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Mitochondrial pharma-Q-genomics:
Targeting the OXPHOS cytochrome b
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Genetic variation in human cytochrome b generates structurally different coenzyme Q binding pockets,

affects the coupling efficiency of the oxidative phosphorylation system and susceptibility to different

medical conditions. As modification of coupling efficiency has already been shown to have therapeutic

interest, these structural differences might be used to develop new drugs and allow for personalized

medicine, giving rise to a new field: mitochondrial pharmacogenomics.
Human mitochondrial DNA (mtDNA) encodes 24

RNAs (2 rRNAs and 22 tRNAs) and 13 polypep-

tides of the oxidative phosphorylation (OXPHOS)

system. One of these polypeptides, cytochrome

b of the electron transport chain (ETC) complex

III (CIII), is central to OXPHOS function. Cyto-

chrome b contains two coenzyme Q binding

sites: the outer Qo and the inner Qi. At Qo, two

ubiquinols are oxidized to ubiquinones and their

electrons are sent to two different pathways.

Two electrons are sent downstream where ulti-

mately reduce oxygen to water, two other are

directed towards Qi, where a ubiquinone is

reduced to ubiquinol. Concurrently, cytochrome

b pumps protons to the intermembrane space,

which contributes to the electrochemical gra-

dient used for ATP production.

The importance of the Q binding sites is

demonstrated by the fact that Qo inhibitors,

such as strobilurins, are widely used as agricul-

tural fungicides [1]. Strobilurins are natural fun-

gicides produced by various basidiomycetes.

These organisms developed means to protect

their own mitochondrial respiratory chains. In

the case of the strobilurin A-producing basi-
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diomycete, Mycena galopoda, natural resistance

is achieved by a G143A mutation of the target

site [2]. Thus, differences in Qo sites between

crops and their pathogenic fungi have allowed

the development and use of Qo inhibitors in

agriculture. Other Qo inhibitors exert notable

inhibitory action on the respiratory processes of

Plasmodium falciparum, the parasite that causes

severemalaria. Qo inhibitors such asmyxothiazol

and stigmatellin have been available for many

years but are highly toxic to humans and not

suitable for therapeutic use. However, the P.

falciparum Qo site has unusual structural fea-

tures which may help drive drug selectivity [3]. A

new compound, atovaquone, is active not only

for the malaria parasite, but also for microor-

ganisms that cause pneumonia (Pneumocystis

jirovecii) and toxoplasmosis (Toxoplasma gondii).

Again, interspecies differences in the drug target

have allowed the development of therapeutic

compounds active against the parasites with few

adverse effects on humans.

Several mutations resulting in resistance to

atovaquone have been reported in P. falciparum

isolated from patients after treatment failure. For
1359-6446/06/$ - see front matter � 2010 Elsevie
example, Y268S/C mutations remove an aro-

matic residue important for stabilizing an

interaction between the drug and residues

within the Qo site [4]. Additionally, several

mutations that cause resistance to Qo inhibitors

have been described in plant pathogen fungi.

The alanine in the cytochrome b 143 position of

Blumeria graminis, Sphaeroteca fuliginea or

Plasmopara viticola inhibits drug binding

through simple steric hindrance [1,5,6]. Hence,

intraspecies differences in the drug target allow

distinct behaviors to a particular drug.

Usually, mutations causing resistance affect

sites important for the cytochrome b function.

Therefore, many of mutations are also associated

with loss of fitness [7]. For example, the yeast

Y279C mutation (Y268C in Plasmodium) affects

ubiquinol binding and decreases cytochrome

bc1 activity to 50% of the control [8]. This

mutation (Y278C in humans) has also been

found in a patient suffering from a multisystem

disorder [9]. It is important to realize that fitness

costs for mutations causing resistance might

vary with environmental conditions and energy

demands.
r Ltd. All rights reserved. doi:10.1016/j.drudis.2010.11.010
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If differences in parasite’s Q sites can affect

biological fitness and drug response, then

important questions arise. Is there genetic varia-

tion in the Q sites of human cytochrome b? Does

this variation have a phenotype? What are the

molecular mechanisms? Are these mechanisms

susceptible to modification? Can this variation be

used for a personalized medicine?

Human mitochondrial DNA genetic

variation at coenzyme Q binding sites of

cytochrome b

Because of its particular location and genetic

features, mtDNA accumulates mutations at a

high rate [10]. Because nearly all mtDNA

sequence is coding DNA, most mutations will

affect a gene. When these mutations occur in the

germinal line and survive in populations, new

mtDNA genetic backgrounds are originated.

Because mtDNA is exclusively transmitted by

maternal lineage, new genotypes will be directly
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mtDNA phylogenetic tree. Important mtDNA haplogr
related to their progenitors and will be very

similar to other descendents of this progenitor

mtDNA. Groups of phylogenetically related

mtDNA genotypes are known as mtDNA hap-

logroups.

The cytochrome b gene is 1141 base pairs

long, approximately 7% of the whole mtDNA,

and many mtDNA mutations will hit it. In fact, an

analysis of more than 3,500 human mtDNA

sequences has shown that 124 (32.6%) of the

380 amino acids of cytochrome b are poly-

morphic and 52 (28.3%) of the 184 amino acids

that constitute the Q sites (Qi, 15-40 and 190-239

[11]; Qo, 120-182 and 250-294 [12]) are also

variable. Many of these polymorphisms in the Q

sites have been found in one or a small number

of individuals, but several define very important

haplogroups. For example, the A229T mutation

in Qi characterizes African L0a and Asian M30

haplogroups, A193T labels Asian haplogroup G1

and H16R, F18L and L236I define European
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oups defined by cytochrome b Q site mutations are r
haplogroups U5a, Uk/J1c and JT, respectively. In

the Qo site, A122T characterizes African hap-

logroup L2bc, G251S defines Asian haplogroup

G1 and T158A and D171N label European hap-

logroups U5a1 and J2, respectively. The overall

frequency of JT (including J1c, J2 and T), Uk and

U5a (including U5a1) haplogroups in Europe is

higher than 25% [13,14], meaning that one

fourth of the European population harbors

polymorphisms in the Q sites of cytochrome b

(Fig. 1).

Phenotypic differences due to genetic

variation of cytochrome b coenzyme

Q binding sites

Using a phylogenetic tree that included more

than 3,500 human mtDNA sequences and

aligning 276 mammal species, we have found

that human cytochrome b Q sites show less

variation than the rest of the protein. Addition-

ally, amino acids in these sites are more highly
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conserved than those found outside of them.

This suggests that negative selection is stronger

at these sites. Because selection implies phe-

notypic differences, it is possible that Q site

mutations have an effect on human phenotypes.

The importance of Q sites is evident after the

observation that seven out of the nine patho-

logic missense mutations in cytochrome b are

located in these sites (Qi – G34S, S35P; Qo –

S151P, G166E, G251D, Y278C and G290D) [15]

(Fig. 2). However, these mutations are very

pathologic and will be quickly removed, causing

their population frequencies to be very low.

Alternatively, population analysis has shown

that cytochrome b and its Q sites are particularly

variable in temperate zones of the world [16,17]

(Fig. 2) and that positive selection may have

played a role in shaping this variation [13,18].

Thus, distinct environmental conditions, such as

climate, could differentially affect the biological

fitness and select for particular mtDNA geno-

types. In this sense, it has been shown that
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FIGURE 2

Genetic variation of cytochrome b Q sites. Pathologic m

Qo are represented in green and yellow colors, respe
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mtDNA lineages with cytochrome b mutations,

like U5a, were substantially enriched in northern

Europe [13]. MtDNA haplogroups adapted to

different environmental conditions would show

distinct OXPHOS capacity and dissimilar sus-

ceptibility to particular phenotypes. Supporting

this suggestion, epidemiologic studies have

shown that mtDNA haplogroups J and Uk are

susceptibility factors for Leber’s hereditary optic

neuropathy (LHON) and resistance factors

against aging and Parkinson’s disease. Addi-

tionally, J and U5a haplogroups were elevated

among HIV-1 infected people who display

accelerated progression to AIDS and death and

the Uk haplogroup is correlated with a signifi-

cant increase in the risk of developing breast

cancer [19]. Moreover, the G251S mutation,

defining mtDNA haplogroup G1, has been

associated with obesity in Japanese population

[20].

Unfortunately, complete linkage disequili-

brium in the mtDNA prevents assignment of a
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particular phenotype to a specific polymorph-

ism. However, molecular analyses allow refine-

ment of these associations. Thus, it has been

shown that biochemical and molecular-genetic

differences between mtDNA haplogroups H and

Uk are probably due to the F18L substitution in

the cytochrome b Qi site [19]. By contrast, site-

directed mutagenesis of the aspartic acid at

position 187 to asparagine in Rhodobacer

sphaeroides (D171N in humans) alters the

photosynthetic apparatus and influences cellular

physiology [21].

OXPHOS coupling efficiency

As we have previously commented, cytochrome

b contributes to generation of an electroche-

mical gradient. In addition to ATP production,

this gradient is used for many other purposes,

such as importing proteins and substrates into

the mitochondria, apoptosis, thermogenesis,

maintenance of cytosolic calcium levels and

production of reactive oxygen species (ROS).
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FIGURE 3

OXPHOS coupling efficiency. Highly coupled (left) and uncoupled (right) OXPHOS systems.
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These compounds (ATP, calcium and ROS), can

act as second messengers and trigger intracel-

lular retrograde responses that affect cell

homeostasis. There is a balance between all of

these functions and, thus, a tight coupling

between transported electrons and pumped

protons in CIII with returned protons to the

matrix through ATP synthase (CV) will produce

ATP efficiently, and, therefore, less substrate will

be consumed (Fig. 3).

However, it is possible that cytochrome b

mutations affect coupling efficiency, either by

decreasing the number of protons pumped per

transported electron (electron slipping, decou-

pling) or by favoring the return of intermem-

brane protons to the matrix independent of the

CV proton channel (proton leak, uncoupling)

[22]. In such cases, the proton gradient would be

diminished, and these mitochondria would

generate less ATP per calorie consumed and

require higher substrate consumption. At the

same time, a lower electrochemical gradient

would facilitate electron flow and heat produc-

tion, ETC intermediates would be less reduced

and fewer ROS would be produced (Fig. 3).

Hence, individuals harboring cytochrome b

uncoupling mutations would be more prone to

clinical problems resulting from energy insuffi-

ciency, such as LHON. However, they would also

produce more heat, making them better

adapted to living in cold climates. Moreover,

their ETC would generate fewer ROS and they

would be protected against disorders that are
dependent on oxidative stress, such as aging and

age-linked disorders [13,18,23]. Similarly, it has

also been shown that the Qo site is necessary to

increase cytosolic ROS in hypoxic conditions,

which are required to stabilize hypoxia-inducible

factor 1a (HIF-1a). These mitochondrial ROS

could serve as therapeutic targets for many HIF-

dependent pathological processes, including

cancer [24].

Thus, cytochrome b Q site mutations may

affect OXPHOS coupling efficiency, which has

already been the target of therapeutic inter-

ventions.

Targeting OXPHOS coupling efficiency

2,4-p-Dinitrophenol (DNP) is a hydrophobic weak

acid with delocalized negative charge. In mito-

chondria, the DNP anion is protonated in the

intermembrane space, moves into the matrix

where it is deprotonated, thus regenerating the

DNP anion, and expelled into the intermem-

brane space. In this way, DNP dissipates the

mitochondrial proton gradient and increases the

ETC rate and substrate consumption. Thus, more

NADH is reoxidized, and NAD+ appears to be a

neuroprotective agent through various regula-

tory pathways, such as those involving the his-

tone deacetylase sirtuin 1 (SIRT1) and poly (ADP-

ribose) polymerase 1 (PARP1) [25]. Therefore,

neurological conditions might benefit from

treatment with DNP. Indeed, rats treated with

DNP showed significant protection against brain

damage caused by striatal injection of the
N-methyl-D-aspartate (NMDA) receptor agonist

quinolinic acid, which models the excitotoxic

brain injury in neurodegenerative conditions.

Additionally, DNP also reduced the infarct

volume in a model of focal ischemia-reperfusion

injury in rat brains and increased white matter

sparing in a rat contused spinal cord model [26].

By increasing the electron flow rate in the ETC,

red-ox intermediates would remain less reduced

and fewer ROS would be produced. Therefore,

treatment with DNP would be beneficial for

those phenotypes dependent on oxidative

damage. Accordingly, it has been shown that

DNP leads to decreased ROS production and an

increase in replicative life span of Saccharomyces

cerevisiae [27]. The addition of DNP to the

nutritional mixture of Drosophila melanogaster

larvae significantly increased the average life

span of the flies [28]. Moreover, treatment of

mice with DNP decreased ROS levels and oxi-

dative damage, and enhanced longevity [29].

In the early 1930 s, DNP was widely used in

humans as a weight-loss drug [30]. Although it

was very effective, the therapeutic index was

razor thin and many people suffered irreversible

harm, such as vision loss or even death [31].

Previous observations indicate that the che-

mical modification of OXPHOS coupling effi-

ciency may have very important therapeutic

consequences. However, as previously noted,

the therapeutic index of DNP is very low and

safer chemical uncouplers should be sought out.

One method of finding these safer compounds
www.drugdiscoverytoday.com 179



would be through the use of drugs with very

specific targets.
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Conclusion: coenzyme Q binding sites as

pharmacologic targets in human therapy

In S. cerevisiae, an isoleucine to phenylalanine

mutation at position 17 of cytochrome b causes

diuron-resistance. Interestingly, mammals appear

to be naturally resistant to diuron [32] as 80%,

including humans, contain phenylalanine at this

position (position 18 in humans). However, indi-

viduals frommtDNAhaplogroups J1c andUkhave

a F18Lmutation. Might these individuals bemore

susceptible to diuron? Is it possible to develop

drugs that, acting on these sites, decrease the

OXPHOS couplingefficiency andhave therapeutic

interest? Could variation in Q sites be used for

personalized medicine? We have a convenient

model to pursue this aim: the transmitochondrial

cell lines or cybrids. These lines have identical

nuclear genetic background and are grown in the

same environmental conditions, with mtDNA

genotype being their only difference [33].

Therefore, it is now possible to test large chemical

compound libraries on cybrid collections that

include mtDNA haplogroups defined by impor-

tant polymorphisms in cytochrome b Q sites.

Acknowledgments

This work was supported by grants from Instituto

de Salud Carlos III-FIS [grant numbers PI07-0045,

PI08-0264] and Diputación General de Aragón

[grant numbers Grupos Consolidados B33, PM-

083/2008 and PIPAMER0901]. The CIBERER is an

initiative of the ISCIII.

References

1 Fernandez-Ortuno, D. et al. (2008) Mechanisms of

resistance to QoI fungicides in phytopathogenic fungi.

Int. Microbiol. 11, 1–9

2 Kraiczy, P. et al. (1996) The molecular basis for the

natural resistance of the cytochrome bc1 complex from

strobilurin-producing basidiomycetes to center Qp

inhibitors. Eur. J. Biochem. 235, 54–63

3 Barton, V. et al. (2010) Inhibiting plasmodium

cytochrome bc(1): a complex issue. Curr. Opin. Chem.

Biol. [Epub ahead of print]

4 Kessl, J.J. et al. (2007) Modeling the molecular basis of

atovaquone resistance in parasites and pathogenic

fungi. Trends Parasitol. 23, 494–501

5 Gisi, U. et al. (2002) Mechanisms influencing the

evolution of resistance to Qo inhibitor fungicides. Pest.
Manag. Sci. 58, 859–867

180 www.drugdiscoverytoday.com
6 Fisher, N. and Meunier, B. (2008) Molecular basis of

resistance to cytochrome bc1 inhibitors. FEMS Yeast Res.

8, 183–192

7 Peters, J.M. et al. (2002) Mutations in cytochrome b

resulting in atovaquone resistance are associated with

loss of fitness in Plasmodium falciparum. Antimicrob.

Agents Chemother. 46, 2435–2441

8 Fisher, N. et al. (2004) Human disease-related mutations

in cytochrome b studied in yeast. J. Biol. Chem. 279,

12951–12958

9 Wibrand, F. et al. (2001) Multisystem disorder associated

with a missense mutation in the mitochondrial

cytochrome b gene. Ann. Neurol. 50, 540–543

0 Montoya, J. et al. (2009) 20 years of human mtDNA

pathologic point mutations: carefully reading the

pathogenicity criteria. Biochim. Biophys. Acta 1787,

476–483

1 Gao, X. et al. (2003) Structural basis for the quinone

reduction in the bc1 complex: a comparative analysis of

crystal structures of mitochondrial cytochrome bc1

with bound substrate and inhibitors at the Qi site.

Biochemistry 42, 9067–9080

2 Gao, X. et al. (2002) The crystal structure of

mitochondrial cytochrome bc1 in complex with

famoxadone: the role of aromatic-aromatic interaction

in inhibition. Biochemistry 41, 11692–11702

3 Montiel-Sosa, F. et al. (2006) Differences of sperm

motility in mitochondrial DNA haplogroup U

sublineages. Gene 368, 21–27

4 Richard, C. et al. (2007) AnmtDNA perspective of French

genetic variation. Ann. Hum. Biol. 34, 68–79

5 Wong, L.J. (2007) Pathogenic mitochondrial DNA

mutations in protein-coding genes. Muscle Nerve 36,

279–293

6 Mishmar, D. et al. (2003) Natural selection shaped

regional mtDNA variation in humans. Proc. Natl. Acad.

Sci. U. S. A. 100, 171–176

7 Elson, J.L. et al. (2004) Comparative genomics and

the evolution of human mitochondrial DNA:

assessing the effects of selection. Am. J. Hum. Genet. 74,

229–238

8 Ruiz-Pesini, E. et al. (2004) Effects of purifying and

adaptive selection on regional variation in human

mtDNA. Science 303, 223–226

9 Gomez-Duran, A. et al. (2010) Unmasking the causes of

multifactorial disorders: OXPHOS differences between

mitochondrial haplogroups. Hum. Mol. Genet. [Epub

ahead of print]

0 Okura, T. et al. (2003) Association of the mitochondrial

DNA 15497G/A polymorphismwith obesity in amiddle-

aged and elderly Japanese population. Hum. Genet.

113, 432–436

1 Shinkarev, V.P. et al. (2000) Aspartate-187 of

cytochrome b is not needed for DCCD inhibition of

ubiquinol: cytochrome c oxidoreductase in

Rhodobacter sphaeroides chromatophores. Biochemistry

39, 14232–14237

2 Skulachev, V.P. (1998) Uncoupling: new approaches to

an old problem of bioenergetics. Biochim. Biophys. Acta

1363, 100–124
23 Wallace, D.C. et al. (2003) mtDNA variation, climatic

adaptation, degenerative diseases, and longevity. Cold

Spring Harb. Symp. Quant. Biol. 68, 479–486

24 Bell, E.L. et al. (2007) The Qo site of the mitochondrial

complex III is required for the transduction of hypoxic

signaling via reactive oxygen species production. J. Cell

Biol. 177, 1029–1036

25 Liu, D. et al. (2008) Preventing NAD(+) depletion

protects neurons against excitotoxicity: bioenergetic

effects of mild mitochondrial uncoupling and caloric

restriction. Ann. N. Y. Acad. Sci. 1147, 275–282

26 De Felice, F.G. and Ferreira, S.T. (2006) Novel

neuroprotective, neuritogenic and anti-amyloidogenic

properties of 2,4-dinitrophenol: the gentle face of

Janus. IUBMB Life 58, 185–191

27 Barros, M.H. et al. (2004) Higher respiratory activity

decreases mitochondrial reactive oxygen release and

increases life span in Saccharomyces cerevisiae. J. Biol.

Chem. 279, 49883–49888

28 Padalko, V.I. (2005) Uncoupler of oxidative

phosphorylation prolongs the lifespan of Drosophila.

Biochemistry (Mosc.) 70, 986–989

29 Caldeira da Silva, C.C. et al. (2008) Mild mitochondrial

uncoupling in mice affects energy metabolism, redox

balance and longevity. Aging Cell 7, 552–560

30 Harper, M.E. et al. (2008) The efficiency of cellular

energy transduction and its implications for obesity.

Annu. Rev. Nutr. 28, 13–33

31 Colman, E. (2007) Dinitrophenol and obesity: an early

twentieth-century regulatory dilemma. Regul. Toxicol.

Pharmacol. 48, 115–117

32 di Rago, J.P. et al. (1986) DNA sequence analysis of

diuron-resistant mutations in the mitochondrial

cytochrome b gene of Saccharomyces cerevisiae. FEBS

Lett. 208, 208–210

33 Pacheu-Grau, D. et al. (2010) Mitochondrial

pharmacogenomics: barcode for antibiotic therapy.

Drug Discov. Today 15, 33–39
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