene regions for the red algae C. merolae
and C. caldarium; cryptophyte algae Guillardia theta
and Rhodomonas salina; diatoms Odontella sinensis,
Phaeodactylum  tricornutum, and Thalassiosira
pseudonana; Vaucheria litorea; Cyanophora para-
doxa; and Emiliania huxleyi.

The 5'-leader sequences of ycf24 were found to
have a conserved AU-rich region with the consensus
UUnAnAUA=UnwUAUAWAWAAUUAUU (Fig. 1).
The 5'-leader region almost entirely covers the inter-
gene region in the Pl chabaudi, E. tenella, and T. gon-
dii genomes, while an extended nonconserved region
that does not overlap other genes is upstream of the 5'-
leader region in the genomes of Pl yoelii and red
algae of the genera Prophyra and Gracilaria. The
genome context and the length of the 5'-leader region
substantially differ in red algae, E. tenella, and T. gon-
dii. On the other hand, the conserved region is close to
the initiator codon in E. tenella and G. tenuistipitata
and is 13 and 11 nt away from the initiator codon in
T. gondii and Porphyra spp., respectively. Hence,
conservation of the region cannot be explained by a
general similarity of the loci under study.

The putative protein-binding site upstream of the
vcf24 pseudogene substantially differs from the con-
sensus in the Th. annulata genome.

When the consensus of the 5'-leader regions
upstream of ycf24 was used as a query, similar regions
were found upstream of other genes. In Porphyra, the
only new candidate for a putative regulation is glfB,
whose 5'-leader region differs from the ycf24 consen-
sus in three positions. The 5'-leader regions differ
from the consensus in at least four positions in all
genes found for C. merolae and G. tenuistipitata (with
the exception of G. tenuistipitata ycf24) and in three
positions in C. caldarium (upstream of the odpAB
operon, which codes for pyruvate dehydrogenase).
This indicates that the putative regulatory mechanism
is associated exclusively with ycf24 in red algae.

The large-subunit rRNA and threonine tRNA
genes are upstream of rps4 and ycf24 in the T. gondii
and E. tenella apicoplast genomes. However, a differ-
ence in one nucleotide close to the coding region was
observed in the 5'-leader regions upstream of rps4 and
vcf24 only in T. gondii. In E. tenella, the 5'-leader
regions upstream of rps4 and ycf24 differ in both
length and composition. A similar nucleotide
sequence with the identity in 25 out of the 40 nt shown
in Fig. 2 was additionally found upstream of rpoB in
the T gondii apicoplast genome. However, the posi-
tions that are conserved in the 5'-leader regions of 7.
gondii ycf24 and rpoB only poorly agree with the
ycf24 consensus of various species (Fig. 2).

A low-conserved region with the consensus UUA-
UUnAUnUAG=AwUAUwnAAAAnwAnU was found
in the 5'-leader regions of g/tB in the chloroplast
genomes of the red algae C. merolae, C. caldarium,
P. purpurea, and P. yezoensis. The G. tenuistipitata
genome lacks a homologous region upstream of g/tB.
The plastid genomes of other species lack glrB. We
did not detect any extended conserved sequences in
the 5'-leader regions of petF and psaC, which code for
FeS proteins, in the chloroplast genomes of red algae.
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yef24 - AUUUUUUUAUUUUAUAUAUUUAAUUUUUUUUU=ACUAAAU
rps4 AUUUUUUUAUUUUAUAUAUUUAAUUUUUUUUUUACUAAAU
rpoB - AUUUUAUUAAUUUUUUAUUUUAAUAARAAUUUUUUARAAUU

Fig. 2. Sequence alignment of the 5'-leader regions of 7. gondii apicoplast genes. The sequences are immediately upstream of the

initiator codon.

P. purpurea ARUAUUAAACUCUUCAAUUUCAGAAUUUGCUAURAAGGAGAUCU=
P. yezoensis AGUAUUAAACUCUUCGAUUUCARAAUUUGUUAURAAGGAGAUCU=

E. tenella
Th. parva

AUAAUUAAAUUAUUUAAAAUAAUUAAUAUUAAUUAAUUUUAUAUA
AARUUUUAAAUAUUUAAGAGUUUUAAAUUUARAAAUAAUUUUUUAR=

AnUAUUAAAYUNUUNAAWNUNANAAWUUk nwAUWAR KkwkAUMU=

Fig. 3. Multiple sequence alignment of the 5'-leader regions of rpoB. The sequences are immediately upstream of the initiator codon.
The conserved nucleotides are in bold. The absolutely conserved positions in the consensus sequences are underlined.

A conserved region of another composition was
found upstream of rpoB, whose 5'-leader regions in
Porphyra and E. tenella are similar and share 22 out
of 44 nt upstream of the initiator codon. A homolo-
gous region was detected upstream of rpoB in
Th. parva (Fig. 3). The similarity of the corresponding
regions is appreciably lower in other algae and 7. gon-
dii. We did not find any conserved sequence in the
5'-leader regions of other apicoplast genes.

DISCUSSION

A conserved region was found in all Apicomplexa
species that have ycf24 in our sample. The presence of
conserved sequences in the 5'-leader regions upstream
of the ycf24 and rpoB plastid genes in Apicomplexa
and red algae agrees well with a high homology of
many of their proteins [4]. This finding supports the
hypothesis that Apicomplexa are secondary sym-
bionts and that their plastids originate from red algae
related to Porphyra.

The conserved regions found upstream of ycf24
probably serve as binding sites for unknown regula-
tory proteins. Indeed, their proximity to the initiator
codon makes it possible to assume that the regions are
involved in the regulation at the translation initiation
level. Such regulation is characteristic of plant and
algal chloroplasts [1-3]. Moreover, the stop codon of
vcf24 and the initiator codon of ycf16 overlap by two
nucleotides in Porphyra, suggesting translation reini-
tiation. Thus, translation of ycf24 and ycf16, which
code for SufB and SufC, respectively, is probably
simultaneously regulated in Porphyra. A lack of SufB
reduces the activity of its interaction partner SufC [9].
The translational regulation thus simultaneously saves
translation expenditures and suppresses the relevant
metabolic pathway.
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Since Apicomplexa plastids lack genes for poten-
tial regulatory proteins, the predicted regulation is
performed by nucleus-encoded proteins. The absence
of such regulation in other secondary symbionts—
cryptophytes, diatoms, C. paradoxa, and E. huxleyi—
may reflect the lack of the regulation in some red
algae.

It is possibly due to this regulation, which initially
appeared in red algae, that ycf24 remains in the apico-
plast genome of some Apicomplexa species, while its
homologs occur in the nucleus in Arabidopsis [15].

The putative common regulation of ycf24 and rps4
expression makes it possible to assume that transla-
tional suppression involves not only ycf24, but also all
other mRNAs in 7. gondii apicoplasts because of a
decrease in ribosomal protein S4. If the common reg-
ulation extends, even if less efficiently, to rpoB, then
transcription is also suppressed. It is known that api-
coplasts are absolutely essential for 7. gondii to enter
a new host cell [16]. This observation is supported by
experiments with the nonpathogenic 7. gondii mutant
that differs from the wild type in lacking the nucleus-
encoded enzyme that reaches the apicoplast and plays
a role in fatty acid synthesis [17]. In other words,
T. gondii pathogenicity is associated with synthetic
processes in apicoplasts. On the other hand, 7. gondii
has only one pyruvate dehydrogenase complex, which
is located in apicoplasts and, unlike in plants, is absent
from mitochondria [18].

The putative binding site upstream of the ycf24
pseudogene in the Th. annulata genome substantially
differs from the consensus, but most of the substitu-
tions are G for A and C for U. This makes it possible
to assume that the regulation has disappeared only
recently, so that mutations have not altered the site as
of yet.

In E. coli, the translational regulation of the rpoB
mRNA depends on region —29/+70 relative to the
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rpoB initiator codon [19]. The conservation of the
5'-leader region of rpoB in plastids suggests a similar
regulation. As in the case of rpos4, the regulatory
region substantially differs between 7. gondii and
E. tenella apicoplasts.

To summarize, our findings predict a conserved
translational regulation for plastids of red algae and
Apicomplexa. The regulation differs between 7. gon-
dii and E. tenella, indicating that the role of apico-
plasts may differ even in closely related species. The
difference may be important for developing new drugs
that affect the apicoplasts of parasites.
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