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Ribosomal RNA (rRNA)-targeting drugs inhibit protein synthesis and represent effective antibiotics for

the treatment of infectious diseases. Given the bacterial origins of mitochondria, the molecular and

structural components of the protein expression system are much alike. Moreover, the mutational rate of

mitochondrial rRNAs is higher than that of nuclear rRNAs, and some of these mutations might simulate

the microorganism’s rRNA structure. Consequently, individuals become more susceptible to antibiotics,

the mitochondrial function is affected and toxic effects appear. Systems are available to analyze the

interaction between antibiotics and mitochondrial DNA genetic variants, thus making a

pharmacogenomic approach to antibiotic therapy possible.
Antibiotics and ribosomal RNAs
Antibiotics represent an impressive chemical arsenal for therapeu-

tic intervention against pathogens. Only those compounds alter-

ing fundamental cell processes, with important negative

consequences for pathogen survival, and with no side-effects in

humans will be considered as potentially useful antibiotics.

Approximately 40% of antibiotics interfere with bacterial protein

biosynthesis [1] and target functionally important sites on the

ribosome. The ribosomes are ribozymes because the most impor-

tant functions are carried out by the ribosomal RNA (rRNA). Thus,

the decoding site, the peptidyl transferase center (PTC) and the

protein exit tunnel are formed by rRNAs, and most ribosomal

antibiotics interact primarily with these rRNAs [2–4].

Protein synthesis is a key and universal process, and the high

evolutionary conservation of functional sites within rRNAs, tar-

geted by ribosomal drugs, implies limitations with respect to

selectivity and toxicity [5]. Still, comparisons of rRNA sequences

from bacteria and eukaryotes have shown subtle differences in

these locations, despite their conservation, and these minute

differences might lead to drug selectivity [3]. Thus, a single nucleo-

tide can determine the selectivity of drugs affecting protein synth-
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esis [5]. However, a multitude of different nucleotides located

within the rRNA participate in the binding of a drug to its target

region; correspondingly, several different nucleotide substitutions

can be associated with selectivity and toxicity of the drug [5]. As a

result, the same antibiotic might bind in different modes to

slightly different ribosomal pockets, and this can be influenced

not only by the often-conserved nucleotides of a functional site

targeted by an antibiotic but also by the less-conserved peripheral

rRNA residues [4].

Some mutations in the rRNAs of microorganisms modify the

antibiotic-binding site and yield acquired drug resistance.

Although the acquisition of a resistance mutation often imposes

a toll on the fitness of the resistant microorganism, compensatory

mechanisms can alleviate this and block the reversion to the

sensitive phenotype [6]. Some resistance mutations in bacteria

are present in human wild-type rRNA and can account for the

antibiotic selectivity [7]. Therefore, the development of new anti-

biotics to deal with these resistant microorganisms will be ham-

pered because they could increase their mitochondrial toxicity.

Moreover, if bacterial rRNA mutations can induce resistance to an

antibiotic, human rRNA mutations that mimic bacterial wild-type

rRNA nucleotide could increase toxicity and be responsible for

side-effects after the antibiotic therapy. Thus, knowledge of the
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interaction of particular antibiotics with the different human

rRNAs is crucial to avoid antibiotic toxicity.

Human cells contain cytosolic and mitochondrial ribosomes.

The mitochondrial genome originated from an eubacterial ances-

tor, and the mitochondrial DNA (mtDNA)-encoded rRNAs (mt-

rRNAs 12S and 16S) are much more similar to the prokaryotic ones

(16S and 23S rRNAs) than to the nuclear-encoded ones (18S and

28S rRNAs) [8]. Because eubacteria cause most infectious diseases

and antibiotic therapy has been developed to fight them, mt-rRNA

sequence variation should be taken into account to avoid anti-

biotic toxicity.

OXPHOS, mtDNA, mitoribosomes and mitochondrial
rRNAs
Mitochondria are intracellular organelles that contain several

compartments: outer membrane, intermembrane space, inner

membrane and matrix. In the inner membrane is located the

oxidative phosphorylation (OXPHOS) system, which includes

the electron transport chain (ETC) and the ATP synthase (complex

V) (Fig. 1a) and which is the key for the survival of the cell and for

accommodating the environment conditions. In fact, external

signals, in the form of nutrients and oxygen, interact at the

OXPHOS level and trigger intracellular responses mediated by

second messengers, such as the red-ox state or the ATP, Ca2+

and reactive oxygen species (ROS) levels, and can modify the

expression of many nuclear and mitochondrial genes.

In the mitochondrial matrix, there are several molecules of

supercoiled, closed, circular DNA known as mtDNA. This DNA

encodes for 13 fundamental OXPHOS subunits (Fig. 1b) found
FIGURE 1

Scheme of the oxidative phosphorylation system and mitochondrial genome. (a) O
ubiquinone oxidoreductase; CIII, Ubiquinol: cytochrome c oxidoreductase and CIV, c

ETC), transfer electrons to finally reduce oxygen to water. These complexes pump pro
protons comeback to themitochondrialmatrix throughCV, ATP is synthesized.Occasi

oxygen species (ROS). Moreover, this gradient can be used for other purposes, such

cellular calcium levels. (b)Geneticmap of humanmitochondrial DNA (mtDNA). MtDN

the 11 subunits of complex III, 3 (CO I–III) of the 13proteins that compose complex IVa
defined by the three-letter code, and two rRNAs (12S and 16S rRNAs) required for
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from bacteria to humans. As an example, the seven mtDNA-

encoded complex I subunits are the only components of the

membrane arm of bacterial complex I, and the three mtDNA-

encoded complex IV subunits are the only ones present in bacterial

complex IV [9]. The rest of the mitochondrial proteins are encoded

in the nucleus, synthesized in the cytosol and imported into the

mitochondria. During evolution, the DNA from the endosym-

biont decreased its size because redundant genes were lost, many

other genes of the primitive bacteria were transferred to the

nuclear DNA and the remaining ones were reduced in size [10].

Thus, the mitochondrial ribosomes (mitoribosomes) lack the 5S

rRNA, their proteins are now nuclear encoded, and the size of the

mitochondrial 12S (954 nucleotides) and 16S (1558 nucleotides)

rRNA genes (MT-RNR1 and MT-RNR2) is approximately half as

large as the bacterial rRNA genes [11]. However, both rRNAs are

mitochondrially encoded in all the sequenced mtDNAs and

encode for the most important rRNA domains, such as the decod-

ing site or the PTC.

Human 55S mitoribosomes contain two subunits of 28S and 39S.

The small one comprises 12S rRNA and 28 proteins, and the large

contains the 16S rRNA and 48 proteins. Surprisingly, the rRNA:pro-

tein ratio in mitoribosomes is different (1:2) to that in cytosolic and

bacterial ribosomes (2:1). Mitoribosomes contain higher protein

content and lack several of the major rRNA structures of bacterial

ribosomes. Despite being encoded in the nuclear chromosomes, the

mitoribosome proteins evolve faster than those of cytosolic ribo-

somes [11]. It is possible that the faster evolution by oxidative

mutagenesis of the mtDNA enables the mt-rRNAs to compensate

for new changes in the mitochondrial ribosome proteins [12].
xidative phosphorylation system. The respiratory complexes (CI, NADH:

ytochrome c oxidase), plus ubiquinone and cytochrome c (components of the

tons to the intermembrane space, creating an electrochemical gradient. When
onally, electrons canbedonated tooxygen inCI andCIII, thusproducing reactive

as thermogenesis, apoptosis, protein or substrate import and maintenance of

A encodes seven (ND 1–6 andND4L) of the 46 subunits of complex I, 1 (Cyt b) of

nd 2 (ATP 6 and8) of the 16 subunits of complex V, plus 22 transfer RNAs (tRNAs),
the expression of the mtDNA-encoded OXPHOS subunits.
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Antibiotics, side-effects and mitochondrial protein
synthesis
Antibiotic therapy is based on selective toxicity, meaning that the

microorganism but not the host should be affected. However,

because of the bacterial origin of mitochondria, some antibiotics

could also act on mitochondrial protein synthesis and, therefore,

have side-effects for human beings. Thus, chloramphenicol and

oxazolidinones, acting on the PTC, produce myelosuppression

[13,14] and cause lactic acidosis and optic and peripheral neuro-

pathy, phenotypes frequently found in mitochondriopathies

[15,16]. By using human tissues or cells, after treatment with these

antibiotics, cell growth, mitochondrial mass, respiratory complex

activities, levels of mtDNA-encoded p.MT-CO1 and CO2 subunits,

and mitochondrial protein synthesis are decreased, and these para-

meters tend to return to normal when the antibiotic is removed [17–

19]. Cell growth inhibition does not happen in rho0 cells, which are

not dependent on OXPHOS energy [14]. Another inhibitor of the

large-subunit rRNA, erythromycin, also impairs cell growth in

galactose medium and mitochondrial protein synthesis and might

have accelerated a bioenergetics crisis in a patient with Leber’s

hereditary optic neuropathy disease [20]. Moreover, resistance to

this antibiotic is sometimes cytoplasmically inherited [21].

Tetracyclines and aminoglycosides, acting on the small-subunit

rRNA, can provoke side-effects in humans. Tetracycline treatment

has been shown to produce immunosuppressive effects and to

affect cytochrome oxidase activity in concanavalin-A-simulated

thymocytes [22] and -HepG2 cells [23]. Aminoglycosides are both

nephrotoxic and ototoxic. Although renal impairment is, in gen-

eral, mild and reversible, ototoxicity is irreversible [24,25].

Among other factors, tissue-specific side-effects of an antibiotic

might also be because of the physiological particularities of a given
FIGURE 2

Mitoribosome large-subunit rRNA. The secondary structure of the 16S rRNA is repre

positions discussed in the text.
tissue. For example, OXPHOS provides most of the cell ATP, but

energy demands differ from one tissue to another. The nervous

system is very dependent on mitochondrial energy, and optic

neuropathy and sensorineural hearing loss are very common

manifestations of mitochondrial syndromes owing to mtDNA

mutations [26]. Curiously, toxic optic neuropathy and ototoxicity

are sometimes found after the administration of different anti-

biotics, such as macrolides [27] or chloramphenicol [28].

Antibiotics and rare mt-rRNA genetic variants
The mutational rate of the mtDNA is much higher than that of

nuclear DNA, and mt-rRNAs are probably the Achilles heel of

ribosomal antibiotics [29]. Therefore, the population variation

in the mt-rRNAs, simulating the prokaryote rRNA, might intro-

duce variability in the toxicity of these drugs. How is it possible,

then, that toxicity produced by antibiotics often remains unde-

tected until a large number of patients have been exposed? If

toxicity depends on particular genetic variants, the frequency of

these variants will determine the prevalence of adverse events, and

it might not be revealed by even a large Phase III trial. As an

example, mtDNA is maternally inherited and evolves along

human lineages, accumulating new mutations. Thus, the latest

mutations originated in mtDNA will be very recent and rare in the

population and will affect only one individual or pedigree. The

m.3096T>C/MT-RNR2 transition has been observed once in the

analysis of 2959 mtDNA sequences (0.034%) [30]. If an antibiotic

produced an adverse event in 0.034% of the patients, it would be

necessary to expose more than 30,000 patients before the prob-

ability of the event became evident [31]. This transition (Fig. 2) is

equivalent to Ec.2609T>C in Escherichia coli. This position, located

less than 4.4 Å away from the 11-OH and 12-OH groups of the
sented, highlighting the peptidyl transferase center (PTC) and the nucleotide

www.drugdiscoverytoday.com 35
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FIGURE 3

Mitoribosome small-subunit rRNA. The secondary structure of the 12S rRNA is represented, highlighting the decoding site. A comparison of this site in bacterial,
cyto- and mitoribosomes is shown. Nucleotide positions discussed in the text are indicated. Asterisks in loop 40 denote methylated positions.
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lactone ring from the macrolides [2], facilitates the shift of the

antibiotic to the high-affinity site [32], decreases the minimal

inhibitory concentration, and increases affinity to erythromycin

and azithromycin. This slightly increases sensitivity to these anti-

biotics [33].

Another example is familial susceptibility to aminoglycosides.

During decoding, a minihelix is formed between the messenger

RNA (mRNA) codon and the cognate aminoacyl-transfer RNA

(tRNA) anticodon. The two conserved adenines (Ec.1492A and

Ec.1493A) of the A-site, folded back within the helix (‘off’ state),

are flipped out and interact with the cognate codon–anticodon

minihelix (‘on’ state). This conformational change determines the

continuation of translation. The aminoglycosides stabilize the ‘on’

state even in the absence of the cognate tRNA–mRNA complex, the

affinity of this site for a non-cognate tRNA increases, efficient

discrimination is prevented and proteins with wrong sequences

are produced [34,35]. The aminoglycoside selectivity is largely

because of a single nucleotide position within the rRNA. The

cytoribosomes are insensitive to the aminoglycosides because of

the presence of a c.1645G [36] (Fig. 3). The sensitivity of the

prokaryote ribosomes is due to the presence of an Ec.1408A in

E. coli’s 16S rRNA, and the bacteria can become resistant to

aminoglycosides by mutating this position to the eukaryotic

nucleotide (Ec.1408A>G) [29]. Human mitochondrial 12S rRNA

has an A in the equivalent position, m.1492A, and is sensitive to

aminoglycosides. Moreover, two mt-rRNA mutations have been

associated with familial aminoglycoside-related hearing loss

(m.1494C>T and m.1555A>G) [37,38]. The equivalent positions

in the bacterial 16S rRNA, which form a Watson–Crick base pair
36 www.drugdiscoverytoday.com
(WCbp), are important for aminoglycoside binding. Wild-type

mitochondria lack the WCbp, but the pathologic mutations

rebuild it and increase its similarity to its eubacterial homologue,

enabling aminoglycoside binding [39–41]. If these mutations were

deleterious when associated with aminoglycosides, they would

have been phenotypically neutral until the beginning of the

antibiotics era. As an example, deafness associated with

m.1555A>G is very common in Spain owing to the acquisition

of the mutation from a common maternal ancestor. Because

pedigrees with this mutation were not related in the four previous

generations, the female ancestor in whom the mutation appeared

cannot be very recent, the selection against this mutation must be

low and it could be transmitted for many generations [42]. Some-

thing similar happened for the m.1494C>T mutation. The transi-

tion was found in a normal individual from a population study and

defines a small cluster in mtDNA haplogroup A [43]. Therefore, it

cannot be very pathologic and antibiotics, or other factors, are

probably necessary to trigger the hearing loss phenotype.

Despite the low frequency of each of the mutations that poten-

tially increase antibiotic susceptibility, together they might be an

important health problem. In fact, an analysis of 2460 mtDNA

sequences and Mitomap (http://www.mitomap.org) has shown

that 315 of the 2512 mt-rRNA positions (12.5%) are polymorphic

[44], although most of them will not affect the interaction with

antibiotics.

Antibiotics and common mt-rRNA genetic variants
Measurable signs of hearing loss are found in 20% of patients

receiving aminoglycosides [24], although the frequency of the

http://www.mitomap.org/
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previously mentioned m.1494C>T and m.1555A>G mutations is

low. Therefore, other mt-rRNA variants with higher population

frequencies could behave as susceptibility factors. Many mito-

chondrial genetic variants are ancient mutations that survived

and expanded in populations. These polymorphisms define mito-

chondrial haplogroups (clusters of phylogenetically related mito-

chondrial genotypes) and are relatively frequent in human

populations. Thus, m.827A>G and m.1095T>C mutations are

found in different aminoglycoside-related hearing loss pedigrees

[45,46], but these mutations define important mtDNA hap-

logroups [30,44].

Which mt-rRNA population polymorphisms will affect the

interaction with antibiotics? As we have seen, antibiotics bind

in functionally important positions. Frequently, in the absence of

the antibiotic, the bacterial biological efficiency is decreased in the

resistant genotype, meaning that this genotype has a phenotypical

effect. In fact, this approach has been proposed for the finding of

new rRNA targets [47]. Therefore, the association of a human

phenotype with mt-rRNA variants could be a way to look for

genetic variants that might affect the interaction with antibiotics.

For example, the position m.2706A defines several small clusters of

haplogroups L0, D4, U1811 and J1c and the whole haplogroup H.

Although the last one is not the oldest of the Western Eurasian

haplogroups, it is paradoxically the most frequent (approximately

45%). Moreover, this haplogroup has been associated with

increased survival after sepsis and it has been suggested that this

nucleotide position could have a subtle effect on mitochondrial

protein synthesis, which is unmasked during sepsis [48]. The

m.2706A>G transition has been proposed as predisposing indivi-

duals to linezolid-associated lactic acidosis [49]. Interestingly, this

nucleotide is located at helix 38 of the mitochondrial 16S rRNA,

very close to the PTC (Fig. 2). A potential mitochondrial resistance,

originated by this nucleotide, to antibiotics used in intensive care

units might be responsible for the increased survival of patients
FIGURE 4

Transmitochondrial cell line construction. After removing the mtDNA from the cell b

cells (containing mitochondria but no mtDNA) are fused with platelets and grown i

mitochondria will be able to survive.
with this haplogroup because recovery after sepsis is directly

related to physiological reserve, and this is crucially dependent

on mitochondrial function [48]. Another 16S rRNA mutation that

might influence susceptibility to antibiotics is the m.3010G>A

variant. This mutation defines several clusters in the haplogroups

L2a, L3, C, R* and U3 and major mitochondrial subhaplogroups,

such as H1, J1 and D4. The last two of these have been shown to be

over-represented in centenarians [50]. This variant rebuilds a base

pair in a short stem (helix 48), which is part of the ribosomal A-site

(Fig. 2). Mutations in this stem confer resistance to avilamycin and

evernimicin [51]. Moreover, this m.3010G>A transition has been

found in one individual that developed lactic acidosis after treat-

ment with linezolid [49].

Because the side-effects are not very frequent, although anti-

biotics are widely used and mitochondrial haplogroups show high

frequencies in the populations, other factors must be involved in

generating toxic effects.

Mitochondrial susceptibility to antibiotics is probably a
multifactorial phenotype
Streptomycin affects mitochondrial translation in cells with the

HeLa cervical carcinoma nuclear background and the mtDNA

m.1555G>A mutation [52], but it does not have this effect on cells

with the 143B osteosarcoma nuclear background and the same

mtDNA mutation [53]. Therefore, the nuclear genetic background

will probably influence the toxicity produced by antibiotics. As an

example, TFB1M is a mitochondrial transcription factor and it is

closely related to rRNA methyltransferases. It has been shown that

TFB1M expression in E. coli lacking the Ksg rRNA methyltransferase

restores dimethylation of two adjacent adenine residues in a stem–

loop structure of the bacterial 16S rRNA and reverses resistance to

the antibiotic kasugamycin [54]. These residues, 28 nucleotides

downstream from the pathogenic m.1555G>A mutation, are evo-

lutionarily conserved in the mitochondrial 12S rRNA [55] (Fig. 3).
y using drugs or mitochondrially targeted restriction endonucleases, the rho0

n selective medium. In these conditions, only cells repopulated with external
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Interestingly, there is evidence that the nuclear genetic background

influences the phenotypic expression of this mutation [56]. A

polymorphism on chromosome 6 near the TFB1M gene but located

outside of the coding region was implicated as a nuclear modifying

locus of this mutation in several pedigrees of mitochondrial deaf-

ness [57]. Several clues suggest that altered TFB1M expression affects

the penetranceof the m.1555G>A mutation bymodifying the rRNA

methylation. Therefore, nuclear genes involved in the modification

or interaction with the mt-rRNAs should be considered when ana-

lyzing the phenotypic effects of particular ribosomal antibiotics on

the mitochondrial translation.

Transmitochondrial cell lines for studying the effects of
antibiotics
Ideally, to analyze the phenotypic effect of a particular mt-rRNA

Single Nucleotide Polymorphism (SNP), we should use a system in

which the rest of the variables remain homogeneous. Despite some

limitations, such a system actually exists: the transmitochondrial

cell lines. In this system, the mtDNA of a parental cell line is

removed and the final product, the rho0 cell, is fused with cyto-

plasts (enucleated cells) or platelets (cell fragments without

nucleus), originating cell lines known as ‘cytoplasmic hybrids’,

or ‘cybrids’ (Fig. 4). By using the same rho0 cell line and different

mitochondria sources, we will obtain cell lines sharing the same

nuclear background and growing in the same environmental

conditions. Thus, the only difference between them will be the

mtDNA genotype, and their phenotypic differences will necessa-

rily be due to the particular mtDNAs that they contain.

In fact, this cybrid system was used to demonstrate the mito-

chondrial inheritance of human chloramphenicol resistance. This

resistance was due to the m.2939C>A/MT-RNR2 and m.2991T>C/

MT-RNR2 mutations [58,59]. It has been shown that one of the

oxygens of the p-NO2 group of chloramphenicol seems to form

hydrogen bonds with N4 of Ec.2452C (m.2939C), a nucleotide

involved in tRNA-binding site P. The other p-NO2 oxygen interacts

with O4 of Ec.2504U (m.2991U) through an Mg ion. Both nucleo-

tides are involved in chloramphenicol resistance in bacteria [2].

Furthermore, this system has been shown to be very useful for

studying susceptibility to ribosomal antibiotics, such as erythro-

mycin [20,21] and aminoglycosides [52,53,56,60].

An important disadvantage of the cybrid cell lines derives from

their origin. The parental cell lines are highly proliferative tumor

cells and they generate almost all ATP via glycolysis, despite

abundant oxygen and functional mitochondria. These cells can

be resistant to xenobiotics that impair mitochondrial function,
38 www.drugdiscoverytoday.com
such as ribosomal antibiotics. However, there is a way to solve this

problem. The metabolism of galactose is very slow in these cells

and sometimes is not sufficient to synthesize the ATP require-

ments by glycolysis when OXPHOS is impaired [61]. Then, to

increase the detection of the mitochondrial effects induced by

drugs, cells can be forced to rely on OXPHOS rather than glycolysis

by substituting galactose for glucose in the growth media [62].

Thus, the susceptibility to mitochondrial ribosomal antibiotics

would increase.

Because mtDNA only encodes for 13 polypeptides, it is not

difficult to analyze the mtDNA-encoded protein levels by using

gel electrophoresis [63]. To perform these studies, radioactive

methionine and cysteine and an inhibitor of the cytosolic protein

synthesis, such as cycloheximide or emetine, are added to the cell

culture, meaning only the mtDNA-encoded polypeptides will be

marked and the thousands of nuclear-encoded mitochondrial pro-

teins will not appear in the gel. By comparing cybrids harboring

particular mtDNA genotypes and growing in the presence of dif-

ferent antibiotics, we can analyze the relationship between an

mtDNA genetic background and its susceptibility to an antibiotic.

Nowadays, many other OXPHOS-related functions – such as

growth curves in galactose, oxygen consumption, mitochondrial

inner membrane potential, ROS production, respiratory complex

activities and levels, calcium levels and ATP production – can be

analyzed on a large scale, facilitating the screening of many

antibiotics and mtDNA genetic backgrounds.

Concluding remarks
There are now thousands of published human mt-rRNA sequences.

The sequence of many cytoplasmic eukaryotic, archaebacteria and

eubacteria rRNAs showing resistance or susceptibility to different

antibiotics is known, and the crystal structure of some ribosomes is

also known. We also have laboratory models to analyze specific

mtDNA variants. Therefore, it would be useful to correlate differ-

ent human mt-rRNA polymorphisms and the sensitivity or resis-

tance of mitochondrial protein synthesis to inhibitors of bacterial

translation. Such a pharmacogenomic approach might help to

optimize antibiotic regimens on the basis of the patient’s genetic

background [4] and to increase the number of available antibiotics.

Acknowledgements
We thank Magdalena Carreras and Santiago Morales for their help

in the laboratory. Our projects are supported by grants from the

Instituto de Salud Carlos III-FIS-PI08-0264 and the Diputación

General de Aragón DGA-PM-083/2008.
References
1 Bashan, A. et al. (2003) Ribosomal crystallography: peptide bond formation and its

inhibition. Biopolymers 70, 19–41

2 Schlunzen, F. et al. (2001) Structural basis for the interaction of antibiotics with the

peptidyl transferase centre in eubacteria. Nature 413, 814–821

3 Auerbach, T. et al. (2004) Ribosomal antibiotics: structural basis for resistance,

synergism and selectivity. Trends Biotechnol. 22, 570–576

4 Tenson, T. and Mankin, A. (2006) Antibiotics and the ribosome. Mol. Microbiol. 59,

1664–1677

5 Bottger, E.C. et al. (2001) Structural basis for selectivity and toxicity of ribosomal

antibiotics. EMBO Rep. 2, 318–323

6 Andersson, D.I. (2003) Persistence of antibiotic resistant bacteria. Curr. Opin.

Microbiol. 6, 452–456
7 Polacek, N. and Mankin, A.S. (2005) The ribosomal peptidyl transferase center:

structure, function, evolution, inhibition. Crit. Rev. Biochem. Mol. Biol. 40,

285–311

8 Gray, M.W. et al. (2001) The origin and early evolution of mitochondria. Genome

Biol. 2, 1018.1–1018.5

9 Wallace, D.C. (2007) Why do we still have a maternally inherited mitochondrial

DNA? Insights from evolutionary medicine. Annu. Rev. Biochem. 76, 781–821

10 Schneider, A. and Ebert, D. (2004) Covariation of mitochondrial genome size with

gene lengths: evidence for gene length reduction during mitochondrial evolution. J.

Mol. Evol. 59, 90–96

11 O’Brien, T.W. (2003) Properties of human mitochondrial ribosomes. IUBMB Life 55,

505–513



Drug Discovery Today � Volume 15, Numbers 1/2 � January 2010 REVIEWS

R
ev
ie
w
s
�
G
E
N
E
T
O

S
C
R
E
E
N

12 GuhaThakurta, D. and Draper, D.E. (1999) Protein-RNA sequence covariation in a

ribosomal protein-rRNA complex. Biochemistry 38, 3633–3640

13 Yunis, A.A. (1989) Chloramphenicol toxicity: 25 years of research. Am. J. Med. 87,

44N–48N

14 Nagiec, E.E. et al. (2005) Oxazolidinones inhibit cellular proliferation via inhibition

of mitochondrial protein synthesis. Antimicrob. Agents Chemother. 49, 3896–3902

15 Carelli, V. et al. (2002) Optic nerve degeneration and mitochondrial dysfunction:

genetic and acquired optic neuropathies. Neurochem. Int. 40, 573–584

16 McKee, E.E. et al. (2006) Inhibition of mammalian mitochondrial protein synthesis

by oxazolidinones. Antimicrob. Agents Chemother. 50, 2042–2049

17 Denslow, N.D. and O’Brien, T.W. (1978) Antibiotic susceptibility of the peptidyl

transferase locus of bovine mitochondrial ribosomes. Eur. J. Biochem. 91, 441–448

18 Soriano, A. et al. (2005) Mitochondrial toxicity associated with linezolid. N. Engl. J.

Med. 353, 2305–2306

19 Garrabou, G. et al. (2007) Reversible inhibition of mitochondrial protein synthesis

during linezolid-related hyperlactatemia. Antimicrob. Agents Chemother. 51, 962–967

20 Luca, C.C. et al. (2004) Erythromycin as a potential precipitating agent in the onset

of Leber’s hereditary optic neuropathy. Mitochondrion 4, 31–36

21 Doersen, C.J. and Stanbridge, E.J. (1979) Cytoplasmic inheritance of erythromycin

resistance in human cells. Proc. Natl. Acad. Sci. U. S. A. 76, 4549–4553

22 Van den Bogert, C. et al. (1989) Mitochondrial biogenesis during the activation of

lymphocytes by mitogens: the immunosuppressive action of tetracyclines. J. Leukoc.

Biol. 46, 128–133

23 Nadanaciva, S. et al. (2009) Lateral-flow immunoassay for detecting drug-induced

inhibition of mitochondrial DNA replication and mtDNA-encoded protein

synthesis. J. Immunol. Methods 343, 1–12

24 Forge, A. and Schacht, J. (2000) Aminoglycoside antibiotics. Audiol. Neurootol. 5,

3–22

25 Talaska, A.E. et al. (2006) Molecular and genetic aspects of aminoglycoside-induced

hearing loss. Drug Discov. Today Dis. Mech. 3, 119–124

26 Ruiz-Pesini, E. et al. (2006) Diseases of the human mitochondrial oxidative

phosphorylation system. Rev. Neurol. 43, 416–424

27 McGhan, L.J. and Merchant, S.N. (2003) Erythromycin ototoxicity. Otol. Neurotol.

24, 701–702

28 Thomas, R.J. (1994) Neurotoxicity of antibacterial therapy. South Med. J. 87,

869–874

29 Bottger, E.C. (2007) Antimicrobial agents targeting the ribosome: the issue of

selectivity and toxicity – lessons to be learned. Cell. Mol. Life Sci. 64, 791–795

30 Ruiz-Pesini, E. et al. (2007) An enhanced MITOMAP with a global mtDNA

mutational phylogeny. Nucleic Acids Res. 35 (Database issue), D823–D828

31 Dykens, J.A. and Will, Y. (2007) The significance of mitochondrial toxicity testing in

drug development. Drug Discov. Today 12, 777–785

32 Petropoulos, A.D. et al. (2009) Time-resolved binding of azithromycin to Escherichia

coli ribosomes. J. Mol. Biol. 385, 1179–1192

33 Garza-Ramos, G. et al. (2001) Binding site of macrolide antibiotics on the ribosome:

new resistance mutation identifies a specific interaction of ketolides with rRNA. J.

Bacteriol. 183, 6898–6907

34 Carter, A.P. et al. (2000) Functional insights from the structure of the 30S ribosomal

subunit and its interactions with antibiotics. Nature 407, 340–348

35 Vicens, Q. and Westhof, E. (2002) Crystal structure of a complex between the

aminoglycoside tobramycin and an oligonucleotide containing the ribosomal

decoding a site. Chem. Biol. 9, 747–755

36 Fan-Minogue, H. and Bedwell, D.M. (2008) Eukaryotic ribosomal RNA determinants

of aminoglycoside resistance and their role in translational fidelity. RNA 14,

148–157

37 Prezant, T.R. et al. (1993) Mitochondrial ribosomal RNA mutation associated with

both antibiotic-induced and non-syndromic deafness. Nat. Genet. 4, 289–294

38 Zhao, H. et al. (2004) Maternally inherited aminoglycoside-induced and

nonsyndromic deafness is associated with the novel C1494T mutation in the

mitochondrial 12S rRNA gene in a large Chinese family. Am. J. Hum. Genet. 74,

139–152

39 Fischel-Ghodsian, N. et al. (2004) Mitochondrial dysfunction in hearing loss.

Mitochondrion 4, 675–694
40 Hobbie, S.N. et al. (2008) Mitochondrial deafness alleles confer misreading of the

genetic code. Proc. Natl. Acad. Sci. U. S. A. 105, 3244–3249

41 Hobbie, S.N. et al. (2008) Genetic analysis of interactions with eukaryotic rRNA

identify the mitoribosome as target in aminoglycoside ototoxicity. Proc. Natl. Acad.

Sci. U. S. A. 105, 20888–20893

42 Torroni, A. et al. (1999) The A1555G mutation in the 12S rRNA gene of human

mtDNA: recurrent origins and founder events in families affected by sensorineural

deafness. Am. J. Hum. Genet. 65, 1349–1358

43 Wang, C.Y. et al. (2006) mtDNA mutation C1494T, haplogroup A, and hearing loss

in Chinese. Biochem. Biophys. Res. Commun. 348, 712–715

44 Ruiz-Pesini, E. and Wallace, D.C. (2006) Evidence for adaptive selection acting on

the tRNA and rRNA genes of human mitochondrial DNA. Hum. Mutat. 27, 1072–

1081

45 Dai, P. et al. (2006) Extremely low penetrance of deafness associated with the

mitochondrial 12S rRNA T1095C mutation in three Chinese families. Biochem.

Biophys. Res. Commun. 348, 200–205

46 Chaig, M.R. et al. (2008) A mutation in mitochondrial 12S rRNA, A827G, in

Argentinean family with hearing loss after aminoglycoside treatment. Biochem.

Biophys. Res. Commun. 368, 631–636

47 Yassin, A. et al. (2005) Deleterious mutations in small subunit ribosomal RNA

identify functional sites and potential targets for antibiotics. Proc. Natl. Acad. Sci. U.

S. A. 102, 16620–16625

48 Baudouin, S.V. et al. (2005) Mitochondrial DNA and survival after sepsis: a

prospective study. Lancet 366, 2118–2121

49 Palenzuela, L. et al. (2005) Does linezolid cause lactic acidosis by inhibiting

mitochondrial protein synthesis? Clin. Infect. Dis. 40, e113–e116

50 Rose, G. et al. (2001) Paradoxes in longevity: sequence analysis of mtDNA

haplogroup J in centenarians. Eur. J. Hum. Genet. 9, 701–707

51 Kofoed, C.B. and Vester, B. (2002) Interaction of avilamycin with ribosomes and

resistance caused by mutations in 23S rRNA. Antimicrob. Agents Chemother. 46,

3339–3342

52 Inoue, K. et al. (1996) Mutant mtDNA at 1555 A to G in 12S rRNA gene and

hypersusceptibility of mitochondrial translation to streptomycin can be co-

transferred to rho 0 HeLa cells. Biochem. Biophys. Res. Commun. 223, 496–501

53 Giordano, C. et al. (2002) Pathogenesis of the deafness-associated A1555G

mitochondrial DNA mutation. Biochem. Biophys. Res. Commun. 293, 521–529

54 Cotney, J. et al. (2007) Relative abundance of the human mitochondrial

transcription system and distinct roles for h-mtTFB1 and h-mtTFB2 in

mitochondrial biogenesis and gene expression. Nucleic Acids Res. 35, 4042–4054

55 Seidel-Rogol, B.L. et al. (2003) Human mitochondrial transcription factor B1

methylates ribosomal RNA at a conserved stem–loop. Nat. Genet. 33, 23–24

56 Guan, M.X. et al. (2001) Nuclear background determines biochemical phenotype in

the deafness-associated mitochondrial 12S rRNA mutation. Hum. Mol. Genet. 10,

573–580

57 Bykhovskaya, Y. et al. (2004) Human mitochondrial transcription factor B1 as a

modifier gene for hearing loss associated with the mitochondrial A1555G mutation.

Mol. Genet. Metab. 82, 27–32

58 Blanc, H. et al. (1981) Different nucleotide changes in the large rRNA gene of the

mitochondrial DNA confer chloramphenicol resistance on two human cell lines.

Nucleic Acids Res. 9, 5785–5795

59 King, M.P. and Attardi, G. (1988) Injection of mitochondria into human cells leads

to a rapid replacement of the endogenous mitochondrial DNA. Cell 52, 811–819

60 Zhao, H. et al. (2005) Functional characterization of the mitochondrial 12S rRNA

C1494T mutation associated with aminoglycoside-induced and non-syndromic

hearing loss. Nucleic Acids Res. 33, 1132–1139

61 Robinson, B.H. et al. (1992) Nonviability of cells with oxidative defects in galactose

medium: a screening test for affected patient fibroblasts. Biochem. Med. Metab. Biol.

48, 122–126

62 Marroquin, L.D. et al. (2007) Circumventing the Crabtree effect: replacing media

glucose with galactose increases susceptibility of HepG2 cells to mitochondrial

toxicants. Toxicol. Sci. 97, 539–547

63 Chomyn, A. (1996) Platelet-mediated transformation of human mitochondrial

DNA-less cells. Methods Enzymol. 264, 334–339
www.drugdiscoverytoday.com 39


	Outline placeholder
	Antibiotics and ribosomal RNAs
	OXPHOS, mtDNA, mitoribosomes and mitochondrial rRNAs
	Antibiotics, side-effects and mitochondrial protein synthesis
	Antibiotics and rare mt-rRNA genetic variants
	Antibiotics and common mt-rRNA genetic variants
	Mitochondrial susceptibility to antibiotics is probably a multifactorial phenotype
	Transmitochondrial cell lines for studying the effects of antibiotics
	Concluding remarks
	Acknowledgements
	References


