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We have identified a gene that encodes the polypeptide cytochrome b in the avian malarial parasite
Plasmodium gallinaceum. The gene containing the open reading frame was found to be located on a 6.2-Kilobase
multimeric extrachromosomal element. The amino acid translation from this gene demonstrated significant
similarities to cytochrome b sequences from yeast, mammal, and fungus genomes. We present evidence that the
P. gallinaceum cytochrome b transcript is part of a larger primary transcript from the element that is
subsequently processed. The message for P. gallinaceum cytochrome b was found to be 1.2 kilobases in size.
This is the first report identifying a mitochondrial nucleic acid sequence in malaria-causing organisms and
suggests that a functional cytochrome system may exist in these parasites.

Until recently, very little was known about mitochondrial
biogenesis and function during the life cycle of malarial
parasites. Plasmodium species were thought to rely solely
on glycolysis for the generation of ATP (36-38). The appear-
ance of acristate mitochondria and the absence of a complete
complement of functional Krebs cycle enzymes (6, 38)
established the role of the mitochondria in the asexual
parasite as an exclusive electron disposal mechanism for
pyrimidine de novo biosynthesis (17, 20). On the basis of the
sensitivity of the organisms to various mitochondrial inhib-
itors, recent reports have speculated on the possibility of an
energy transport system in malarial parasites (7, 18). A
classical functioning mitochondrion in Plasmodium falci-
parum has been implicated by the use of the cationic
fluorescent dye rhodamine 123. This dye was used to dem-
onstrate that the mitochondria in asexual parasites main-
tained a high transmembrane energy potential, indicating
they are metabolically active (13). The enzyme cytochrome
oxidase has been defined in P. falciparum and localized to
the mitochondrial organelle (37).

The malarial mitochondrial genome has not been charac-
terized. Three reports have identified a 20- to 30-kilobase
(kb) closed circular extrachromosomal DNA in several spe-
cies of Plasmodium (14, 25, 43). This DNA was classified as
mitochondrial on the basis of its physical structure and
subcellular fractionation. The partial sequence of a small-
subunit mitochondrial rRNA has been mapped to this DNA
molecule in P. falciparum (15). In most other systems, the
mitochondrial genome consists primarily of closed circular
species-specific molecules that encode several polypeptides
and all tRNA and rRNA genes necessary for mitochondrial
protein synthesis. These genomes operate independently of
the nuclear genetic system and usually encode five main
polypeptides (three subunits of cytochrome ¢ oxidase, cy-
tochrome b, and ATPase subunit 6) as well as a number of
polypeptides within other unidentified open reading frames.
In the mammalian system, these open reading frames have
been found to encode several subunit polypeptides of
NADH-coenzyme Q reductase (2, 10, 39).

One of the genes encoded by most mitochondrial systems
corresponds to the polypeptide cytochrome b. Cytochrome
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b is one subunit of a large multimeric complex known as
coenzyme QH,-cytochrome ¢ reductase. The cytochrome b
protein is thought to play a role in the heme-binding activity
of this mitochondrial complex (35, 42).

In this paper, we report the identification of the gene
encoding the polypeptide cytochrome b from the avian
malarial parasite Plasmodium gallinaceum. The sequence of
this polypeptide demonstrates significant similarity to mito-
chondrial cytochrome b sequences from yeast (32), human
(2), bovine (4), and Aspergillus nidulans (41) cells. This is the
first identification of a mitochondrial nucleic acid sequence
in a malarial parasite and suggests the existence of a cy-
tochrome system in Plasmodium species. The cytochrome b
gene from P. gallinaceum was found to be contained within
a 6.2-kb multimeric DNA element that is conserved among a
number of Plasmodium species (24). This conservation may
reflect similar functional activities of cytochromes and elec-
tron transport within the mitochondria of various Plasmo-
dium species.

MATERIALS AND METHODS

RNA preparation. Total P. gallinaceumm RNA was pre-
pared from approximately 5 x 10® zygotes (24). Parasites
were lysed in a buffer containing 1% sarcosyl, 50 mM N-2-
hydroxy-ethylpiperazine-N’-2-ethanesulfonic acid (HEPES;
pH 8), 2 mM EDTA, and 100 mM NaCl (lysis buffer). After
lysis, RNA was immediately extracted with phenol-chloro-
form (1:1) and repeatedly extracted until the interphase was
clear. Total RNA was precipitated by the addition of 0.4 M
sodium acetate and 2.5 volumes of ice-cold 100% ethanol.
Poly(A) mRNA was isolated from total RNA by two pas-
sages over oligo(dT)-cellulose (5).

Gel electrophoresis, blotting, and hybridization. Gel elec-
trophoresis of RNA was carried out in 1% agarose gels
containing 20 mM Na,HPO,NaH,PO, (1x Northern buffer)
and 6% formaldehyde. RNA samples were denatured by
heating at 55°C for 15 min in a 20-pl volume containing 1X
Northern buffer, 6% formaldehyde, and 50% formamide.
RNA was transferred from agarose gels to nitrocellulose
filters (Schleicher & Schuell, Inc.) overnight, using 20x SSC
(I1x SSC is 150 mM NaCl plus 15 mM sodium citrate).
Northern (RNA) hybridizations were carried out in 50%
formamide-10x Denhardt solution (1% Ficoll, 1% polyvi-
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FIG. 1. Restriction map of P. gallinaceum cDNA clones. Restriction mapping of cDNA clone 2-2D (insert size of 2.7 kb) is shown in
comparison with the Plasmodium DNA element map (24). Genomic clones are indicated as MA1.7 and MA1.5. Arrows indicate the proposed
directions of transcription for both the cytochrome b-coding region (EZ) and the region found to be homologous to mitochondrial
large-subunit rRNA genes ( ). T7 and T3 promoter positions in relation to that of the 2-2D insert are also noted. Element unit size appears

to be approximately 6.2 kb and is either tandemly repeated or circularly permuted.

nylpyrrolidine, 1% bovine serum albumin)}-6x SSC-20 mM
NaH,PO,-0.1 mg of herring sperm DNA per ml for 24 h at
42°C. Filters were washed once in 2X SSC-0.1% sodium
dodecyl sulfate (SDS) and twice in 0.1x SSC-0.1% SDS for
30 min each at 55°C, dried, and exposed to X-ray film.

Library synthesis and screening. A lambda gt11 P. gallina-
ceum cDNA library was prepared by the method of Gubler
and Hoffman (19) as described by Neve et al. (31). After
blunting and methylation of P. gallinaceum cDNA, EcoRI
linkers (New England BioLabs, Inc.) were added, and DNA
was ligated to EcoRI-digested, phosphatase-treated lambda
gtll arms (Stratagene). cDNA was packaged into bacterio-
phage lambda and amplified through Escherichia coli Y1088
as described by Huynh et al. (23). The P. gallinaceum cDNA
library contained approximately 10° plaques, 60% of which
contained inserts. Recombinant phage were plated at a
density of approximately 500 plaques per 100-mm-diameter
petri dish in LB agar containing S uM ampicillin, 5 mM
isopropyl-B-D-thiogalactopyranoside (IPTG), and 0.05% 5-
bromo-4-chloro-3-indolyl-B-D-galactopyranoside  (X-Gal).
After overnight growth, plaques were lifted to nitrocellulose
filters, denatured with 0.5 N NaOH, and neutralized with 1.5
M Tris (pH 8). Baked filters were prehybridized for 4 h at
42°C in 50% formamide-10X Denhardt solution-5x SSC-0.1
mg of herring sperm DNA per ml. Hybridizations with
radiolabeled probe were carried out for 12 to 24 h at 42°C.
Filters were washed three times for 30 min each in 0.1x
SSC-0.1% SDS at 55°C. Plaques that gave a positive signal
were picked and screened twice on low-density plates. DNA
was extracted from recombinant phage that remained posi-
tive and used to determine insert size or for subsequent
subcloning.

An initial screening of the P. gallinaceum cDNA library
with the genomic clone MA1.7 (24) yielded 102 positive
clones. Since the library contains 6 X 10* total recombi-
nants, this represented approximately 0.2% of the recombi-
nant phage.

DNA sequencing. Recombinant phage were digested with
the restriction enzyme EcoRI, and inserts were purified by
gel electroelution. Inserts were subcloned into the EcoRI
cloning site of the vector Bluescript (Stratagene) or pUC19.
Nested deletions of Bluescript plasmids were created by
using the exonuclease III-mung bean nuclease unidirectional
deletion system (Stratagene) as specified by the manufac-
turer.

Single-stranded phage of nested deletion clones were
prepared by using R408 helper phage according to protocols
established by Stratagene. All sequencing reactions were

performed by the dideoxy-chain termination method of
Sanger et al. (34). Reaction condition were established by
using either a *>S sequencing kit (New England BioLabs) or
Sequenase (United States Biochemical Corp.). All reactions
were performed as specified by the manufacturers. Sequenc-
ing reactions were analyzed by using a 6% acrylamide-7.67
M urea-0.5X to 2.5x TBE gradient gel (1x TBE is 100 mM
Tris, 80 mM boric acid, and 1 mM EDTA [pH 8.4]). Gels
were run by using the Bio-Rad Sequigen system with either
the 38- by 40- or 38- by 80-cm plates. Gels were electro-
phoresed at 100 W and 50 to 55°C for 2 to 6 h. Oligonucle-
otides synthesized as sequencing primers were made by
using a model 8750 Biosearch DNA synthesizer.

T3 and T7 transcripts and hybridization. Plasmid templates
for transcription were linearized by digestion with Kpnl for
T7 transcripts and Sacl for T3 transcripts. [a->2P]JUTP-
labeled transcripts were synthesized according to protocols
established by Stratagene.

Prehybridization and hybridization of Northern filters with
in vitro transcripts were carried out in 50% formamide—
5x SSC-1x PE (1x PE is 50 mM HEPES [pH 7.5], 0.1%
[wt/vol] sodium pyrophosphate, 1% SDS, 1% polyvinylpyr-
rolidine, 1% Ficoll, and S mM EDTA)-0.15 mg of denatured
herring sperm DNA per ml at 50°C. Filters were washed
twice in 2X SSC-0.1% SDS and twice in 0.1x SSC-0.1%
SDS for 15 min each. All washings were carried out at 65°C.

RESULTS

Identification and characterization of P. gallinaceum cDNA
encoding cytochrome b. Our original interest was to analyze
highly expressed genes during the zygote stage of P. galli-
naceum. Previous work (24) had identified a highly con-
served, 6.2-kb extrachromosomal DNA element from P.
gallinaceum that hybridized to multiple RNA transcripts.
The purpose of these experiments was to isolate and analyze
cDNA clones corresponding to these transcripts. Therefore,
a P. gallinaceum zygote cDNA library was screened with
the genomic DNA element clone MA1.7 (Fig. 1). From this
screening several clones were identified, and recombinants
were found to be multiple copies of phage with one of three
insert sizes. The largest of the clones had an insert size of 2.7
kb; the other clones had insert sizes of either 1.6 kb or 500
bases. According to our DNA hybridization results, the
multiple copies of each insert appeared to be identical.

Restriction mapping of clone 2-2D, which contained an
insert of 2.7 kb, is shown in Fig. 1. Within the level of
accuracy afforded by restriction mapping, this clone ap-
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1
. . . . . . . . . Met Asn Tyr Tyr Ser
CCCTTTAAATGGTTGGAATATGAT TTGCTCTATCGGATCAACTATGACT TTATT TGGTTTATTAATTTTTAAATAATATATAGACTATTTTTTGTTTAT ATG AAT TAT TAT TCT
6

Ile Asn Leu Ala Lys Ala His Leu Leu His Tyr Pro Cys Pro Leu Asn Ile Asn Phe Leu Trp Asn Tyr Gly Phe Leu Leu Gly Ile Val
ATT AAT TTA GCT AAA GCA CAC TTA CTT CAT TAT CCA TGT CCA CTA AAT ATT AAT TTC TTA TGG AAT TAT GGA TTT CTT TTA GGA ATA GTA
36
Ehe Phe Ile Gln Ile Leu Lys Gly Val Leu Leu Ala Leu Val Ile Leu Gln Lys Leu Ser Tyr Ala Tyr Tyr Ser Val Gln His Ile Leu
TTT TTT ATA CAA ATT TTA AAA GGT GTA TTA TTA GCA CTT GTT ATA CTC CAG AAA CTA TCT TAT GCA TAT TAT AGT GTA CAA CAC ATA TTA
66
Arg Ala Ile Met Asp Gly Trp Cys Phe Arg Tyr Met His Ala Thr Gly Ala Ser Phe Val Phe Ile Leu Thr Tyr Leu His Ile Leu Arg
AGA GCA ATT ATG GAT GGA TGG TGT TTT AGA TAT ATG CAT GCA ACA GGT GCT TCA TTT GTA TTT ATT TTA ACT TAC TTA CAT ATT TTA AGA
96
Gly Leu Asn Tyr Ser Tyr Ser Tyr Leu Pro Leu Ser Trp Ile Ser Gly Leu Met Ile Phe Len Ile Ser Ile Val Thr Ala Phe Tyr Gly
GGG TTA AAT TAT TCA TAT TCA TAT TTA CCT TTA TCA TGG ATA TCT GGA TTA ATG ATA TTC TTA ATA TCT ATT GTT ACA GCT TTT TAT GGT
126
Iyr Val Leu Pro Trp Gly Gln Met Ser Phe Trp Asn Thr Thr Val Ile Thr Asn Leu Leu Tyr Leu Phe Arg Thr Cys Phe Met Asp Cys
TAT GTA TTA CCT TGG GGT CAA ATG AGT TTC TGA AAT ACT ACT GTT ATA ACT AAT TTA CTT TAT TTA TTC CGG ACT TGT TTC ATG GAT TGT
156
Gly Gly Tyr Leu Val Ser Asp Pro Thr Leu Lys Arg Phe Phe Val Phe Ile Tyr Phe Pro Phe Ile Ala Leu Cys Gln Ser Leu Phe Gly
GGT GGA TAT CTT GTA AGT GAC CCA ACT TTA AAA AGA TTC TTT GTA TTC ATT TAC TTT CCA TTT ATA GCT TTA TGT CAA AGT TTA TTT GGA
186
Ile Leu Pro Leu Ser His Pro Asp Asn Ala Ile Thr Val Asp Arg Tyr Ala Thr Pro Leu His Ile Val Pro Glu Trp Tyr Phe Leu Pro
ATA TTA CCA TTA TCA CAT CCA GAT AAT GCA ATT ACA GTA GAT AGA TAT GCT ACA CCT TTA CAT ATT GTT CCA GAA TGG TAT TTC TTA CCT
216
Phe Tyr Ala Met Leu Lys Thr Ile Pro Asn Lys Thr Ala Gly Leu Ley Val Met Len Ala Ser Leu Gln Ile Leu Phe Leu Leu Ala Glu
TTT TAT GCA ATG TTA AAA ACC ATT CCT AAC AAA ACT GCT GGT TTA TTA GTT ATG TTA GCA TCA CTA CAA ATA TTA TTT CTA TTA GCA GAA
246
Gln Arg Asn Leu Thr Thr Leu Ile His Phe Lys Phe Ala Phe Gly Ala Arg Glu Tyr Ser Val Pro Thr Ile Cys Tyr Met Ser Ser Met
CAA AGA AAT TTA ACA ACT CTT ATC CAT TTT AAA TTT GCT TTT GGT GCT AGA GAA TAT TCA GTT CCT ACA ATT TGT TAT ATG TCA TCT ATG
276

Leu Ile Trp Ile Gly Cys Gln Leu Pro Gln Ile lLeu His Phe Ile Trp Ser Phe Ile Tvr Tyr Ile Ile Leu Phe Stop .
CTT ATA TGG ATT GGA TGT CAA TTA CCA CAG ATA TTA CAT TTT ATA TGG TCG -rr'r ATT TAT TAT ATT ATT CTT TTT TAG TGGTTTATTT

. . . . . . .

ACACTTGTTCAATCTAAAAGAACACATTATGATTACAGCTCCCMGCAMCATTTAATATTACAAGGCTGCGATAAGACGACATTTCTGAGCATTGAGCGGAACAATACAGACCGTAAGG

TTATAATTATGTTTTTAGTTAGGATMTGTAAATATAGTTACCATAGCTGTTGATGGATGCTTCGATCATTAAATATGTTTGAGTATCAATCGAGTTAACATGCTCAGCCGCCAAAAATA

ATATAACGATATTATTAOCGTACAAGCCGTTAGCMGACATGACAGGGAGTTGGCAAGTTAMGAAGTTCTGGTTTATAATAGATACGTTATTAAAGTTAGGATGTATTATGGGATATGT

AGTACACCTGATTGGTTTTAGTATTTATGGTATAGAAGTACTTATATGTTCGGTATTGCATGCTTATTTAATTAAGACGCTGAL TTCCTGGCTAAACTT LL(.AATGATGTATCTTCCMA

TAGATTTCGCAGAMACOGTCTATATTCATGTTTGAATGACCTTAACCACTAATTACGAATCTTCCAAGAATATTTCAAGAGTCCAGTTCGGTCTATTMATTTCCTGTTCTGTAATTAG

ATCACATGCTTTATAGTTCATGGAGACATGGCTATACCACTATTCATAGAGMCAAACTTGTGGCATCTCTCTCGATTTCCAGATGTTGAGTTACTAAGAGGATTCTCTCCACACTTCAA

TTOGTACTTCCACTACCAAMTATTCTCTCCTGTTCMACATTCTAGGATTTTTCGCGTTTTTCAGGAGAMTCOGTATATCGATGTCTTTATMACTACGCTATTGGATTCAACGTCCA

GACTTCCTGACGCTTAATMCGATTTCTACTTCCAGCAGCCATTTTGGTTCAGCTACAAGTTCACTGTCAACTAOCATGTTACGACTTCGCACCGACTGTTTCTTTTACCTCACGAGTCG

ATCAGGAAGGTTTCATCCTTAAATCTCGTAACCATGCCAACACATMGAACT'I’TTTAGGGJAGTTAAGGTGCTCTCAGGGTCTTACCGTCGGGCCGTAGTATTCCACATATTCTATGGATI

[AATTCTATTTAGTTAGGAGTCTCACACTAGCGACAATGGGGMGTCGTTACACCGTTCATGCAGGACGGAGATTACCCGACMGGAATTTTGCTACCTTAGGACCGTTTACGATACAGCCI

O O

GCCGTTT} TGCATTGATGCOGGGCAGATGTCAGTAACTTGAACTATTCATCG&\ATTATCAATGACTTCGTTGTMCCTTACAGACGCTTCCAGATTATTCAACTTCTTCATAAGTGGTA

GCGCOGGTTTCCOGGGTCTCCAATCCAGTGCTCCATTCAAGGCATAGAGACTCAGCCTATGTTCMCTT‘I‘GTAGGTTATTTATAATATAGCTTT TGGTATCTCGTAATGTAGAACAATAA

. . . . . . . .

TGGGTTGACCGTCAATCCTT'l‘TCATTMAAGAGTGGATTTMTGCCCAGCCAACACCATCCAATTTGATTAGGMTTATCTGTGTTACTATACTTTTTGATCCCAGGCTGGGCAATAMA

. . . . . . . . . . .

CTGGTAAATCTTTTAGCCCAAAAGAATAGAAACAGATGCCAGGCCAATAACCCAGTAAAGAGCTATGACGCTATCGATT TTGACAAGGCGGGTAAATTCTTTCATAGAACTTAAG

FIG. 2. Nucleotide sequence of the 2,690-bp insert from cDNA clone 2-2D. The long open reading frame and its predicted amino acid
sequence are shown. Probable transmembrane sections are underlined and were determined by using the Intelligenetics SOAP program,
which utilizes the method of Klein et al. (26). Boxed area indicates the region that shows significant nucleic acid homology to several
mitochondrial large-subunit rRNA genes.

peared to map directly onto the genomic sequence derived
for the repeated DNA element in P. gallinaceum (24).

Identification of the cytochrome b-coding sequence. The
insert of clone 2-2D was sequenced by using the exonuclease
ITI-mung bean nuclease unidirectional nested deletion sys-
tem (Stratagene). The entire sequence was determined for
both DNA strands. Oligonucleotides were synthesized and
used as primers for regions not covered by a deletion clone.

The 2,690-bp sequence of clone 2-2D is presented in Fig.
2. Nucleotide base 1 is the 5’ EcoRI cloning site. The
noncoding strand is shown; protein-coding sequences were
translated by using the protozoal mitochondrial genetic
code. This code recognizes TGA as tryptophan rather than
termination, as is the case for the mitochondrial DNA of
yeast (8), Drosophila (12), fungal (41), and mammalian (2)
genetic systems. The sequence contains a single uninter-
rupted open reading frame (bases 103 to 1003) coding for a
protein of 300 amino acids (36,000 daltons).

Sequence comparison. The protein-coding sequence of
2-2D was compared with other known eucaryotic protein
sequences contained in the Intelligenetics Swisspro data
bank. Comparisons were carried out by using the Lipman-
Pearson algorithm (29), with a k-tuple value of 1 and the
distance parameter set to 2 amino acids. The result of this
comparison indicated a significant similarity between the
Plasmodium sequence and protein sequences corresponding
to cytochrome b from a number of species. In Fig. 3, the
amino acid sequences of mitochondrial cytochrome b for
yeast, bovine, human, and A. nidulans genomes are com-
pared with the Plasmodium sequence. The extent of overall
amino acid homology between Plasmodium species and all
other species is calculated to be approximately 47%. In
comparison, the cytochrome b sequence for Saccharomyces
cerevisiae has 50% homology with the cytochrome b se-
quence from bovine cells (4).

The Plasmodium-encoded protein was found to be slightly
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FIG. 3. Amino acid similarities in cytochrome b sequences.
Amino acids shared by P. gallinaceum (P), S. cerevisiae (Y), bovine
(B), human (H), and A. nidulans (A) cells are boxed. Shaded regions
represent amino acids thought to play a role in cytochrome b
functional activity. A gap (residues 202 to 250) was introduced in the
Plasmodium sequence for optimal alignment.

smaller than other cytochrome b proteins at both the amino
and carboxy ends (Fig. 3). In addition, there is a region
within the yeast, mammalian, and fungal proteins that
seemed to be absent from the Plasmodium sequence (resi-
dues 202 to 250). Two of the four invariant histidine residues
proposed as the heme-binding sites in cytochrome b and the
chloroplast bg-f complex (35, 42) were present in the Plas-
modium sequence (His-85 and His-99). The other two histi-
dine molecules (His-186 and His-200) would be located near
the break in the Plasmodium cytochrome b polypeptide and
may reflect membrane folding patterns slightly different from
those of yeast, mammalian, and fungal cytochrome b poly-
peptides. The Plasmodium sequence contained seven other
histidine molecules that may participate in the binding of
heme. In addition, the basic amino acids (Arg-82, Arg/
Lys-102, and Arg-181) that are thought to play a role in the
formation of salt bridges with the propionate side chains of
the protohemes (35, 42) were also present in the Plasmodium
sequence.

A comparison of the hydropathy plots for yeast, human,
A. nidulans, and Plasmodium sequences demonstrated a
high degree of similarity (Fig. 4). This similarity may reflect
the fact that most of the substitutions in the Plasmodium
protein sequence are conservative substitutions of the Ile-
Leu-Val-Ala type. The protein-coding region of Plasmodium
species is predicted to be an integral membrane protein with
five membrane-spanning regions (Fig. 4). The amino acid
proline, which produces bends in a polypeptide sequence,
was found 14 times in the Plasmodium sequence. Of these 14
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prolines, 10 were found to be conserved in other species,
thus allowing some preservation of secondary structure.

As in the yeast gene for cytochrome b, the Plasmodium
nucleic acid sequence was particularly A+T rich. The A+T
content of yeast cytochrome b is 73% (32). The Plasmodium
open reading frame was also 73% A+T.

A nucleic acid sequence search of the entire 2-2D se-
quence with the GenBank data base was completed by using
the Bionet Fasta program. This search resulted in the
identification of statistically significant homologies between
several cytochrome b DNAs and the 2-2D open reading
frame as well as a region on the opposite strand which
indicated homology with various mitochondrial large-sub-
unit rRNA genes. The yeast (Saccharomyces pombe) mito-
chondrial cytochrome b gene demonstrated 59% identity
with 2-2D nucleotide residues 50 to 660, and the Drosophila
yakuba cytochrome b gene showed 57% similarity with
residues 50 to 1020. On the opposite strand of the cy-
tochrome b open reading frame was identified a region (Fig.
2, residues 2035 to 2223) that demonstrated 73% identity
over 188 nucleotides with the maize mitochondrial 26S
rRNA gene (11). The Tetrahymena mitochondrial 21S rRNA
gene (21) had 72% identity within this same region.

Transcriptional mapping of cytochrome b message. When
2-2D plasmid probes were used against Northern blots of P.
gallinaceum RNA, at least two transcripts could be de-
tected: a transcript of 1.2 kb as well as one or more small
transcripts of less than 300 bp (Fig. S, lane 1). The large
message detected with the 2-2D insert is presumed to encode
the Plasmodium cytochrome b polypeptide. As predicted
from the open reading frame analysis of this polypeptide, the
RNA transcript would have to be at least 1 kb long.

To identify transcripts that were generated from either
strand of the 2-2D insert, the insert was cloned into the
vector Bluescript, and RNA transcripts were synthesized off
opposite strands by using the T3 and T7 promoters (see Fig.
1 for directions of the T3 and T7 transcripts). These tran-
scripts were then used as probes against P. gallinaceum
RNA blots (Fig. 5, lanes 2 and 3). With the T3 promoter used
for RNA synthesis, at least three transcripts were detected
(Fig. 5, lane 2): one of approximately S kb, one of 1.2 kb, and
a third of less than 300 bp. When RNA probes were
synthesized by using the T7 promoter, transcripts of approx-
imately 5 kb, 1.8 kb, and less than 300 bp were detected.

DISCUSSION

Mitochondrial genomes have been extensively studied in
recent years. The entire sequence, organization, and biogen-
esis of mitochondrial DNA from a number of higher eucary-
otes have been completely determined (3, 10). In most
systems, the mitochondrial genome operates autonomously
from the nuclear system. Replication, transcription, and
translation of a select set of mitochondrial polypeptides
occur only within the mitochondrion.

One of the polypeptides encoded by the mitochondrial
genome is the cytochrome b subunit of coenzyme QH,-
cytochrome ¢ reductase. The amino acid sequence and
structure of this polypeptide are very well conserved among
a number of species. In this paper, we have presented
evidence that the sequence for cytochrome b in malarial
parasites is located within the 6.2-kb DNA element previ-
ously described (24). This polypeptide is translated by uti-
lizing a codon usage similar to that in other mitochondrial
genetic systems. Like cytochrome b from other organisms,
the Plasmodium cytochrome b is predicted to be a trans-
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FIG. 4. Comparison of cytochrome b hydropathy plots. Hydropathy plots for cytochrome b sequences from P. gallinaceum, S. cerevisiae,
human, and A. nidulans cells are illustrated for comparison. Plots were generated by using the Intelligenetics SOAP program, which employs
the method of Kyte and Doolittle (27). A gap (||| ) was introduced in the Plasmodium sequence to allow a more meaningful comparison. The
predicted transmembrane regions (see Fig. 2) are indicated as I, II, III, IV, and V.

membrane molecule, with five membrane-spanning seg-
ments. Plasmodium cytochrome b is found to be somewhat
smaller than other cytochrome b polypeptides (36,000 dal-
tons versus approximately 42,000 daltons) and lacks one
transmembrane region in comparison with yeast, mamma-
lian, and fungal sequences. It is interesting that in spinach
chloroplast the cytochrome b protein is split into two sub-
units (42). The spinach chloroplast be-f complex contains
two polypeptides, one of 23,000 daltons which contains two
heme-binding sites and another of 17,000 daltons that is of
unknown function. This split of the chloroplast b¢-f complex
occurs in approximately the same region as the deletion in
the Plasmodium sequence. This particular region of the
Plasmodium protein may not be essential for functional
activity in the malarial system. In the yeast, mammalian, and
fungal proteins, this region is predicted to be a membrane-
spanning region with no functional binding sites (35, 42).
Several other amino acid residues thought to be involved in
cytochrome » heme-binding activity are conserved in the
Plasmodium sequence.

The Plasmodium cytochrome b polypeptide maps onto a
1.2-kb RNA transcript (Fig. 5, lanes 1 and 2). In addition, it
appears that P. gallinaceum also synthesizes transcripts off
the opposite strand of the DNA element (Fig. 5, lane 3).
These transcripts may correspond to large-subunit rRNA
molecules, as indicated from the nucleic acid homology
search. In the blots probed with the T7 and T3 RNA
transcripts (Fig. 5, lanes 2 and 3), several bands are present

kb
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" @
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1 2 3

FIG. 5. Northern blots of P. gallinaceum DNA element tran-
scripts. In lane 1, 5 pg of total P. gallinaceum RN A was probed with
nick-translated plasmid 2-2D. In lanes 2 and 3, 5 pg of total P.
gallinaceum RN A was probed with transcripts synthesized by using
the T3 or T7 RNA polymerase promoter of the Bluescript vector
(Stratagene). Lane 2 show the result of probing P. gallinaceum
Northern blots with RNA transcripts synthesized by using the T3
promoter and the noncoding strand of the 2-2D insert as template.
This transcript hybridizes to a 1.2-kb message that encodes cy-
tochrome b. Lane 3 shows the result of Northern blots probed with
transcripts generated by using the T7 promoter and the coding
strand of the 2-2D insert. This transcript recognizes a message of 1.8
kb and could encode a large-subunit rRNA gene. The larger (ap-
proximately 5 kb) and smaller (less than 300 bp) bands in lanes 2 and
3 are believed to be primary transcripts and processing products
from the element. Molecular weight markers were from Bethesda
Research Laboratories, Inc.
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which are not evident in the blot probed by using plasmid
probes (Fig. 5, lane 1; bands at 1.8 and 5 kb). We believe that
this is due to the higher specific activity of the RNA probes
compared with the nick-translated 2-2D plasmid probe. The
band present at about 1.8 kb, which we feel represents a
large-subunit ribosomal gene sequence, may not be evident
in the plasmid-probed blots because of the relative abun-
dance of cytochrome b sequence (approximately 1 kb) in
relation to putative ribosomal sequence (200 bp). The 5-kb
band that is present in both the T3 and T7 lanes is not always
detected in Northern probing and may represent the primary
transcript from the DNA element. The extent of processing
within any batch of RNA probably determines how much of
this transcript is present. The small (less than 300 bp)
sequences could correspond to processed products or tRNA
structures.

Several investigators have reported the presence in vari-
ous malarial species of a closed circular DNA molecule 20 to
30 kb in size (14, 25, 43). This closed circular DNA was
identified as mitochondrial on the basis of its physical
structure and subcellular fractionation. In addition, a partial
sequence of a P. falciparum small-subunit mitochondrial
rRNA has been mapped to this molecule (15). It has been
well documented that certain mitochondrial systems consist
of large closed circular DNA molecules as well as a number
of small polydisperse circular and linear DNAs (33). These
mitochondrial episomes have a variety of functions and
appear to be extremely species specific. The Plasmodium
DNA element is thought to be a similar type of molecule
(24). We have proposed a model which suggests that the
mitochondrial genome in malarial parasites is composed
both of large closed circular DNAs and smaller episomal
molecules. These different mitochondrial DNA species may
act independently or as an organized unit. The genes encod-
ing other mitochondrion-associated polypeptides may be
located on the smaller 6.2-kb DNA element and the large
closed circular 20- to 30-kb DNA molecule. Expression of
these genes from either DN A molecule may be dependent on
stage-specific requirements.

The identification of cytochrome b from a malarial parasite
confirms previous speculation regarding the presence of a
functional cytochrome system (22, 40). Malarial parasites
were originally thought to derive essentially all energy
requirements through the Embden-Meyerhof pathway (38).
Plasmodium species apparently lack most of the enzymes
required for the citric acid cycle (6, 38), and the mitochon-
dria of some intraerythrocytic parasites appear to have an
acristate morphology (1, 28, 30). The malarial mitochondrion
was originally thought to be involved only in pyrimidine de
novo biosynthesis (17, 20). The presence of cytochrome b in
P. gallinaceum would serve to explain the sensitivity of the
malarial parasite to mitochondrial inhibitors and antibiotics
that are thought to have their sites of action in the mitochon-
dria (7, 9, 16, 18). The identities of the other components of
the coenzyme QH,-cytochrome ¢ reductase complex have
not yet been determined. A much more detailed biochemical
and physiological investigation will be required to elucidate
the mechanism involved in energy transport in malarial
parasites.

ACKNOWLEDGMENTS

We thank Catherine Chen for assistance in screening and charac-
terization of the cDNA library.

This work was supported by research grants from the UNDP/
World Bank/WHO Special Programme for Research and Training in
Tropical Diseases, the National Institutes of Health (Public Health

CYTOCHROME b IN P. GALLINACEUM 3619

Service grant Al 19392), and the John D. and Catherine T. Mac-
Arthur Foundation. D.F.W. is Burroughs-Wellcome scholar in
molecular parasitology. J.T.J. is supported in part by Harvard
University funds.

LITERATURE CITED

1. Aikawa, M. 1971. Parasitological review. Plasmodium: the fine
structure of malarial parasites. Exp. Parasitol. 30:284-320.

2. Anderson, S., A. T. Bankier, B. G. Barrell, M. H. L. de Bruijn,
A. R. Coulson, J. Drouin, I. C. Eperon, D. P. Nierlich, B. A.
Roe, F. Sanger, P. H. Schreier, A. J. H. Smith, R. Staden, and I.
G. Young. 1981. Sequence and organization of the human
mitochondrial genome. Nature (London) 290:457-463.

3. Anderson, S., A. T. Bankier, G. G. Barrell, M. H. L. de Bruijn,
A. R. Coulson, J. Drouin, 1. C. Eperon, D. P. Nierlich, B. A. Roe,
F. Sanger, F. Scheier, P. H. Smith, R. Staden, and 1. G. Young.
1982. Comparison of the human and bovine mitochondrial
genomes, p. 543. In R. Slonimiski, P. Borst, and G. Attardi
(ed.), Mitochondrial genes. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

4. Anderson, S. L., M. H. L. de Bruijn, A. R. Coulson, I. C.
Eperon, F. Sanger, and 1. G. Young. 1981. Complete sequence
of bovine mitochondrial DNA. Conserved features of the mam-
malian mitochondrial genome. J. Mol. Biol. 156:683-717.

S. Aviv, H., and P. Leder. 1972. Purification of biologically active
globin messenger RNA by chromatography on oligothymidylic
acid-cellulose. Proc. Natl. Acad. Sci. USA 69:1408-1413.

6. Blum, J. J., and H. Ginsburg. 1984. Absence of alpha-ketoglu-
tarate dehydrogenase activity and presence of CO,-fixing activ-
ity in Plasmodium falciparum grown in vitro in human erythro-
cytes. J. Protozool. 34:167-169.

7. Blum, J. J., A. Yayon, S. Friedman, and H. Ginsburg. 1984.
Effects of mitochondrial protein synthesis inhibitors on the
incorporation of isoleucine into Plasmodium falciparum in
vitro. J. Protozool. 31:475-479.

8. Bonitz, S. G., R. Berlani, G. Coruzzi, M. Li, G. Macino, F. G.
Nobrega, M. P. Norega, B. E. Thalenfield, and A. Tzagoloff.
1980. Codon recognition rules in yeast mitochondria. Proc.
Natl. Acad. Sci. USA 77:3167-3170.

9. Bryant, C. 1982. Biochemistry, p. 84-115. In F. E. G. Cox (ed.),
Modern parasitology. Blackwell Scientific Publications, Oxford.

10. Clayton, D. A. 1984. Transcription of the mammalian mitochon-
drial genome. Annu. Rev. Biochem. 53:573-594.

11. Dale, R. M. K., N. Mendu, H. Ginsburg, and J. C. Kridl. 1984.
Sequence analysis of the maize mitochondrial 26S rRNA gene
and flanking regions. Plasmid 11:141-150.

12. de Bruijn, M. H. L. 1983. Drosophila melanogaster mitochon-
drial DNA, a novel organization and genetic code. Nature
(London) 304:234-240.

13. Divo, A. A., T. G. Geary, J. B. Jensen, and H. Ginsburg. 1985.
The mitochondrion of Plasmodium falciparum visualized by
rhodamine 123 fluorescence. J. Protozool. 32:442-446.

14. Dore, E., C. Frontali, T. Forte, and S. Fratarcangeli. 1983.
Further studies and electron microscopic characterization of
Plasmodium berghei DNA. Mol. Biochem. Parasitol. 8:339-
352.

15. Gardner, M. J., P. A. Bates, 1. T. Ling, D. J. Moore, S.
McCready, M. B. R. Gunasekera, R. J. M. Wilson, and D. H.
Williamson. 1988. Mitochondrial DNA of the human malarial
parasite Plasmodium falciparum. Mol. Biochem. Parasitol. 31:
11-18.

16. Geary, T. G., and J. B. Jensen. 1983. Effects of antibiotics on
Plasmodium falciparum in vitro. Am. J. Trop. Med. Hyg.
32:221-225.

17. Gero, A. M., K. G. Finney, J. C. Bennett, and W. J. O’Sullivan.
1984. Pyrimidine de novo synthesis during the life cycle of
intraerythrocytic stage of Plasmodium falciparum. J. Parasitol.
70:536-541.

18. Ginsburg, H., A. A. Divo, T. G. Geary, M. T. Boland, and J. B.
Jensen. 1986. Effects of mitochondrial inhibitors on intraeryth-
rocytic Plasmodium falciparum in vitro cultures. J. Protozool.
33:121-125.

19. Gubler, U., and B. J. Hoffman. 1983. A simple and efficient



3620

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31

ALDRITT ET AL.

method for generating cDNA libraries. Gene 25:263-269.
Gutteridge, W. E., D. Dave, and W. H. G. Richards. 1979.
Conversion of dihydroorotate to orotate in parasitic protozoa.
Biochim. Biophys. Acta 582:390-401.

Heinonen, T. Y. K., M. N. Schnare, P. G. Young, and M. K.
Gray. 1987. Rearranged coding segements, separated by a
transfer RNA gene, specify the two parts of a discontinuous
large subunit RNA in Tetrahymena pyriformis mitochondria. J.
Biol. Chem. 262:2879-2887.

Homewood, C. A., D. C. Warhurst, W. Peters, and V. C.
Baggaley. 1972. Electron transport in intraerythrocytic Plasmo-
dium berghei. Proc. Helminthol. Soc. Wash. 39:382-386.
Huynh, T. V., R. A. Young, and R. W. Davis. 1984. Construc-
tion and screening cDNA libraries in lambda-gt10 and lambda-
gtll, p. 49-78. In D. Glover (ed.), DNA cloning and techniques:
a practical approach. IRL Press, Oxford.

Joseph, J. T., S. M. Aldritt, T. Unnasch, O. Puijalon, and D. F.
Wirth. 1989. Characterization of a conserved extrachromo-
somal element isolated from the avian malarial parasite Plasmo-
dium gallinaceum. 9:3621-3629.

Kilejian, A. 1975. Circular mitochondrial DNA from the avian
malarial parasite Plasmodium lophurae. Biochim. Biophys.
Acta 390:276-284.

Klein, P., M. Kanehisa, and C. DeLisi. 1985. The detection and
classification of membrane-spanning proteins. Biochim. Bio-
chem. Acta 815:468-476.

Kyte, J., and R. F. Doolittle. 1982. A simple method for
displaying the hydropathic character of a protein. J. Mol. Biol.
157:105-132.

Langreth, S. G., J. B. Jensen, R. T. Reese, and W. Trager. 1978.
Fine structure of human malaria in vitro. J. Protozool. 25:
443452,

Lipman, D. J., and W. R. Pearson. 1985. Rapid and sensitive
protein similarity searches. Science 227:1435-1441.
Matsumoto, Y., S. Matsuda, and Y. Yoshida. 1986. Ultrastruc-
ture of erythrocytic stages of Plasmodium ovale in humans.
Am. J. Trop. Med. Hyg. 35:689-696.

Neve, R. L., P. Harris, K. S. Kosik, D. M. Kurmit, and T. A.
Donlon. 1986. Identification of the gene for the human microtu-
bule-associated protein tau and chromosomal localization of the

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

MoL. CeLL. BioL.

genes for tau and microtubule-associated protein 2. Brain Res.
387:271-280.

Nobrega, F. G., and A. Tzagoloff. 1980. Assembly of the
mitochondrial membrane system. DNA sequence and organiza-
tion of the cytochrome b gene in Saccharomyces cerevisiae
D273-10B. J. Biol. Chem. 255:9828-9837.

Rush, M. G., and R. Misra. 1985. Extrachromosomal DNA in
eukaryotes. Plasmid 14:177-191.

Sanger, F., S. Nicklen, and A. R. Coulsen. 1977. DNA sequenc-
ing with chain-terminating inhibitors. Proc. Natl. Acad. Sci.
USA 74:5463-5467.

Saraste, M. 1984. Location of Haem-binding sites in the mito-
chondrial cytochrome b. FEBS Lett. 166:367-372.

Scheibel, L. W., S. H. Ashton, and W. Trager. 1979. Plasmo-
dium falciparum: microaerophilic requirements in human red
blood cells. Exp. Parasitol. 47:410-418.

Scheibel, L. W., and W. K. Pflaum. 1970. Cytochrome oxidase
activity in P. falciparum. J. Parasitol. 56:1054.

Sherman, 1. W. 1979. Biochemistry of Plasmodium (malarial
parasites). Microbiol. Rev. 43:453—495.

Tzagoloff, A., and A. M. Meyers. 1986. Genetics of mitochon-
drial biogenesis. Annu. Rev. Biochem. 55:249-285.

Warhurst, D. C., and S. C. Thomas. 1978. The chemotherapy of
rodent malaria. XXXI. The effect of some metabolic inhibitors
upon chloroquine induced pigment clumping (CIPC) in Plasmo-
dium berghei. Ann. Trop. Med. Parasitol. 72:203-211.

Waring, R. B., R. W. Davies, S. Lee, E. Grisi, M. M. Berks, and
C. Scazzocchio. 1981. The mosaic organization of the apocy-
tochrome b gene of Aspergillus nidulans revealed by DNA
sequencing. Cell 27:4-11.

Widger, W. R., W. A. Cramer, R. G. Herrman, and A. Trebst.
1984. Sequence homology and structural similarity between
cytochrome b of mitochondrial complex III and the chloroplast
be-f complex; position of cytochrome b hemes in the membrane.
Proc. Natl. Acad. Sci. USA 81:674-678.

Williamson, D. H., R. J. M. Wilson, P. A. Bates, S. McCready,
F. Perler, and B.-U. Qiang. 1985. Nuclear and mitochondrial
DNA of the primate malaria parasite Plasmodium knowlsei.
Mol. Biochem. Parasitol. 14:199-209.



