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Abstract

Mitochondria in malaria parasites have some unusual evolutionary and
functional features. The drastic reduction in the size of their mitochon-
drial genome, encoding just three proteins, appears to have originated
at the point of divergence of dinoflagellates and apicomplexan parasites
from ciliates and may have accompanied the acquisition of plastids by
the former. Unusual translational machinery as revealed by the highly
fragmented mitochondrial ribosomal RNA genes also appears to have
originated at this deflection point. Some of the biochemical properties
of malarial mitochondria also appear to be unconventional. Although
tricarboxylic acid cycle enzymes are encoded by the genome, they do
not appear to be involved in the full oxidation of glucose to fuel mi-
tochondrial ATP synthesis in the blood stages of malaria parasites. A
critical role of the mitochondrial electron transport chain appears to
be to serve pyrimidine biosynthesis. In spite of their minimal nature,
Plasmodium mitochondria are attractive targets for antimalarial drugs.
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Malaria: disease
caused by eukaryotic
unicellular parasites of
the genus Plasmodium

mtDNA:
mitochondrial DNA

Alveolata: a high-
level eukaryotic taxon
consisting of
unicellular
microorganisms
having cortical alveoli,
flattened vesicles
packed into a
continuous layer
supporting the plasma
membrane
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INTRODUCTION

The realization that mitochondria play a crit-
ical role in life and death decisions by meta-
zoan cells has enhanced the significance of these
organelles, already cherished as the brokers of
cellular energy economics, to an even greater
level. The title of the recent book Power; Sex,
Suicide: Mitochondria and the Meaning of Life
(45) is not too far off the mark. Yet, our un-
derstanding of mitochondria continues to be
somewhat parochial, mainly limited to meta-
zoan and fungal systems. The vast ecological
niches occupied by unicellular eukaryotes de-
mand myriad physiological adjustments, many
of which are likely driven by the evolution of
their mitochondria. Even a limited survey of
mitochondria from a few protists provides a
glimpse of an enormous diversity of their forms
and functions.
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Here, we aim to review some salient fea-
tures of mitochondria possessed by an impor-
tant group of human pathogens, malaria par-
asites. The discovery that the mitochondrial
genome of malaria parasites was an unusually
small molecule arranged in tandem arrays (88—
90) led to a reevaluation of a circular DNA
molecule then considered to be the mitochon-
drial genome (103). Recognition of the latter
molecule as a relic plastid genome has funda-
mentally altered our view of these important
pathogens. Both the mitochondrion and the
plastid are highly divergent from their conven-
tionally studied counterparts and provide op-
portunities for antiparasitic drug development.
We do not attempt an exhaustive review of
malarial mitochondria; the reader may wish to
consult many recent reviews for additional de-
tails (40, 54, 75, 87, 91, 93).

MITOCHONDRIAL DNA IN
ALVEOLATES: DRAMATIC
CHANGES WITHIN AN
EVOLUTIONARY CLADE

The origins of extant mitochondria can be
traced to symbiotic arrangements involving
Alphaproteobacteria that gave rise to eukary-
otic cells. Thus, the mitochondrial DNAs
(mtDNAs) of all eukaryotes are evolution-
ary descendants of an alphaproteobacterial
genome. In spite of this common ancestry,
mtDNAs in different evolutionary lineages
display enormous diversity in their gene
content and organization (33). Organisms
within the top-level clade Alveolata provide
some of the most striking examples of such
mtDNA diversity shaped by evolutionary
forces. A common feature of most alveolate
mitochondria is the presence of tubular cristae.
However, as shown in Figure 1, the three major
groups of alveolates—ciliates, dinoflagellates,
and apicomplexans—possess mitochondrial
genomes that are dramatically divergent in
their organization and gene contents. Ciliates
have the largest mtDNA among the three, with
a ~47-kb telomere-flanked linear mtDNA
encoding 45 open reading frames (ORFs) in the
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Numerous robust mitochondria with dense tubular
cristae. A 47-kb mtDNA encodes 45 ORFs,

20 of which are unique to ciliates. rRNA genes are
split.

Ciliates

Only three ORFs (Cox1, Cox2 and Cytb) are encoded
by mtDNA. Multiple copies of individual ORFs are
flanked by variable inverted sequences in separate
DNA molecules. Highly fragmented rRNA genes.
RNA editing of mRNAs.

Nothing is known about gregarine mtDNA. Some
species have numerous robust mitochondria with
tubular crystae, whereas others have no conventional
mitochondria.

mtDNA is lost, but a vestigial mitochondrion is
maintained. A highly abbreviated mtETC with an

= Cryptosporidia NADH dehydrogenase and an alternative oxidase

) is present.

Gregarines

Only three ORFs (Cox1, Cox3 and Cytb) are encoded
on tandemly repeated 6-kb mtDNA. The gene
content and synteny are highly conserved. rRNA
genes are highly fragmented.

Haemosporidia

The same three ORFs are present, but encoded on
linear molecules bounded by inverted repeats.
Orientation and synteny of the genes are different
from those in Plasmodium.

Piroplasms

The same three ORFs in Eimeria with the same orient-
ation and synteny as in Plasmodium. Toxoplasma

has numerous nuclear pseudogenes with similarity
to the three mtDNA ORFs.

case of Tetrabymena spp. (8, 11, 59). Remark-
ably, 20 of these ORFs encode proteins with no
obvious homologues in any other organisms;
these encoded proteins appear to be limited to
the ciliate branch (59). The strangeness of this
becomes apparent when one considers that
the jacobid protozoan Reclinomonas americana,
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the record holder of the largest number of
mtDNA-encoded ORFs, has 97 ORFs, of
which 96 have assigned functions (46). Pro-
teomic analysis has shown that at least 13 of the
unassigned mitochondrial ORFs in Tetrahy-
mena thermophila are detectably expressed as
proteins (77). It is unclear what evolutionary
force drove such divergence of gene content
in ciliate mtDNA. An analysis of mtDNA
sequences encoding unassigned ORFs in four

Mitochondrial DNA in alveolates. The phylogenetic relationship among members of the clade Alveolata is depicted (branch lengths are
not to scale). Major events involving plastid and mitochondria are indicated at different branches. The column on the right provides
salient descriptions of mitochondrial DNA in each of the representative organisms.

Tetrabymena species suggests an enhanced rate
of divergence indicated by the presence of
mutational hot spots that seem to accelerate
acquisition of nonsynonymous substitutions
(59). Nevertheless, much remains unknown
about the mitochondrial physiology in ciliates,

Apicomplexa: a
phylum of parasitic

with possible implications for their sister —eukaryotic
clades, the dinoflagellates and apicomplexans., ~ Hcroorganisms
characterized by the

Dinoflagellates have drastically reduced .
presence of a unique

apical complex of
microtubules

gene content within their mtDNA, encoding
just three ORFs, but have highly complex gene
organization (60, 61). The three proteins—  Cox1: cytochrome ¢
cytochrome ¢ oxidase subunits I and III (Cox1  oxidase subunit 1
and Cox3) and cytochrome b (Cytb)—are en-  Cox3: cytochrome ¢
coded on multiple DNA molecules from which  oxidase subunit 3
one or two of the ORFs may originate. These

genes are flanked by a varying number of

Cytb: cytochrome &
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inverted repeat sequences; in some instances
such repeats make up 85% of the mtDNA.
Multiple copies of the ORFs are detected, with
their flanking repeats often different from one
another. These different flanking sequence ar-
rangements are likely to have been generated
through recombination events. It is proposed
that the mitochondrial genome of dinoflagel-
lates consists of several nonidentical molecules
of about 30 kb, but it is not clear whether these
molecules are circular or linear (61). In addi-
tion to the unusual organization of mtDNA, di-
noflagellates also seem to have acquired RNA
editing, with a high prevalence of A to G (or
A to 1) changes; G to C changes are also ob-
served, which is unique to dinoflagellate mito-
chondrial genes. There do not seem to be any
encoded tRNAs, but fragments of rRNA genes
with homology to highly conserved regions can
be detected.

Apicomplexan mtDNAs also have highly
reduced gene content compared with ciliates
and remarkably encode the same three ORFs
(Cox1, Cox3, and Cytb) as the dinoflagellate
mtDNA. This would suggest that the dramatic
gene reduction in mtDNA preceded the di-
vergence of apicomplexans from the dinoflag-
ellates. Organization of these genes, however,
is different from the dinoflagellate mtDNA.
The first apicomplexan mtDNA to be recog-
nized was from a rodent malaria parasite, Plas-
modium yoelii, as head-to-tail tandemly repeated
arrays with a unit length of about 6 kb (88,
90). Prior to this recognition, apicomplexan
mtDNA was believed to be a 35-kb circu-
lar DNA molecule, which in fact was a relict
chloroplast genome, the result of a secondary
endosymbiotic event (101, 102). Cox1 and Cytb
are encoded by one strand of the mtDNA,
whereas Cox3 is encoded by the other strand.
In addition, multiple regions on either strand,
varying in length from 20 to 200 nucleotides,
appear to encode fragments of large and small
subunits of rRNA (23, 81). No tRNA genes can
be detected. In sharp contrast to the dinoflag-
ellate mtDNA, this arrangement of protein-
and rRNA-coding genes is highly conserved
among all Plasmodium spp. Indeed, the sequence
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conservation within the mtDNAs from evolu-
tionarily distant Plasmodium spp. is much higher
than that of the nuclear genes; codon usage dif-
ferences seen among the nuclear genes of these
species (reflected in the overall GC content of
their genomes) are not observed for the mi-
tochondrially encoded genes (57). This would
suggest divergent evolutionary forces affect-
ing nuclear and mitochondrial genes in malaria
parasites.

As one examines mtDNA in other api-
complexans, the divergent evolutionary forces
working on the nuclear and mitochondrial
genomes become more apparent. The piro-
plasm parasites Theileria and Babesia have a
different gene arrangement of their mtDNA
compared with Plasmodium: The 7-kb mtDNA
is linear and bounded by inverted repeat se-
quences; Cytb and Cox3 are encoded on one
strand, whereas Cox1 is encoded on the other;
the order in which rRNA gene fragments are
arranged is also different from that in Plas-
modium (36). On the basis of unpublished se-
quences available from the Sanger Institute (A.
Pain & M. Berriman, personal communica-
tion), an evolutionarily more distant coccidian
parasite, Eimeria, appears to have tandemly ar-
rayed mtDNA with gene arrangements iden-
tical to Plasmodium. Another coccidian para-
site, Toxoplasma, has a large number of nuclear
pseudogenes that appear to have a mitochon-
drial origin (65); because of this the sequence
arrangement and gene content of Toxoplasma
mtDNA have not been unequivocally deter-
mined. Recent evidence suggests that an impor-
tant human pathogen, Cryptosporidium, belongs
to a deep-branching group of apicomplex-
ans called gregarines (47, 48). Although lit-
tle is known about mtDNA in gregarines,
electron microscopic observations indicate that
whereas some of the gregarine species have ro-
bust mitochondria with dense tubular cristae,
others are devoid of discernible mitochon-
dria (B.S. Leander, personal communication).
Cryptosporidium spp. fall in the latter cate-
gory: Genomic sequencing revealed the ab-
sence of mtDNA, as well as genes encoding any
of the proteins of the mitochondrial electron
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transport chain (mtETC) (1, 108). However,
a vestigial mitochondrion, called a mitoplast,
is present in Cryprosporidium, as has been the
case for many other so-called amitochondriate
organisms such as Giardia and Entamoeba (37,
50, 69).

The gains, losses, and rearrangements of
mitochondrial genomes in alveolates seem to
point to a remarkable plasticity of mitochon-
drial functions necessary to accommodate the
disparate environmental niches in which the
varied members of this protozoan group have to
survive. For instance, plastid acquisition by di-
noflagellates through secondary endosymbiosis
may have permitted a reduced role for mito-
chondria, resulting in the loss of the majority of
mitochondrial genes possessed by the common
ancestor of ciliates and dinoflagellates. Simi-
larly, parasitic adaptation by the apicomplexans
may have permitted the loss of photosynthetic
genes within the plastid. These physiological
adjustments provide opportunities for under-
standing some of the unique aspects of early
eukaryotic radiation, as well as for developing
means for the control of pathogenic species be-
longing to this clade.

HINTS OF UNUSUAL
TRANSLATIONAL MACHINERY

The three proteins encoded by the mtDNA
are likely synthesized by an unconventional
translational apparatus. At least 15 different
RNA fragments encoded by either mtDNA
strand evidently associate with each other in
trans and combine with nuclearly encoded ri-
bosomal proteins to form mitochondrial ri-
bosomes (mitoribosomes) in malaria parasites
(22, 23, 56). These rRNA fragments associate
with each other through conserved stem-loop
structures and represent major portions of cat-
alytic regions such as the peptidyl transferase
domain of a ribosome, although certain other
critical regions of rRNA do not appear to be
represented within these fragments. It is un-
clear whether and how these apparent deficien-
cies are compensated for in the mitoribosomes.
Sequence analysis of the genome identifies a

number of ribosomal proteins encoded in the
nucleus with potential mitochondrial localiza-
tion signals (R. Perrault & A.B. Vaidya, unpub-
lished data). Some of these putative mitoriboso-
mal proteins are significantly larger than their
orthologues in other systems, suggesting the
possibility that extra domains of the mitoribo-
somal proteins may compensate for the miss-
ing rRNA domains. Although direct evidence
for protein synthesis in Plasmodium mitochon-
dria is lacking at this point, there is some evi-
dence that the rRNA fragments are present in
large Mg?*-requiring complexes that resemble
ribosomes (56).

The mtDNA does not encode any tRNAs.
This suggests the importation of a full set of
tRNAs from the cytosol, requiring a machin-
ery devoted to this purpose. Such import sys-
tems exist in other organisms (71), and tRNA
import into the Toxoplasma mitochondrion has
been reported (21). There has also been some
speculation that tRNAs encoded by the plastid
genome may be imported by the mitochondrion
in apicomplexan parasites. Each tRNA requires
its cognate tRNA synthetase that charges it with
the appropriate amino acid. Examination of ge-
nomic sequences suggests the lack of a complete
set of tRINA synthetases required to serve the
three compartments in which protein synthesis
occurs in malaria parasites. One possibility is
dual or triple targeting of the encoded enzymes
through use of alternate exons that encode ap-
propriate targeting signals for the plastid and
mitochondrion; however, there is no evidence
for this yet.

Of the three ORFs, only Cytb has an AUG
triplet at the 5’ end that could serve as the initi-
ation codon. Alternative initiation codons have
been demonstrated in other mitochondrial sys-
tems, but in the absence of authentic amino acid
sequences of the encoded proteins, the mech-
anism of translation initiation for these genes
remains unclear. A peptidyl deformylase is en-
coded in the parasite genome but is likely tar-
geted to the plastid (6, 44).

The unusual nature of the translational ma-
chinery could be an attractive target for anti-
malarial compounds. Indeed, several antibiotics
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Mitochondrial
electron transport
chain (mtETC):

a series of enzyme
complexes in the inner
membrane of the
mitochondrion that
transfer reducing
equivalents (electrons)
through a series of
redox cofactors,
ultimately reducing
molecular oxygen
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Tricarboxylic acid

(T'CA) cycle: a cyclic

metabolic pathway

that oxidizes the acetyl
group of acetyl-CoA

to CO, through a
series of enzymatic
steps that generate
NADH, ubiquinol,
and GTP or ATP
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that inhibit bacterial protein synthesis have an-
tiparasitic activity. Although these antibiotics
are believed to target plastid protein synthesis
(15), further investigations into mitochondrial
protein synthesis may be useful in the search for
novel antimalarial compounds.

TRICARBOXYLIC ACID CYCLE
ENZYMES: SERVING FUNCTIONS
OTHER THAN GLUCOSE
OXIDATION

Conventionally, the mitochondrion is viewed
as the source of cellular energy in the form of
ATP. Mitochondrial ATP synthesis is closely
linked to oxidative degradation of substrates
that power the mtETC, resulting in the gen-
eration across the mitochondrial inner mem-
brane of a proton gradient, which then drives
the forward rotary movement of the ATP syn-
thase. A key metabolite initiating this complex
set of events, acetyl-CoA feeds a two-carbon
unit to the tricarboxylic acid (T'CA) cycle
(Figure 2). Oxidative reactions catalyzed by en-
zymes within the TCA cycle generate electrons
in the form of NADH and ubiquinol, which
go on to power the mtETC. In the absence
of acetyl-CoA, the TCA cycle cannot func-
tion as a cycle. Mitochondrial acetyl-CoA is
generated in three ways: conversion of pyru-
vate (usually generated through glycolysis) by a
multiprotein pyruvate dehydrogenase complex;
degradation of fatty acids through B-oxidation;
and catabolism of branched-chain amino acids
leucine and isoleucine via transaminase, dehy-
drogenase, hydratase, and lyase reactions. Of
these, the most common pathway is through
glycolysis-generated pyruvate.

The role of the T'CA cycle and its contribu-
tion to the bioenergetics of erythrocytic stages
of malaria parasites has been debated for a num-
ber of years (76). It was known in the 1960s
that *C-labeled glucose fed to malaria parasites
was not converted to any significant amount
of *CO; (4, 9), suggesting a lack of entry by
pyruvate-derived acetyl-CoA into the T'CA cy-
cle. Indeed, glucose is converted almost entirely
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into lactate by malaria parasites (76). The recent
observation that pyruvate dehydrogenase is ex-
clusively located in the apicoplast (26) provides
further evidence that argues against the full ox-
idation of glucose as a driving force for the pu-
tative mitochondrial T'CA cycle. The second
way to generate mitochondrial acetyl-CoA is
through B-oxidation of fatty acids. However,
sequence analysis of the available malaria par-
asite genomes fails to identify genes encod-
ing enzymes needed for this pathway. There
is also no biochemical evidence to suggest
fatty acid degradation by malaria parasites, thus
making this pathway to acetyl-CoA unlikely
for malaria parasites. The third pathway in-
volves degradation of branched-chain amino
acids. In the first reaction in this pathway, a
branched-chain amino acid transaminase trans-
fers the amino group to x-ketoglutarate to pro-
duce glutamate and a corresponding branched-
chain a-keto acid. Several subsequent steps
involving branched-chain keto acid dehydro-
genase (BCKDH) complex, a large complex
resembling pyruvate dehydrogenase, as well
as other enzymes, lead to the formation of
acetyl-CoA. Whereas the Toxoplasma genome
encodes all the enzymes involved in branched-
chain amino acid degradation (75), malaria par-
asites possess none of these except BCKDH.
One recent suggestion has been that BCKDH
could instead act on pyruvate, albeit ineffi-
ciently, to produce acetyl-CoA (75). However,
it is not clear how well BCKDH can compete
with lactate dehydrogenase for utilization of
pyruvate.

The evidence to date, then, suggests that
the TCA cycle in erythrocytic stages of malaria
parasite mitochondria is unlikely to perform
as a cycle. However, all the enzymes that par-
ticipate in the T'CA cycle are encoded in the
genome and, except for pyruvate dehydroge-
nase, are known or predicted to localize to
the mitochondrion by means of mitochon-
drial targeting signals. Citrate synthase is lo-
calized to the mitochondrion and is expressed
at relative high levels, as judged from tran-
scriptome analysis. However, in the absence of
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Figure 2

Tricarboxylic acid (T'CA) cycle in malaria parasites. Enzymes and substrates of the classical TCA cycle are shown. Questions regarding
the source of acetyl-CoA are depicted in white. Because pyruvate dehydrogenase is localized to the apicoplast, pyruvate generated
through glycolysis is unlikely to be the source of acetyl-CoA, nor are pathways involving fatty acid 3-oxidation or catabolism of
branched-chain amino acids, as discussed in the text. The NADP-dependent isocitrate dehydrogenase is unlikely to provide electrons
to the mitochondrial electron transport chain (mtETC), as depicted by the white arrow. A main entry point within the cycle is likely to
be «-ketoglutarate generated from glutamate and utilized for the production of succinyl-CoA to be used in heme biosynthesis, as
shown by green arrows.

mitochondrial acetyl-CoA, its function is un-  homeostasis (35). The next enzyme in the cy-
certain at this point. Aconitase appears to serve  cle, isocitrate dehydrogenase, is an NADP*-
dual functions, both as a mitochondrial enzyme  dependent rather than an NAD"-dependent
and as a cytosolic iron response element bind-  enzyme (70, 96). Its expression increases under
ing protein to regulate mRNAs involved iniron  oxidative stress, and thus it has been proposed
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to be important in generating NADPH, which
is necessary for redox balancing within the
mitochondrial matrix (106). NADPH may also
serve biosynthetic processes relegated to the
mitochondrion, but is unlikely to provide elec-
trons to the mtETC (Figure 2).

The major entry point for the TCA
“cycle” in malaria parasites appears to be
a-ketoglutarate produced from glutamate
through the likely reaction of glutamate dehy-
drogenase. Glutamate could be derived through
a variety of pathways including hemoglobin
degradation as well as amino acid uptake. A re-
cent metabolomic study provides strong sup-
port for this view (K.L. Olszewski & M. Llinas,
personal communication). A critical role of
the TCA cycle enzyme o-ketoglutarate de-
hydrogenase appears to be the production of
succinyl-CoA (Figure 2), a substrate for 5-
aminolevulinate synthase, which condenses it
with glycine to produce S-aminolevulinate in
the rate-limiting first step of heme biosynthe-
sis. At this point, this metabolite production
is the principal known function of the T'CA
cycle enzymes in the blood stages of malaria
parasites. Recently, Daily et al. (17) have re-
ported that Plasmodium falciparum parasites iso-
lated fresh from a subgroup of patients (which
consist of only ring stages of parasites and possi-
bly early gametocyte stages) have increased lev-
els of mRNAs that encode T'CA cycle enzymes.
They suggest that this change in a subpopula-
tion of parasites may be a response to nutri-
ent stress in a manner similar to that found in
Saccharomyces. In the absence of any biochem-
ical evidence for such a response, this sugges-
tion remains provocative. Indeed, the recentre-
port of Lemieux et al. (49) indicates that such
apparent variation in the expression patterns
of parasite samples isolated from patients may
arise from differences in developmental syn-
chrony and the proportion of early gametocytes
in the samples. When these factors were taken
into account, these authors found little varia-
tion in the transcriptional patterns of numer-
ous patient parasite samples and in vitro parasite
cultures.

Vaidya o Mather

MITOCHONDRIAL ELECTRON
TRANSPORT CHAIN: A TARGET
OF ANTIMALARIAL DRUGS

In most eukaryotic cells, the mtETC is re-
quired for generation of the protonmotive
force (Ap or Apyy), which is central to oxidative
energy metabolism (reviewed in Reference
72). However, in organisms or under condi-
tions favoring a glycolytic metabolism, which
includes the blood stages of malaria parasites
and some other parasite species, the role of the
mtETC is often reduced, and mitochondria
may even become consumers rather than
producers of energy (14, 58, 84, 94, 97). In
higher eukaryotes the mtETC is generally
composed of four integral membrane enzyme
complexes in the mitochondrial inner mem-
NADH:ubiquinone
(Complex I), succinate:ubiquinone oxidore-
ductase (Complex II), ubiquinol:cytochrome ¢

brane: oxidoreductase

oxidoreductase (Complex III, or cytochrome
bey), and cytochrome ¢ oxidase (Complex IV),
with ubiquinone (Coenzyme Q, or Q) and
cytochrome ¢ functioning as electron carriers
between the complexes and Complexes I,
III, and IV functioning as sites that generate
protonmotive force. Plasmodium spp. have lost
the large multisubunit Complex I of the mito-
chondrial inner membrane but have retained
electron transfer Complexes II through IV
(Figure 3a). They do possess a single-subunit,
non-proton-pumping NADH dehydrogenase
(NDH) that reduces ubiquinone. The apparent
subunit composition of the mtETC complexes
(54) deduced from the genome data (31)
suggests that mtETC complexes of the malaria
parasite have a much simpler subunit com-
position than their counterparts in mammals
and yeast. Complex III in Plasmodium has 7
identifiable subunits instead of 10 as seen in
yeast, and Complex IV has only 6 recognizable
subunits instead of the 12 seen in yeast. How-
ever, it is possible that in these deep-branching
organisms, the mitochondrial complexes may
possess additional highly divergent subunits
that may not yield easily to bioinformatic
identification. Subunit II of Complex IV is
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Figure 3

Mitochondrial electron transport chain (mtETC) of malaria parasites and Complex III reactions targeted by
drug candidates. (#) The enzyme complexes of the mtETC are embedded in the inner membrane of the
mitochondrion. The reactions at Complex III and Complex IV result in translocation of protons from the
matrix to the intermembrane space. Also shown are additional dehydrogenases that provide electrons to the
mtETC via ubiquinone (yellow structures labeled “Q”; malate:ubiquinone oxidoreductase and glycerol-3-
phosphate dehydrogenase are not shown). Complex V is shown in two sections. The enzymes are drawn as
ribbon diagrams of the structures of orthologues available in the Protein Data Bank. (b)) The schematic
depicts Complex III, with the substrates ubiquinol (QH;) and ubiquinone (Q) interacting with their reaction
sites [ubiquinol oxidation site (QQ,) and ubiquinone reduction site (Q;), respectively]; the electron and proton
transfers of the ubiquinol:cytochrome ¢ oxidoreductase reaction, according to the Q-cycle mechanism; and
the five classes of drug or drug candidates that block the reaction at the Q, site. For a full explanation of the
current modification of the Q-cycle as applied to the be-type complexes see Reference 13.
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split, and the genes for the two parts are
not found in the mitochondrial DNA but
have migrated to two different chromosomes.
Verification of the in silico compositions by
biochemical studies is still largely lacking ow-
ing to the difficulty of purifying a meaningful
amount of the complexes (55, 87), which is
exacerbated by the apparent low levels and/or
activities of the respiratory enzymes in the
blood stages of the parasites (27, 41, 42, 66).
The low activities of the mtETC complexes are
consistent with the largely glycolytic carbon
and energy metabolism of the blood stage
parasites (95).

Despite the relatively low activity of the
mtETC in malaria parasites, itstill appears to be
the primary source of the mitochondrial proton
electrochemical gradient (66, 79). Further-
more, the sensitivity of parasites to inhibitors
of the mtETC indicates that it is indispensible
to the parasites. Hydroxynaphthoquinone
inhibitors of Complex III are lethal to apicom-
plexan parasites including Plasmodium spp. (28,
29), which lead to the development of the anti-
malarial drug atovaquone. Atovaquone targets
the ubiquinol oxidation site (Q,) of cytochrome
b with high selectivity (29). Unfortunately,
high-level resistance to atovaquone occurred at
a relatively high frequency and correlated with
mutations at position 268 (Tyr) of cytochrome
b.’This position lies near a highly conserved mo-
tif and participates in forming the Q, site. Sim-
ilar resistance mutations at this site and other
nearby positions in cytochrome 4 also arose in
P, yoelii raised in mice treated with suboptimal
levels of atovaquone (78). A cause and effect
relationship between a mutation introduced
at Tyr-268 and the resulting two-orders-of-
magnitude reduction in the susceptibility of
cytochrome bc; to inhibition by atovaquone
was demonstrated using a bacterial system (53).
Experiments with this system also provided
additional information on the drug’s mode of
action (53).

To obviate the resistance problem, ato-
vaquone is sold commercially as Malarone™,
a synergistic combination of atovaquone and
proguanil. In the presence of proguanil, the

Vaidya o Mather

effective dose of atovaquone is significantly re-
duced; however, once a malaria parasite ac-
quires the resistance mutation in cytochrome
b, the synergistic effect of proguanil is lost. The
precise molecular mechanism by which it po-
tentiates the action of atovaquone (and other
inhibitors of cytochrome bc;) has yet to be elu-
cidated. We demonstrated that proguanil low-
ers the concentration of atovaquone required
to significantly reduce the mitochondrial mem-
brane potential in P yoelii by six- to eight-
fold (79, 80), while qualitative measurements of
P falciparum—infected erythrocytes indicated
that the degree of membrane potential reduc-
tion is increased when atovaquone is combined
with proguanil (66).

Atovaquone is an effective drug, but is ex-
pensive and subject to relatively facile develop-
ment of resistance. Drug resistance is a major
problem for malaria treatment and prevention,
and the search for new, effective, and inexpen-
sive drugsisa continuing and urgent need. Even
though Complex III of the mtETC is essential
to both the human host and the malaria para-
site, it continues to be a promising target for the
development of antimalarial drugs. Extensive
structural and genetic evidence suggests that
the Q, site of Complex III is large and capable
of accommodating two ubiquinol molecules.
Various subclasses of Complex III inhibitors
bind to nonidentical but overlapping regions
of the Q, site. In agreement with this view of
the Q, site, several classes of chemicals provide
promising leads with antimalarial activities. 4-
Pyridone analogs of the clopidol class that se-
lectively inhibit Plasmodium Complex III are at
an advanced stage of development (107, 110).
Winter etal. have synthesized (104) haloalkoxy-
acridone derivatives that appear to target the
be; complex and inhibit human malaria para-
site growth with inhibitory concentrations in
the picomolar range. Quinolones related to
the early antimalarial candidate endochin that
also seem to target Complex IIT while exhibit-
ing minimal atovaquone cross-resistance have
been developed (105). The dihydroacridine-
dione WR249685 is a selective inhibitor of the
cytochrome bc; complex (3). Thus, at least five
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different structural entities have the potential
to be developed as antimalarials by having the
capacity to selectively inhibit Plasmodium Com-
plex IIT (Figure 35).

PYRIMIDINE BIOSYNTHESIS:
A CRITICAL MITOCHONDRIAL
FUNCTION

In addition to NADH dehydrogenase, at
least four known or predicted oxidoreduc-
tases may donate reducing equivalents to the
ETC via ubiquinone (54, 93), including the es-
sential enzyme dihydroorotate dehydrogenase
(DHODH), which catalyzes the conversion of
dihydroorotate to orotate, the sole redox re-
action in the de novo pyrimidine biosynthesis
pathway. P, falciparum, like many parasites, has
a streamlined metabolism, and many biosyn-
thetic pathways are absent (32), with essential
metabolites salvaged from the host (31). In the
case of pyrimidines, however, it is the salvage
pathway that is missing, rendering their biosyn-
thesis indispensible for nucleotide metabolism
(34). This has naturally led to consideration of
the enzymes of the pyrimidine pathway as pos-
sible targets for drug development, even though
the steps of the pathway are the same as in the
host; evolutionary distance likely has resulted
in significant differences between the host and
parasite enzymes that can be exploited, as in
the case of Complex III. Recent results have
shown that the parasite DHODH, in particular,
is indeed a promising target (2, 67, 68). Phillips
etal. (68) reported a substituted triazolopyrim-
idine compound that is highly species selective
and exhibited an ICsy below 100 nM against
P, falciparum. The triazolopyrimidines could be
prepared by a relatively simple and inexpensive
synthetic route, an important consideration for
antimalarial drugs. Patel et al. (67) identified
compounds from several chemical classes that
demonstrated submicromolar potency against
cultured P. falciparum parasites with low toxi-
city for mammalian cells and that appeared to
represent more than one mode of action.
There are two classes of DHODH. One
class, found in animals as well as apicomplexan

parasites, utilizes ubiquinone as cofactor (called
type 2) and is found in the inner mitochondrial
membrane. Members of the type 1 class, present
in Saccharomyces and certain protozoa, require
soluble electron acceptors, such as fumarate or
NADT, and are not associated with mitochon-
dria. Our group has capitalized on this differ-
ence to explore the intersection of the pyrim-
idine biosynthetic pathway and the ETC with
startling results. Painter etal. (66) expressed the
fumarate-dependent DHODH from yeast in
P, falciparum D10 parasites. The transgenic par-
asites, cultivated in vitro, are resistant to all
complex III inhibitors tested, including ato-
vaquone. Thus, the mtETC can become dis-
pensable in blood stages of the human malaria
parasite upon acquisition of a means to synthe-
size pyrimidines independently of ubiquinone
regeneration by the mtET'C. These results have
been essentially reproduced by other groups.
This observation appears to have far-reaching
implications in that other functions depen-
dent on a functional mtETC, including the
ubiquinone-dependent oxidation of other sub-
strates by mitochondrial dehydrogenases and
oxidative phosphorylation by ATP synthase,
if present, must also be dispensable under
pyrimidine bypass conditions (66, 92, but see
Reference 24 for an opposing view).

We were surprised to find that resistance
to mtETC inhibitors in these transgenic
parasites was completely reversed when treated
in combination with proguanil. This finding
appears to indicate that proguanil interferes
with a function that becomes essential only
when the mtETC is blocked. Observations
with the lipophilic cationic fluorescent probe
Mitotracker™ Red suggest that this effect is
related to maintenance of the mitochondrial
membrane potential, which is likely to be
essential for protein import and the operation
of electrogenic carriers. In the presence of
atovaquone or another ETC inhibitor alone,
a substantial potential is maintained, but when
combined with proguanil the potential is fully
dissipated (66).

We have proposed a hypothetical model
(figure S4 in Reference 66) based upon the
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known mechanism of mitochondrial membrane
potential generation in mammalian p°, yeast
p~/p°, and dyskinetoplastic trypanosome cells,
all of which lack an active mtETC (10, 19, 74).
In these cells, the continuous import of ATP
(produced by glycolysis) into the mitochon-
drion through the electrogenic adenine nu-
cleotide carrier (ADP/ATP carrier) establishes
a transmembrane potential due to the exchange
of ATP* for ADP*~, producing a net charge
difference (negative inside). The mitochondrial
phosphate carrier, which is electroneutral, ex-
ports a phosphate ion (H,POy ) in exchange for
an hydroxide ion, maintaining chemical bal-
ance. To maintain the ATP/ADP flux, the Fy
ATPase hydrolyzes imported ATP*-, yielding

Figure 4

Schematic representation of the ATP synthase/hydrolase, or Complex V.
Complex V is embedded in the inner mitochondrial membrane and couples
transmembrane proton transfer to ATP synthesis or hydrolysis via a rotary
mechanism. cyg, 9, ¢, and y form the rotor, while the rest of the subunits
comprise the stator. Subunits are shown in approximately the correct
proportions and location as found in the mammalian enzyme (99). A portion of
the Fy head domain has been sliced away to show the penetration of the y
subunit (the remaining « subunit is hidden behind the visible head subunits).
Additional minor subunits, some of which are involved in dimerization, are not
shown. Putative orthologues of the colored subunits are present in Plasmodium,
while orthologues of the gray membrane and peripheral stalk subunits (a, b, f,
and d) are unknown (see text).
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ADP3~ and phosphate. The model then hy-
pothesizes that proguanil inhibits one or more
of the components of this alternative pathway
for potential generation. Thus, in the presence
of proguanil alone, the mtETC will generate a
mitochondrial membrane potential; in the pres-
ence of atovaquone or other mtETC inhibitors
alone, the alternative electrogenic system can
maintain a membrane potential, but in the si-
multaneous presence of both proguanil and a
mtETC inhibitor, a membrane potential can-
not be maintained. This is a testable hypothesis
consistent with the presently available informa-
tion, but it is by no means the only mechanism
that can be envisioned by which the parasites
might maintain a (proguanil-sensitive) mito-
chondrial membrane potential in the absence of
electron transport. Further experimental char-
acterization is desirable and could conceivably
reveal a potential new therapeutic target.

COMPLEX V: FOR WHAT
PURPOSE?

or F1F,-ATP synthase, is an ele-
gant rotary machine that couples the synthe-

Complex V,

sis or hydrolysis of ATP to the transmembrane
protonmotive force (5, 12, 98). It consist of
an extrinsic catalytic domain that interconverts
ATP and ADP plus inorganic phosphate, tra-
ditionally called F; (with an oz B3yde subunit
structure), and a membrane domain, known
as F,, that forms a conditional proton chan-
nel, requiring rotation of the central ring of
¢ subunits to complete the transport of pro-
tons across the mitochondrial inner membrane
(Figure 4). The rotating channel is formed by
the interface of the integral membrane a sub-
unit with the ¢ ring. A peripheral stalk formed
by the b, OSCP, and other species-specific sub-
units connects the a subunit to the x and p cat-
alytic subunits, thus holding the stator of the
motor immobile against the central rotor com-
posed of the c ring and the vy, 9, and ¢ subunits
(Figure 4) (100).

The genomic sequence data indicates the
likely presence of all the core subunits of Fy («,
B,v,d,and ¢) and some of the F,,/stator subunits
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(c and OSCP) in P, falciparum (54). Conspicu-
ously absent are the a and b subunits, which are
essential to the function of known F-type ATP
synthases. As more apicomplexan genomic se-
quences were reported, it became apparent that
recognizable a and b subunits are probably ab-
sent from the entire phylum, which caused us to
question whether the whole apicomplexan clade
had lost the capacity for coupled ATP synthe-
sis and hydrolysis (55). However, the recently
reported genome sequence of 1 thermophila (8,
20) in the sister phylum Ciliophora points to
another possibility. F, a and b subunits also
appear to be absent from this organism, yet
Tetrabymena, which form large cells with nu-
merous mitochondria that can be isolated with
relative ease, contain significant ATP synthase
activity (16, 62), albeit insensitive to many of
the classical inhibitors, including oligomycin.
This suggests that ciliates, and perhaps also api-
complexan species, employ highly divergent or
novel subunits to fulfill the functions of the clas-
sical a and b subunits. Uncovering the details of
the interactions of novel subunits to form the
proton channel and the stator would certainly
be of great biochemical interest, and the dif-
fering inhibitor spectrum suggests that a phar-
maceutical opportunity might also result from
such studies.

In the many eukaryotic species that rely on
oxidative phosphorylation, ATP synthesis is the
final energy-conserving step, but it is still not
certain that this process is utilized in P. falci-
parum parasites. As discussed above, oxidative
phosphorylation does not appear to function as
a source of cellular ATP in the blood stages of
P, falciparum. Alternatively, the parasites could
use the coupled hydrolysis of ATP to maintain
the proton electrochemical gradient, as in the
bloodstream form of Tiypanosoma brucei (7, 63,
74). But this seems unlikely because the ETC
appears to be the primary source of the proton
gradient (vide supra). Of course it is possible
that whereas this function has been largely ab-
rogated in cultured asexual P. falciparum para-
sites, which are maintained in the continuous
presence of glucose, oxidative phosphorylation
may be important in other stages of the life

cycle. Although this suggestion is largely unex-
plored to date owing to the difficulty in working
with these nonculturable stages, it has been sup-
ported by some RNA expression and proteomic
studies that indicate an apparent increase in the
levels of a number of mitochondrion-associated
proteins, especially in the sexual gametocyte
stage (25, 38, 43, 64, 111).

Uyemura et al. (85, 86) have reported that
digitonin-permeabilized rodent malaria para-
sites, P. berghei and P. yoelii, show evidence of
oxidative phosphorylation as judged by the in-
direct measure of respiratory control. They also
reported that this was subject to oligomycin
inhibition. These findings are in contrast to
observations that P yoelii mitochondria do
not demonstrate respiratory control and that
oligomycin does not appear to inhibit mito-
chondrial ATP hydrolase activity (30; M.W.
Mather & A.B. Vaidya, unpublished observa-
tion). The possibility of mouse mitochondrial
contamination was not entirely ruled out in
these reports. Therefore, the question of oxida-
tive phosphorylation in rodent malaria parasites
remains unsettled.

METABOLITE SYNTHESIS
IN MITOCHONDRIA

Besides its key function in supporting pyrim-
idine biosynthesis in the cytoplasm, the mito-
chondrion in malaria parasites apparently per-
forms or contributes to important biosynthetic
pathways in its own right. These may include
biogenesis of iron-sulfur clusters and hemes and
biosynthesis of ubiquinone, all of which are re-
quired for the function of the mtETC, as well
as other processes.

Iron-sulfur cluster biosynthesis is an an-
cient and essential metabolic pathway present
in nearly all mitochondria and mitochondrion-
like organelles (39, 109). Although the mito-
chondrion is the site of primary biosynthesis in
eukaryotes, additional components are present
in the cytosol to provide for insertion into cy-
tosolic and nuclear-targeted iron-sulfur pro-
teins (51, 52). Alarge number of enzymes, chap-
erones, and transporters are required for this
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process, and we found 18 putative proteins in
P, falciparum (54) that may participate. One con-
spicuous difference in the pathway compared
with that found in mammalian mitochondria
and most other organisms is the absence of the
mitochondrial iron carrier frataxin.

Despite the presence of residual heme from
the digestion of hemoglobin in the food vac-
uole, malaria parasites appear to require de
novo heme biosynthesis (82). In an unusual split
pathway, it appears that the first and last en-
zymes of the pathway, 5-aminolevulinic acid
synthase and ferrochelatase, are located in the
mitochondrion, where the final product will be
utilized, but the next three enzymes are tar-
geted to the apicoplast (73, 93). The location of
the remaining intermediate steps is still unclear.
Aminolevulinic acid synthase catalyzes the con-
densation of glycine with succinyl-CoA to
form 5-aminolevulinic acid, hence it may have

SUMMARY POINTS

remained a mitochondrial enzyme despite the
location of subsequent steps in the apicoplast to
access succinyl-CoA, the product of the TCA
cycle enzyme o-ketoglutarate dehydrogenase.

Plasmodium parasites are also dependent on
de novo synthesis of ubiquinone, but the prod-
uct has a slightly shorter isoprenoid tail than
host ubiquinone (Qg_9 versus Qo) (18). The
final steps of ubiquinone biosynthesis, begin-
ning with the formation of polyprenyl diphos-
phate, are normally completed in the mitochon-
drion, although the enzymes of the pathway
are not well characterized even in model or-
ganisms. Genome data suggest that orthologs
of six of seven enzymes present in yeast are
also found in Plasmodium (54). P. falciparum
octaprenyl diphosphate synthase (Coqlp or-
thologue) has been recombinantly expressed
and is inhibited by the terpene nerolidol
(83).

L.

Mitochondrial DNAs in organisms within the taxon Alveolata, to which malaria parasites
belong, have undergone dramatic changes in size, organization, and encoded functions.
These changes reflect evolutionary adjustments necessary for the physiological demands
of different environmental niches in which these organisms exist.

. Malaria parasites have the smallest mitochondrial genome, encoding just three proteins

and highly fragmented ribosomal RNA. An unconventional translational machinery is
likely present within the malarial mitochondria.

. The TCA cycle does not seem to operate as a cycle in malaria parasites. A principal

function is to provide precursors for heme biosynthesis.

. The mtETC is abbreviated in malaria parasites. It exhibits a relatively low level of activity

butis nevertheless essential. Complex III of the chain is the target of the antimalarial drug
atovaquone. This enzyme’s active sites are divergent relative to their counterparts in the
human complex. At least five different chemical classes are being explored as potential
antimalarials that target Complex III.

. A critical role of mtE'TC in the blood stages of P. falciparum is to serve the mitochondri-

ally located DHODH within the pyrimidine biosynthesis pathway. Transgenic parasites
expressing cytosolic yeast DHODH become independent of mtETC.

. Genes for critical subunits of mitochondrial ATP synthase subunits cannot be detected

in any of the apicomplexan parasites or in ciliates. This suggests that ATP synthase in
Alveolata has an unconventional nature.

. The minimal mitochondrion in malaria parasites is still important for their survival.

In addition to the pyrimidine biosynthesis, several other metabolites are likely to be
synthesized in the mitochondrion.

Vaidya o Mather



Annu. Rev. Microbiol. 2009.63:249-267. Downloaded from arjournals.annualreviews.org

by DREXEL UNIVERSITY on 10/13/09. For personal use only.

DISCLOSURE STATEMENT

The authors are not aware of any affiliations, memberships, funding, or financial holdings that
might be perceived as affecting the objectivity of this review.

ACKNOWLEDGMENTS

We deeply appreciate the support of NIH grants RO1IAI28398 and RO1AI53148. We thank our
colleagues at Drexel University College of Medicine for discussions, and Avinash R. Vaidya
(http://www.benchfire.com/) for drawing figures.

LITERATURE CITED

1.

10.

11.

12.

13.

14.

15.

16.

17.

Abrahamsen MS, Templeton TJ, Enomoto S, Abrahante JE, Zhu G, et al. 2004. Complete genome
sequence of the apicomplexan, Cryptosporidium parvam. Science 304:441-45

. Baldwin J, Michnoff CH, Malmquist NA, White J, Roth MG, et al. 2005. High-throughput screening

for potent and selective inhibitors of Plasmodium falciparum dihydroorotate dehydrogenase. 7. Biol. Chem.
280:21847-53

. Biagini GA, Fisher N, Berry N, Stocks PA, Meunier B, et al. 2008. Acridinediones: selective and potent

inhibitors of the malaria parasite mitochondrial bel complex. Mol. Pharmacol. 73:1347-55

. Bowman IB, Grant PT, Kermack WO, Ogston D. 1961. The metabolism of Plasmmodium berghei, the

malaria parasite of rodents. 2. An effect of mepacrine on the metabolism of glucose by the parasite
separated from its host cell. Biochem. J. 78:472-78

. Boyer PD. 1997. The ATP synthase—a splendid molecular machine. Annu. Rev. Biochem. 66:717—

49

. Bracchi-Ricard V, Nguyen KT, Zhou Y, Rajagopalan PT, Chakrabarti D, Pei D. 2001. Characterization

of an eukaryotic peptide deformylase from Plasmodium falciparum. Arch. Biochem. Biophys. 396:162-70

. Brown SV, Hosking P, Li ], Williams N. 2006. ATP synthase is responsible for maintaining mitochondrial

membrane potential in bloodstream form Tiypanosoma brucei. Eukaryot. Cell 5:45-53

. Brunk CF, Lee LC, Tran AB, Li]. 2003. Complete sequence of the mitochondrial genome of Tezrabymena

thermophila and comparative methods for identifying highly divergent genes. Nucleic Acids Res. 31:1673-82

. Bryant C, Voller A, Smith MJ. 1964. The incorporation of radioactivity from (14C)glucose into the

soluble metabolic intermediates of malaria parasites. Am. 7. Trop. Med. Hyg. 13:515-19

Buchet K, Godinot C. 1998. Functional F1-ATPase essential in maintaining growth and membrane
potential of human mitochondrial DNA-depleted rho degrees cells. 7. Biol. Chem. 273:22983-89
Burger G, Zhu Y, Littlejohn TG, Greenwood SJ, Schnare MN; et al. 2000. Complete sequence of the
mitochondrial genome of Tetrabymena pyriformis and comparison with Paramecium aurelia mitochondrial
DNA. 7. Mol. Biol. 297:365-80

Capaldi RA, Aggeler R. 2002. Mechanism of the F(1)F(0)-type ATP synthase, a biological rotary motor.
Trends Biochem. Sci. 27:154-60

Cape JL, Bowman MK, Kramer DM. 2006. Understanding the cytochrome be complexes by what they
don’t do. The Q-cycle at 30. Trends Plant Sci. 11:46-55

Chevrollier A, Loiseau D, Chabi B, Renier G, Douay O, et al. 2005. ANT?2 isoform required for cancer
cell glycolysis. 7. Bioenerg. Biomembr. 37:307-16

Clough B, Wilson R]. 2001. Antibiotics and the plasmodial plastid organelle. In Antimalarial Chemother-
apy: Mechanisms of Action, Resistance, and New Directions in Drug Discovery, ed. P] Rosenthal, pp. 265-86.
Totowa, NJ: Humana Press

Conklin KA, Chou SC. 1972. Isolation and characterization of Tetrabymena pyriformis GL mitochondria.
Comp. Biochem. Physiol. B 41:45-54

Daily JP, Scanfeld D, Pochet N, Le Roch K, Plouffe D, et al. 2007. Distinct physiological states of
Plasmodium falciparum in malaria-infected patients. Nature 450:1091-95

www.annualyeviews.org © Mitochondria in Malaria Parasites

5. A master’s description
of a masterful molecular
machine.

263



Annu. Rev. Microbiol. 2009.63:249-267. Downloaded from arjournals.annualreviews.org

by DREXEL UNIVERSITY on 10/13/09. For personal use only.

22. Describes the highly
unconventional rRNA
fragments that must
constitute
mitochondrial
ribosomes in malaria
parasites.

26. Demonstrated
pyruvate dehydrogenase
to be localized to the
apicoplast, thereby
further questioning the
cyclic nature of the
mitochondrial TCA
cycle.

27. The first careful
biochemical
investigation of isolated
mitochondria from
malaria parasites.

33. Provides an
excellent description of
the great diversity of
mitochondria among
unicellular eukaryotes.

264

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

de Macedo CS, Uhrig ML, Kimura EA, Katzin AM. 2002. Characterization of the isoprenoid chain of
coenzyme Q in Plasmodium falciparum. FEMS Microbiol. Lett. 207:13-20

Dupont CH, Mazat JP, Guerin B. 1985. The role of adenine nucleotide translocation in the energization
of the inner membrane of mitochondria isolated from rho 4 and rho degree strains of Saccharomyces
cerevisiae. Biochem. Biophys. Res. Commun. 132:1116-23

Eisen JA, Coyne RS, Wu M, Wu D, Thiagarajan M, et al. 2006. Macronuclear genome sequence of the
ciliate Tetrabymena thermophila, a model eukaryote. PLoS Biol. 4:¢286 doi:10.1371/journal.pbio.0040286
Esseiva AC, Naguleswaran A, Hemphill A, Schneider A. 2004. Mitochondrial tRNA import in Toxoplasma
gondii. J. Biol. Chem. 279:42363-68

Feagin JE, Mericle BL, Werner E, Morris M. 1997. Identification of additional rRNA fragments
encoded by the Plasmodium falciparum 6 kb element. Nucleic Acids Res. 25:438-46

Feagin JE, Werner E, Gardner MJ, Williamson DH, Wilson R]J. 1992. Homologies between the con-
tiguous and fragmented rRNAs of the two Plasmodium falciparum extrachromosomal DNAs are limited
to core sequences. Nucleic Acids Res. 20:879-87

Fisher N, Bray PG, Ward SA, Biagini GA. 2008. Malaria-parasite mitochondrial dehydrogenases as drug
targets: too early to write the obituary. Trends Parasitol. 24:9-10

Florens L, Washburn MP, Raine JD, Anthony RM, Grainger M, et al. 2002. A proteomic view of the
Plasmodium falciparum life cycle. Nature 419:520-26

Foth BJ, Stimmler LM, Handman E, Crabb BS, Hodder AN, McFadden GI. 2005. The malaria
parasite Plasmodium falciparum has only one pyruvate dehydrogenase complex, which is located
in the apicoplast. Mol. Microbiol. 55:39-53

Fry M, Beesley JE. 1991. Mitochondria of mammalian Plasmodium spp. Parasitology
102(Pt. 1):17-26

Fry M, Hudson AT, Randall AW, Williams RB. 1984. Potent and selective hydroxynaphthoquinone
inhibitors of mitochondrial electron transport in Eimzeria tenella (Apicomplexa: Coccidia). Biochem. Phar-
macol. 33:2115-22

Fry M, Pudney M. 1992. Site of action of the antimalarial hydroxynaphthoquinone, 2-[trans-4-(4'-
chlorophenyl) cyclohexyl]-3-hydroxy-1,4-naphthoquinone (566C80). Biochemn. Pharmacol. 43:1545-53
Fry M, Webb E, Pudney M. 1990. Effect of mitochondrial inhibitors on adenosinetriphosphate levels in
Plasmodium falciparum. Comp. Biochem. Physiol. B 96:775-82

Gardner MJ, Hall N, Fung E, White O, Berriman M, et al. 2002. Genome sequence of the human
malaria parasite Plasmodium falciparum. Nature 419:498-511

Ginger ML. 2006. Niche metabolism in parasitic protozoa. Philos. Trans. R. Soc. London B Biol. Sci.
361:101-18

Gray MW, Lang BF, Burger G. 2004. Mitochondria of protists. Annu. Rev. Genet. 38:477-524
Gutteridge WE, Dave D, Richards WH. 1979. Conversion of dihydroorotate to orotate in parasitic
protozoa. Biochim. Biophys. Acta 582:390-401

Hodges M, Yikilmaz E, Patterson G, Kasvosve I, Rouault TA, et al. 2005. An iron regulatory-like protein
expressed in Plasmodium falciparum displays aconitase activity. Mol. Biochem. Parasitol. 143:29-38

Kairo A, Fairlamb AH, Gobright E, Nene V. 1994. A 7.1 kb linear DNA molecule of Theileria parva has
scrambled rDNA sequences and open reading frames for mitochondrially encoded proteins. EMBO 7.
13:898-905

Keithly JS, Langreth SG, Buttle KF, Mannella CA. 2005. Electron tomographic and ultrastructural
analysis of the Cryptosporidium parvum relict mitochondrion, its associated membranes, and organelles.
7 Eukaryot. Microbiol. 52:132-40

Khan SM, Franke-Fayard B, Mair GR, Lasonder E, Janse CJ, etal. 2005. Proteome analysis of separated
male and female gametocytes reveals novel sex-specific Plasmodium biology. Cell 121:675-87

Kispal G, Sipos K, Lange H, Fekete Z, Bedekovics T, et al. 2005. Biogenesis of cytosolic ribosomes
requires the essential iron-sulphur protein Rlilp and mitochondria. EMBO 7. 24:589-98

KrungkraiJ. 2004. The multiple roles of the mitochondrion of the malarial parasite. Parasitology 129:511-
24

Krungkrai J, Krungkrai SR, Bhumiratana A. 1993. Plasmodium berghei: partial purification and charac-
terization of the mitochondrial cytochrome c oxidase. Exp. Parasitol. 77:136-46

Vaidya o Mather



Annu. Rev. Microbiol. 2009.63:249-267. Downloaded from arjournals.annualreviews.org

by DREXEL UNIVERSITY on 10/13/09. For personal use only.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.
52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Krungkrai J, Krungkrai SR, Suraveratum N, Prapunwattana P. 1997. Mitochondrial ubiquinol-
cytochrome ¢ reductase and cytochrome ¢ oxidase: chemotherapeutic targets in malarial parasites.
Biochem. Mol. Biol. Int. 42:1007-14

Krungkrai J, Prapunwattana P, Krungkrai SR. 2000. Ultrastructure and function of mitochondria in
gametocytic stage of Plasmodium falciparum. Parasite 7:19-26

Kumar A, Nguyen KT, Srivathsan S, Ornstein B, Turley S, et al. 2002. Crystals of peptide deformylase
from Plasmodium falciparum reveal critical characteristics of the active site for drug design. Structure
10:357-67

Lane N. 2005. Power; Sex, Suicide: Mitochondria and the Meaning of Life. New York: Oxford Univ. Press
Lang BF, Burger G, O’Kelly CJ, Cedergren R, Golding GB, et al. 1997. An ancestral mitochondrial
DNA resembling a eubacterial genome in miniature. Nature 387:493-97

Leander BS. 2008. Marine gregarines: evolutionary prelude to the apicomplexan radiation? Trends Par-
asitol 24:60-67

Leander BS, Lloyd SA, Marshall W, Landers SC. 2006. Phylogeny of marine gregarines (Apicomplexa)—
Pterospora, Lithocystis and Lankesteria—and the origin(s) of coelomic parasitism. Protist 157:45-60
Lemieux JE, Gomez-Escobar N, Feller A, Carret C, Amambua-Ngwa A, etal. 2009. Statistical estimation
of cell-cycle progression and lineage commitment in Plasmodium falciparum reveals a homogeneous
pattern of transcription in ex vivo culture. Proc. Natl. Acad. Sci. USA 106:7559-64

Leon-Avila G, Tovar J. 2004. Mitosomes of Entamoeba histolytica are abundant mitochondrion-related
remnant organelles that lack a detectable organellar genome. Microbiology 150:1245-50

Lill R, Muhlenhoff U. 2005. Iron-sulfur-protein biogenesis in eukaryotes. Tiends Biochem. Sci. 30:133—41
Lill R, Muhlenhoff U. 2008. Maturation of iron-sulfur proteins in eukaryotes: mechanisms, connected
processes, and diseases. Annu. Rev. Biochem. 77:669-700

Mather MW, Darrouzet E, Valkova-Valchanova M, Cooley JW, McIntosh MT, et al. 2005. Uncovering
the molecular mode of action of the antimalarial drug atovaquone using a bacterial system. 7. Biol. Chemn.
280:27458-65

Mather MW, Henry KW, Vaidya AB. 2007. Mitochondrial drug targets in apicomplexan parasites. Curr:
Drug Targets 8:49-60

Mather MW, Vaidya AB. 2008. Mitochondria in malaria and related parasites: ancient, diverse and
streamlined. 7. Bioenerg. Biomembr. 40:425-33

MeclIntosh MT. 1995. Biological significance of discontinuous and scrambled ribosomal RNA genes in the mito-
chondria of malarial parasites. PhD thesis. Med. Coll. Pa. Hahnemann Univ., Phila. 111 pp.

MeclIntosh MT, Srivastava R, Vaidya AB. 1998. Divergent evolutionary constraints on mitochondrial and
nuclear genomes of malaria parasites. Mol. Biochem. Parasitol. 95:69-80

Michelotti EF, Hajduk SL. 1987. Developmental regulation of trypanosome mitochondrial gene expres-
sion. 7. Biol. Chem. 262:927-32

Moradian MM, Beglaryan D, Skozylas JM, Kerikorian V. 2007. Complete mitochondrial genome se-
quence of three Tetrabhymena species reveals mutation hot spots and accelerated nonsynonymous substi-
tutions in Ymf genes. PLoS ONE 2:¢650 doi:10.1371/journal.pone.0000650

Nash EA, Barbrook AC, Edwards-Stuart RK, Bernhardt K, Howe CJ, Nisbet RE. 2007. Organization
of the mitochondrial genome in the dinoflagellate Amphidinium carterae. Mol. Biol. Evol. 24:1528-36
Nash EA, Nisbet RE, Barbrook AC, Howe CJ. 2008. Dinoflagellates: a mitochondrial genome all at sea.
Trends Genet. 24:328-35

Nishi A, Scherbaum OH. 1962. Oxidative phosphorylation in synchronized cultures of Zetrabymena
pyriformis. Biochim. Biophys. Acta 65:419-24

Nolan DP, Voorheis HP. 1992. The mitochondrion in bloodstream forms of Tiypanosoma brucei is ener-
gized by the electrogenic pumping of protons catalysed by the F1F0-ATPase. Eur: 7. Biochem. 209:207-16
Okamoto N, Spurck TP, Goodman CD, McFadden GI. 2009. Apicoplast and mitochondrion in game-
tocytogenesis of Plasmodium falciparum. Eukaryot. Cell 8:128-32

Ossorio PN, Sibley LD, Boothroyd JC. 1991. Mitochondrial-like DNA sequences flanked by direct and
inverted repeats in the nuclear genome of Toxoplasma gondii. 7. Mol. Biol. 222:525-36

Painter HJ, Morrisey JM, Mather MW, Vaidya AB. 2007. Specific role of mitochondrial electron
transport in blood-stage Plasmodium falciparum. Nature 446:88-91

www.annualyeviews.org © Mitochondria in Malaria Parasites

66. Provides strong
evidence that the critical
role of the mtETC is to
regenerate ubiquinone
to serve DHODH, an
essential enzyme in the
pyrimidine biosynthetic
pathway.



Annu. Rev. Microbiol. 2009.63:249-267. Downloaded from arjournals.annualreviews.org

by DREXEL UNIVERSITY on 10/13/09. For personal use only.

78. A series of

independently isolated

atovaquone- resistant

parasites revealed
mutations within a
highly conserved site
within the parasite

Complex III, thereby
delineating the probable

atovaquone-binding
pocket.

88. First report of an
apicomplexan
mitochondrial DNA

sequence, revealing the

unusual nature of this

genome.

266

67.

68.

69.

70.

71.

72.
73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

89.

Patel V, Booker M, Kramer M, Ross L, Celatka CA, et al. 2008. Identification and characterization
of small molecule inhibitors of Plasmodium falciparum dihydroorotate dehydrogenase. 7. Biol. Chem.
283:35078-85

Phillips MA, Gujjar R, Malmquist NA, White J, El Mazouni F, et al. 2008. Triazolopyrimidine-based
dihydroorotate dehydrogenase inhibitors with potent and selective activity against the malaria parasite
Plasmodium falciparum. J. Med. Chem. 51:3649-53

Riordan CE, Ault JG, Langreth SG, Keithly JS. 2003. Cryptosporidium parvum Cpn60 targets a relict
organelle. Curr: Genet. 44:138-47

Sahni SK, Saxena N, Puri SK, Dutta GP, Pandey VC. 1992. NADP-specific isocitrate dehydrogenase
from the simian malaria parasite Plasmodium knowlesi: partial purification and characterization. 7. Proto-
200l 39:338-42

Salinas T, Duchene AM, Marechal-Drouard L. 2008. Recent advances in tRNA mitochondrial import.
Trends Biochem. Sci. 33:320-29

Saraste M. 1999. Oxidative phosphorylation at the fin de siecle. Science 283:1488-93

Sato S, Clough B, Coates L, Wilson RJ. 2004. Enzymes for heme biosynthesis are found in both the
mitochondrion and plastid of the malaria parasite Plasmodium falciparum. Protist 155:117-25

Schnaufer A, Clark-Walker GD, Steinberg AG, Stuart K. 2005. The F1-ATP synthase complex in
bloodstream stage trypanosomes has an unusual and essential function. EMBO 7. 24:4029-40

Seeber F, Limenitakis J, Soldati-Favre D. 2008. Apicomplexan mitochondrial metabolism: a story of
gains, losses and retentions. Tiends Parasitol. 24:468-78

Sherman IW. 1998. Carbohydrate metabolism of asexual stages. In Malaria: Parasite Biology, Pathogenesis
and Protection, ed. TW Sherman, pp. 135-44. Washington, DC: ASM Press

Smith DG, Gawryluk RM, Spencer DF, Pearlman RE, Siu KW, Gray MW. 2007. Exploring the mi-
tochondrial proteome of the ciliate protozoon Tetrabymena thermophila: direct analysis by tandem mass
spectrometry. 7. Mol. Biol. 374:837-63

Srivastava IK, Morrisey JM, Darrouzet E, Daldal F, Vaidya AB. 1999. Resistance mutations reveal
the atovaquone-binding domain of cytochrome b in malaria parasites. Mol. Microbiol. 33:704-11
Srivastava IK, Rottenberg H, Vaidya AB. 1997. Atovaquone, a broad spectrum antiparasitic drug, collapses
mitochondrial membrane potential in a malarial parasite. 7. Biol. Chem. 272:3961-66

Srivastava IK, Vaidya AB. 1999. A mechanism for the synergistic antimalarial action of atovaquone and
proguanil. Antimicrob. Agents Chemother. 43:1334-39

Suplick K, Morrisey ], Vaidya AB. 1990. Complex transcription from the extrachromosomal DNA en-
coding mitochondrial functions of Plasmodium yoelii. Mol. Cell Biol. 10:6381-88

Surolia N, Padmanaban G. 1992. De novo biosynthesis of heme offers a new chemotherapeutic target
in the human malarial parasite. Biochem. Biophys. Res. Commun. 187:744-50

Tonhosolo R, D’Alexandri FL, Genta FA, Wunderlich G, Gozzo FC, etal. 2005. Identification, molecular
cloning and functional characterization of an octaprenyl pyrophosphate synthase in intraerythrocytic
stages of Plasmodium falciparum. Biochem. J. 392:117-26

Traba J, Froschauer EM, Wiesenberger G, Satrustegui J, Del Arco A. 2008. Yeast mitochondria import
ATP through the calcium-dependent ATP-Mg/Pi carrier Sallp, and are ATP consumers during aerobic
growth in glucose. Mol. Microbiol. 69:570-85

Uyemura SA, Luo S, Moreno SN, Docampo R. 2000. Oxidative phosphorylation, Ca?* transport, and
fatty acid-induced uncoupling in malaria parasites mitochondria. 7. Biol. Chem. 275:9709-15

Uyemura SA, Luo S, Vieira M, Moreno SN, Docampo R. 2004. Oxidative phosphorylation and rotenone-
insensitive malate- and NADH-quinone oxidoreductases in Plasmodium yoelii yoelii mitochondria in situ.
7. Biol. Chem. 279:385-93

Vaidya AB. 2005. The mitochondrion. In Molecular Approaches to Malaria, ed. W Sherman, pp. 234-52.
Washington, DC: ASM Press

. Vaidya AB, Akella R, Suplick K. 1989. Sequences similar to genes for two mitochondrial proteins

and portions of ribosomal RNA in tandemly arrayed 6-kb-pair DNA of a malarial parasite. Mol.
Biochem. Parasitol. 35:97-107

Vaidya AB, Arasu P. 1987. Tandemly arranged gene clusters of malarial parasites that are highly conserved
and transcribed. Mol. Biochem. Parasitol. 22:249-57

Vaidya o Mather



Annu. Rev. Microbiol. 2009.63:249-267. Downloaded from arjournals.annualreviews.org

by DREXEL UNIVERSITY on 10/13/09. For personal use only.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Vaidya AB, Lashgari MS, Pologe LG, Morrisey J. 1993. Structural features of Plasmodium cytochrome
b that may underlie susceptibility to 8-aminoquinolines and hydroxynaphthoquinones. Mol. Biocherm.
Parasitol. 58:33-42

Vaidya AB, Mather MW. 2005. A post-genomic view of the mitochondrion in malaria parasites. Cur7:
Topics Microbiol. Immunol. 295:233-50

Vaidya AB, Painter HJ, Morrisey JM, Mather MW. 2008. The validity of mitochondrial dehydrogenases
as antimalarial drug targets. Trends Parasitol. 24:8-9

van Dooren GG, Stimmler LM, McFadden GI. 2006. Metabolic maps and functions of the Plasmodium
mitochondrion. FEMS Microbiol. Rev. 30:596-630

van Raam BJ, Sluiter W, de Wit E, Roos D, Verhoeven AJ, Kuijpers TW. 2008. Mitochondrial membrane
potential in human neutrophils is maintained by complex IIT activity in the absence of supercomplex
organisation. PLoS ONE 3:e2013 doi:10.1371/journal.pone.0002013

Vander Jagt DL, Hunsaker LA, Campos NM, Baack BR. 1990. D-lactate production in erythrocytes
infected with Plasmodium falciparum. Mol. Biochem. Parasitol. 42:277-84

Vander Jagt DL, Hunsaker LA, Kibirige M, Campos NM. 1989. NADPH production by the malarial
parasite Plasmodium falciparum. Blood 74:471-74

Vertommen D, Van Roy ], Szikora JP, Rider MH, Michels PA, Opperdoes FR. 2008. Differential expres-
sion of glycosomal and mitochondrial proteins in the two major life-cycle stages of Tirypanosoma brucei.
Mol. Biochem. Parasitol. 158:189-201

von Ballmoos C, Cook GM, Dimroth P. 2008. Unique rotary ATP synthase and its biological diversity.
Annu. Rev. Biophys. 37:43—-64

Walker JE, Dickson VK. 2006. The peripheral stalk of the mitochondrial ATP synthase. Biochim. Biophys.
Acta 1757:286-96

Weber J. 2007. ATP synthase—the structure of the stator stalk. Tiends Biochem. Sci. 32:53-56
Williamson DH, Gardner M], Preiser P, Moore DJ, Rangachari K, Wilson R]. 1994. The evolutionary
origin of the 35 kb circular DNA of Plasmodium falciparum: new evidence supports a possible rhodophyte
ancestry. Mol. Gen. Genet. 243:249-52

Wilson R], Denny PW, Preiser PR, Rangachari K, Roberts K, et al. 1996. Complete gene map of the
plastid-like DNA of the malaria parasite Plasmodium falciparum. J. Mol. Biol. 261:155-72

Wilson R]J, Williamson DH. 1997. Extrachromosomal DNA in the Apicomplexa. Microbiol. Mol.
Biol. Rev. 61:1-16

Winter RW, Kelly JX, Smilkstein MJ, Dodean R, Bagby GC, etal. 2006. Evaluation and lead optimization
of antimalarial acridones. Exp. Parasitol. 114:47-56

Winter RW, Kelly JX, Smilkstein MJ, Dodean R, Hinrichs D, Riscoe MK. 2008. Antimalarial quinolones:
synthesis, potency, and mechanistic studies. Exp. Parasitol. 118:487-97

Wrenger C, Muller S. 2003. Isocitrate dehydrogenase of Plasmodium falciparum. Eur. J. Biochem.
270:1775-83

Xiang H, McSurdy-Freed J, Moorthy GS, Hugger E, Bambal R, etal. 2006. Preclinical drug metabolism
and pharmacokinetic evaluation of GW844520, a novel antimalarial mitochondrial electron transport
inhibitor. 7. Pharm. Sci. 95:2657-72

Xu P, Widmer G, Wang Y, Ozaki LS, Alves JM, et al. 2004. The genome of Cryptosporidium hominis.
Nature 431:1107-12

Yarunin A, Panse VG, Petfalski E, Dez C, Tollervey D, Hurt EC. 2005. Functional link between ribosome
formation and biogenesis of iron-sulfur proteins. EMBO 7. 24:580-88

Yeates CL, Batchelor JF, Capon EC, Cheesman NJ, Fry M, et al. 2008. Synthesis and structure-activity
relationships of 4-pyridones as potential antimalarials. 7. Med. Chem. 51:2845-52

Young JA, Fivelman QL, Blair PL, de la Vega P, Le Roch KG, et al. 2005. The Plasmodium falciparum
sexual development transcriptome: a microarray analysis using ontology-based pattern identification.
Mol. Biochem. Parasitol. 143:67-79

www.annualyeviews.org © Mitochondria in Malaria Parasites

103. A review of
mitochondrial and
plastid genomes of
apicomplexan parasites.

267



Annu. Rev. Microbiol. 2009.63:249-267. Downloaded from arjournals.annualreviews.org

by DREXEL UNIVERSITY on 10/13/09. For personal use only.

Contents

Frontispiece
Lars G. Ljungdabl . ............. xii

A Life with Acetogens, Thermophiles, and Cellulolytic Anaerobes
Lars G. Ljungdabl ........ ... 1

Regulation of Translation Initiation by RNA Binding Proteins
Paul Babitzke, Carol S. Baker, and Tony Romeo ...........................ccccoeiiiiii., 27

Chemotaxis-Like Regulatory Systems: Unique Roles
in Diverse Bacteria

Jobn RUKIrhy ..o 45
Aminoacyl-tRNA Synthesis and Translational Quality Control

Fiqiang Ling, Noah Reynolds, and Michael Ibba ..................................ccoii.l. 61
Resurrected Pandemic Influenza Viruses

Terrence M. Tumpey and Jessica A. Belser ........................ccccciiiiiiiii. 79
Interspecies Chemical Communication in Bacterial Development

Paul D. Straight and Roberto Kolter .......................ccoiiiiiiiiiii, 99
Lipid Signaling in Pathogenic Fungi

Ryan Rhome and Maurizio Del Poeta ........................cccoiiiiiiiiiiiiiiii i, 119
Biological Insights from Structures of Two-Component Proteins

Rong Gao and Ann M. Stock ... 133
Role of GTPases in Bacterial Ribosome Assembly

Robert A. Britton ..o 155

Gene Transfer and Diversification of Microbial Eukaryotes
Jan O. Andersson .......... ... ... . 177

Malaria Parasite Development in the Mosquito and Infection
of the Mammalian Host
Abmed S.1. Aly, Ashley M. Vaughan, and Stefan H.1 Kappe ............................ 195

How Sweet it is! Cell Wall Biogenesis and Polysaccharide Capsule
Formation in Cryptococcus neoformans
Tamara Lea Doering ......... ... 223

R

R

Annual Review of
Microbiology

Volume 63, 2009



Annu. Rev. Microbiol. 2009.63:249-267. Downloaded from arjournals.annualreviews.org

by DREXEL UNIVERSITY on 10/13/09. For personal use only.

vi

Mitochondrial Evolution and Functions in Malaria Parasites
Akbil B. Vaidya and Michael W. Mather ........................ccccieiiiiiiii, 249

Probiotic and Gut Lactobacilli and Bifidobacteria: Molecular
Approaches to Study Diversity and Activity
Michiel Kleerebezem and Elaine E. Vaughan ............................ccccoiiiin.. 269

Global Emergence of Batrachochytrium dendrobatidis and Amphibian
Chytridiomycosis in Space, Time, and Host
Matthew C. Fisher, Trenton W}. Garner, and Susan E Walker ......................... 291

Anaerobic Oxidation of Methane: Progress with an Unknown Process
Katrin Knittel and Antje Boetitss ......................cciiiiiiii i 311

"The Tirypanosoma brucei Flagellum: Moving Parasites
in New Directions
Katherine S. Ralston, Zakayi P. Kabututu, Fason H. Melehani,
Michael Oberbolzer, and Kent L. Hill ......... . . . . .. 335

Plants, Mycorrhizal Fungi, and Bacteria: A Network of Interactions
Paola Bonfante and Iulin-Andra Anca .............................ccciiii 363

Evolutionary Roles of Upstream Open Reading Frames in Mediating
Gene Regulation in Fungi
Heatber M. Hood, Daniel E. Neafsey, James Galagan, and Matthew S. Sachs ......... 385

Single-Cell Ecophysiology of Microbes as Revealed by Raman
Microspectroscopy or Secondary Ion Mass Spectrometry Imaging
Michael Wagner ............. .. 411

Microbiology of the Atmosphere-Rock Interface: How Biological
Interactions and Physical Stresses Modulate a Sophisticated
Microbial Ecosystem

Anna A. Gorbushina and William J. Broughton ................................co... 431
What Sets Bacillus anthracis Apart from Other Bacillus Species?

Anne-Brit Kolst, Nicolas 7. Tourasse, and Ole Andreas Okstad ........................... 451
The Expanding World of Methylotrophic Metabolism

Ludmila Chistoserdova, Marina G. Kalyuzhnaya, and Mary E. Lidstrom .............. 477

Genomics, Genetics, and Cell Biology of Magnetosome Formation
Christian Jogler and Dirk Schiiler .......... ... 501

Predatory Lifestyle of Bdellovibrio bacteriovorus
Renee Elizabeth Sockett ............. ... 523

Plant-Growth-Promoting Rhizobacteria
Ben Lugtenberg and Faina Kamilova ............................................... 541

Contents



Annu. Rev. Microbiol. 2009.63:249-267. Downloaded from arjournals.annualreviews.org

by DREXEL UNIVERSITY on 10/13/09. For personal use only.

Photorbabdus and a Host of Hosts

Nick R. Waterfield, Todd Ciche, and David Clarke ....................................... 557
Management of Oxidative Stress in Bacillus

Peter Zuber ......... ... . 575
Sociobiology of the Myxobacteria

Gregory 7. Velicer and Michiel Vos ... 599
Index
Cumulative Index of Contributing Authors, Volumes 59-63 ........................... 625
Errata

An online log of corrections to Annual Review of Microbiology articles may be found at
http://micro.annualreviews.org/

Contents

Vil



	Annual Reviews Online

	Search Annual Reviews

	Annual Review of Microbiology Online 

	Most Downloaded Microbiology 
Reviews
	Annual Review of Microbiology 
Errata
	Most Cited Microbiology
 Reviews
	View Current Editorial Committee

	All Articles in the Annual Review of Microbiology, Vol. 63

	A Life with Acetogens, Thermophiles, and Cellulolytic Anaerobes
	Regulation of Translation Initiation by RNA Binding Proteins
	Chemotaxis-Like Regulatory Systems: Unique Rolesin Diverse Bacteria
	Aminoacyl-tRNA Synthesis and Translational Quality Control
	Resurrected Pandemic Influenza Viruses
	Interspecies Chemical Communication in Bacterial Development
	Lipid Signaling in Pathogenic Fungi
	Biological Insights from Structures of Two-Component Proteins
	Role of GTPases in Bacterial Ribosome Assembly
	Gene Transfer and Diversification of Microbial Eukaryotes
	Malaria Parasite Development in the Mosquito and Infection of the Mammalian Host
	How Sweet it is! Cell Wall Biogenesis and Polysaccharide Capsule Formation in Cryptococcus neoformans
	Mitochondrial Evolution and Functions in Malaria Parasites
	Probiotic and Gut Lactobacilli and Bifidobacteria: Molecular Approaches to Study Diversity and Activity
	Global Emergence of Batrachochytrium dendrobatidis and Amphibian Chytridiomycosis in Space, Time, and Host
	Anaerobic Oxidation of Methane: Progress with an Unknown Process
	The Trypanosoma brucei Flagellum: Moving Parasitesin New Directions
	Plants, Mycorrhizal Fungi, and Bacteria: A Network of Interactions
	Evolutionary Roles of Upstream Open Reading Frames in Mediating Gene Regulation in Fungi
	Single-Cell Ecophysiology of Microbes as Revealed by Raman Microspectroscopy or Secondary Ion Mass Spectrometry Imaging
	Microbiology of the Atmosphere-Rock Interface: How Biological  Interactions and Physical Stresses Modulate a Sophisticated 
Microbial Ecosystem
	What Sets Bacillus anthracis Apart from Other Bacillus Species?
	The Expanding World of Methylotrophic Metabolism
	Genomics, Genetics, and Cell Biology of Magnetosome Formation
	Predatory Lifestyle of Bdellovibrio bacteriovorus
	Plant-Growth-Promoting Rhizobacteria
	Photorhabdus and a Host of Hosts
	Management of Oxidative Stress in Bacillus
	Sociobiology of the Myxobacteria




