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a b s t r a c t 

The ATP synthase is a multicomponent enzyme that is largely conserved across the kingdoms of life. In 

many species the ATP synthase is central in the synthesis of ATP by using the electrochemical proton 

gradient generated via the electron transport chain. Bacteria inhabit very diverse ecological niches; hence 

their metabolism to extract nutrients and generation of ATP varies from species to species. Some species 

are obligate aerobes (e.g., Mycobacterium tuberculosis ), relying on oxidative phosphorylation for ATP syn- 

thesis, whereas others are strict anaerobes (e.g., Clostridioides difficile ) relying primarily on substrate-level 

phosphorylation using various fermentative pathways. Yet other species, such as Staphylococcus aureus 

and Escherichia coli are facultative anaerobes and can convert energy via both respiratory and fermenta- 

tive pathways. The metabolic propensity and growth conditions experienced by bacterial species have a 

great impact on the necessity of a functional ATP synthase for viability. 

The ATP synthase has been validated as a druggable target with the approval of the ATP synthase 

inhibitor bedaquiline for treatment of M. tuberculosis , an organism in which the ATP synthase is essential 

for growth. Currently, no ATP synthase inhibitors are in clinical use against non-mycobacterial pathogens. 

In this review, the physiological functions of the ATP synthase in various bacterial pathogens are dis- 

cussed in relation to the metabolic pathways utilized for providing energy. The ATP synthase is essential 

in important pathogenic species that are obligate aerobes, obligate anaerobes and aerotolerant anaerobes, 

whereas it is dispensable for growth in most facultative anaerobic pathogens. Interference with the ATP 

synthase in facultative anaerobes has physiological consequences, such as membrane hyperpolarization, 

which can be exploited for combination therapies. 

Collectively, the available data indicate that the ATP synthase is an interesting target for development 

of new antimicrobials beyond M. tuberculosis . 

© 2022 The Author(s). Published by Elsevier Ltd on behalf of International Society for Antimicrobial 

Chemotherapy. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

The rise of antibiotic-resistant bacteria is causing concerns 

orldwide regarding the potential inability to cure bacterial in- 

ections [1] . Hence, the World Health Organization and the Amer- 

can Centers for Disease Control have made priority lists for drug- 

esistant pathogens, for which new therapeutics are most needed 

 2 , 3 ]. For decades clinical introduction of new antibiotics based on 

ovel chemical scaffolds targeting new cellular targets have been 
∗ Corresponding author. Mailing address: Department of Veterinary and Ani- 

al Sciences, Faculty of Health and Medical Sciences, University of Copenhagen, 

tigbøjlen 4, DK-1870 Frederiksberg C, Denmark. 

E-mail address: hi@sund.ku.dk (H. Ingmer). 

r

d

t

s  

h

ttps://doi.org/10.1016/j.jgar.2022.01.026 

213-7165/© 2022 The Author(s). Published by Elsevier Ltd on behalf of International Soc

Y-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
imited [4] . Most of the antibiotics currently marketed interfere 

ith a limited number of cellular targets, being the cell wall syn- 

hesis apparatus, the ribosome, DNA topoisomerases, folate biosyn- 

hesis enzymes, membrane integrity and the RNA polymerase [5] . 

any of the new small molecule antibiotics in clinical develop- 

ent interfere with the same targets [ 4 , 6 ]. 

An additional antimicrobial target was added to the list in De- 

ember 2012, when the Food and Drug Administration approved 

he ATP synthase inhibitor bedaquiline to be included in treatment 

egimens for pulmonary multidrug-resistant tuberculosis [ 7 , 8 ]. Be- 

aquiline was the first agent with a novel mechanism of ac- 

ion in more than 40 years to be approved against tuberculo- 

is [ 7 , 8 ], and still bedaquiline remains the only ATP synthase in-

ibitor approved for treatment of bacterial infections. The approval 
iety for Antimicrobial Chemotherapy. This is an open access article under the CC 
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f bedaquiline nonetheless demonstrated the feasibility of target- 

ng bacterial bioenergetics. 

The ATP synthase is one of the most ubiquitous protein com- 

lexes and is conserved across the kingdoms of life [9–11] . In 

his review, we highlight the roles of the ATP synthase in energy 

etabolism between different bacterial species and its essential 

ole in some bacterial species. Furthermore, we review new evi- 

ence, showing that the ATP synthase may even be an interesting 

arget in species where the ATP synthase is dispensable for growth, 

ither as part of anti-virulence strategies or in combination thera- 

ies with conventional classes of antibiotics. 

. Structure and function of the ATP synthase 

ATP synthases are macromolecular membrane complexes that 

an convert potential energy from a transmembrane electrochemi- 

al potential difference into chemical energy of adenosine triphos- 

hate (ATP), which is the basic energy currency of cells [10] . The 

TP synthase basically consists of two major functional domains, 

 domain embedded in the membrane (F o ) and a cytoplasmic do- 

ain (F 1 ), which are joined together by a central ( γ -subunit and 

-subunit) and a peripheral stalk (b-subunits) ( Fig. 1 ). The F 1 do- 

ain is an assembly of five proteins, α, β , γ , δ and ε, with the 

eneral stoichiometry being α3 β3 γ 1 δ1 ε1 . The three α- and three 

-subunits are arranged alternately to form a spherical structure, 

here the catalytic ATP synthesis/hydrolysis activity is located in 

he β-subunits [11] . The γ -subunit constitutes the central axis and 

ogether with the ε-subunit connects the α3 β3 structure with the 

 o domain. The F o domain is an assembly of three subunits, a, b 

nd c, where 9-15 c-subunits form a ring (later referred to as the c- 

ing), which is directly involved in the proton translocation across 

he membrane [ 12 , 13 ]. The F o domain constitutes the motor that

enerates rotation using the potential energy stored in a trans- 

embrane electrochemical potential difference [14] . Protons flow 

long the electrochemical potential gradient through the a- and c- 

ubunit assembly that leads to rotation of the γ -subunit, the ε- 

ubunit and the c-ring. The rotational energy of this motor is then 

ransmitted to the catalytic domain via the γ -subunit and provides 

he energy to generate ATP from adenosine diphosphate (ADP) and 

norganic phosphate (P i ) [ 11 , 15 ]. Next to these central, conserved

ubunits and features, ATP synthase in mitochondria harbours ad- 

itional, accessory subunits, which will not be further discussed 

n this review. For comprehensive overviews of the ATP synthase 

tructures across different kingdoms of life, please refer to refer- 

nces 10 through 15. 

Bacteria produce ATP more efficiently via the ATP synthase dur- 

ng aerobic growth or secondly under conditions enabling anaer- 

bic respiration than under fermentation. Under anaerobic, non- 

espiratory conditions ATP is generated by substrate-level phos- 

horylation by glycolysis and fermentative pathways, and under 

uch conditions the ATP synthase can work in reverse to pump out 

rotons to regulate intracellular pH and generate the indispensable 

embrane potential needed for membrane transport of nutrients 

 14 , 16 ]. The molar ATP yield (mole of ATP produced/mole of sub-

trate consumed) from respiration is approximately 15-fold higher 

han that generated from fermentation [17] . Yet profound differ- 

nces in the metabolic capabilities between bacterial species and 

he environmental conditions experienced are imperative for the 

ssentiality of the ATP synthase and its function. 

. ATP synthase inhibitors 

Inhibitors of the ATP synthase have been instrumental in 

he elucidation of its physiological function in different bacterial 

pecies, and more than 250 small molecules and peptides of nat- 

ral and synthetic origin interfere with the ATP synthase [ 18 , 19 ].
30 
ew mainstay inhibitors have been extensively used across various 

pecies, and their interaction with the ATP synthase is shortly pre- 

ented in the following section ( Fig. 2 ). With the omnipresence of 

he ATP synthase across the kingdoms of life, it is essential that in- 

ibitors intended for antimicrobial use display selective inhibition 

f microbial ATP synthases over its human homologue to prevent 

oxicity issues [20] . 

The c-ring constitutes a common binding site for mul- 

iple small-molecule ATP synthase inhibitors, including well- 

haracterized N,N’ -dicyclohexylcarbodiimide (DCCD) (compound 1), 

ligomycin A (compound 2) and venturicidin A (compound 3). 

CCD reacts covalently with carboxylic groups in both the F 1 β- 

ubunit and F o subunit c [18] . In Escherichia coli , DCCD reacts with

he carboxylic group in aspartic acid at position 61 in the sub- 

nit c, whereas this residue in other organisms may be substituted 

ith another carboxyl-containing amino acid, glutamic acid [18] . 

his carboxylic group is directly involved in proton translocation, 

nd its modification with DCCD abolishes the function of F o [21] . 

he carboxyl-containing amino acid involved in proton transloca- 

ion in the subunit c encoded by atpE are well conserved in bacte- 

ial, mitochondrial and chloroplast enzymes [ 22 , 23 ]; hence DCCD 

s a nonselective inhibitor of ATP synthases [ 23 , 24 ]. It should be

oted that DCCD can also react with other complexes in the elec- 

ron transport chain, and hence phenotypes derived only using 

CCD should be interpreted cautiously [25] . DCCD only interacts 

ith a single amino acid in the c-subunit, while the oligomycin A 

inding site involves interactions with nine amino acid residues, 

nd the binding site spans the carboxyl-containing residue impor- 

ant for proton translocation [26] . Oligomycin A displays increased 

ffinity for eukaryotic ATP synthases compared with bacterial ho- 

ologues [26] and was initially identified as an antifungal agent 

27] . Similarly, venturicidin A interacts with subunit c, blocking the 

TP synthase function in bacteria, chloroplasts and mitochondria 

 18 , 28 ]. Competition experiments suggest that the binding site for 

enturicidin A overlaps with that of DCCD [28] ; however, to our 

nowledge no structural data for binding of venturicidin A to ATP 

ynthase are available. Although the highest affinity site for ventu- 

icidin A is in the F o domain, at high concentrations venturicidin A 

inds at additional sites in the ATP synthase, leading to a dissocia- 

ion of the F 1 domain, which can only catalyse ATP hydrolysis and 

hus ATP depletion [29] . 

Although the overall topology of ATP synthase is conserved 

cross the kingdoms of life, sequence alignments of the subunit 

 reveal low sequence identity across species, both between bacte- 

ial species (e.g., 31% sequence identity between Staphylococcus au- 

eus and Streptococcus pneumoniae [23] ) as well as between bacte- 

ial species and the human homologue [ 23 , 30 , 31 ]. These sequence

ifferences indicate structural differences of the subunit c between 

pecies, which may form the basis of and be exploited for selective 

nhibition by small-molecule inhibitors, as exemplified with the 

elective inhibition of mycobacterial ATP synthase by bedaquiline 

see section 3.1 ) [20] . Bedaquiline demonstrated that a protein 

hould not be disregarded as a potential drug target because of 

he existence of a human homologue [20] , suggesting that the c- 

ing structure of the ATP synthase may be a good candidate for 

rug design in other microorganisms as well. 

Sequence alignments of other ATP synthase subunits (subunit 

, subunit γ , subunit b, subunit β and subunit α) reveal substan- 

ial amino acid differences between organisms as well, with se- 

uence identities of, for example, the α-subunit in the F 1 domain 

eing approximately 50% to 60% among the homologues in My- 

obacterium tuberculosis, Escherichia coli and human mitochondria 

9] . 

Other compounds, such as resveratrol (compound 4) and 

iceatannol (compound 5), bind to the F 1 -domain in a pocket be- 

ween a β-, α- and the γ -subunit that was determined in the 
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Fig. 1. Subunit composition of the ATP synthase , inhibitory sites and genes coding for ATP synthase subunits. (A) The ATP synthase represents the standard composition 

of bacterial ATP synthases, as found in E. coli . The number of monomers in the c-ring varies between organisms. The inhibitory sites of well-characterized ATP synthase 

inhibitors are indicated in red. The figure was created with BioRender.com. (B) ATP synthase genes and the subunits they encode for. 

b

t

m

3

t

(

B

p

a

c

r

B

(

c

p

c

c

t  

r

t

ovine ATP synthase [32] . Resveratrol also inhibits the ATP syn- 

hase in E. coli , whereas the less studied analogue, piceatannol, is 

ore active in inhibiting the ATP synthase of E. coli [33] . 

.1. Bedaquiline: an ATP synthase inhibitor as antibacterial drug 

The ATP synthase became a validated antibacterial target with 

he regulatory approval of the ATP synthase inhibitor bedaquiline 

compound 6) for treatment of infections with M. tuberculosis [34] . 

edaquiline was first reported in 2005 [35] and, since its ap- 

roval in 2012, has strongly affected anti-tuberculosis chemother- 

py. Bedaquiline-based treatment regimens were found to be asso- 
31 
iated with a large reduction in mortality in patients with drug- 

esistant tuberculosis compared with the standard regimen [36] . 

edaquiline is a key component of a new three-drug combination 

bedaquiline, pretomanid and linezolid) that led to favourable out- 

ome at 6 months after the end of therapy in a high percentage of 

atients with highly drug-resistant forms of tuberculosis [37] . 

Bedaquiline efficiently inhibits ATP synthesis in various my- 

obacterial strains, thereby inhibiting bacterial growth [ 38 , 39 ]. My- 

obacterial ATP synthase, which displays several idiosyncratic fea- 

ures such as fused and truncated subunits [ 9 , 40 ], has been pu-

ified and biochemically characterized [41] . A cryo-EM study of 

he isolated subunit c from M. phlei showed bedaquiline bound 
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Fig. 2. Structures of selected ATP synthase inhibitors. Structures have been retrieved from ChemSpider. A comprehensive list of ATP synthase inhibitors has been collected 

in [18] . 
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o a defined niche in this oligomeric subunit, interacting with 

he essential acidic residue that is essential for proton transport 

31] . The recently published cryo-EM structure of the ATP synthase 

oloenzyme from M. smegmatis demonstrated that bedaquiline can 

nteract with ATP synthase in more than one way: bedaquiline 

olecules were either bound only to subunit c (termed ‘c-only 

ite’) or at the interface between the oligomeric subunit c and sub- 

nits a [42] . Although the c-only sites were associated with low 

rug-binding affinity in the micromolar range, these newly discov- 

red sites at the subunit c–subunit a interface may form the struc- 

ural basis for the observed high affinity (lower nanomolar range) 

f bedaquiline for its target [ 38 , 41 ]. 

Additionally, evidence of binding to subunit ε has been pre- 

ented [43] , and higher concentrations of bedaquiline can interfere 

ith the ion equilibrium across the membrane, an effect that is 

ostulated to contribute to killing by bedaquiline [44] . Whereas 

ne study reported inhibition of mitochondrial ATP synthase by 

elatively low concentrations of bedaquiline [45] , most studies de- 

cribe a high selectivity of bedaquiline for mycobacterial ATP syn- 

hase and only little impact on ATP synthesis in mitochondria or 

n the energetics of human cells [ 20 , 46 , 47 ]. 

Bedaquiline is highly potent against most mycobacterial strains 

ut has little activity on non-mycobacterial Gram-positive or 

ram-negative bacteria [35] . In part, this specificity may be at- 
32 
ributed to naturally occurring polymorphisms in the drug’s main 

arget, ATP synthase subunit c [ 35 , 4 8 , 4 9 ]. Accordingly, laboratory-

erived M. smegmatis and M. tuberculosis strains carrying muta- 

ions in subunit c displayed decreased sensitivity for bedaquiline 

 35 , 38 , 4 8 , 4 9 ]. M. tuberculosis strains with decreased sensitivity to

edaquiline have also been isolated from tuberculosis patients. 

he predominant mutation observed in these strains was located 

n the rv0678 gene, which encodes a transcriptional repressor of 

he MmpL5 efflux pump [50–52] . Interestingly, it was reported 

hat the emergence of resistance to front-line anti-tuberculosis 

rugs was lower in the presence of bedaquiline [53] . The reasons 

or this effect are unclear but may be due in part to the abil- 

ty of bedaquiline to interfere with the function of efflux pumps 

 54 , 55 ]. The success of bedaquiline has triggered the search for 

ew small-molecules that inhibit mycobacterial ATP synthase [56–

8] , in particular derivatives with a shorter plasma half-life com- 

ared to the parent compound [57] . Among these, the bedaquiline 

nalogues TBAJ587 and TBAJ876 display enhanced affinity for inhi- 

ition of ATP synthase, lower minimum inhibitory concentrations 

MICs) and improved pharmacokinetics properties [59] . TBAJ876 

urrently is evaluated in a phase I clinical trial (NCT04493671). Ad- 

itionally, based on the results obtained with bedaquiline in treat- 

ent regimens against tuberculosis, similar success could poten- 

ially be achieved using ATP synthase inhibitors against other bac- 
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erial and fungal pathogens as well. The following sections will 

herefore highlight the functional role of the ATP synthase in im- 

ortant pathogenic species and show in which species this target 

s essential for viability. 

. Metabolism and essentiality of the ATP synthase in bacterial 

nd fungal pathogens 

Oxygen (O 2 ) has a strong impact on the physiology and bioen- 

rgetics of all living organisms. Oxygen is the most efficient ter- 

inal electron acceptor to drive the harvest of energy from the 

roton motive force generated by cellular respiration. Owing to its 

ubstantial effect on growth and metabolism, organisms can be 

ategorised according to their response to various levels of oxy- 

en. Microorganisms can be classified as obligate aerobes (requires 

xygen to grow), facultative anaerobes (produces ATP by aero- 

ic respiration if oxygen is present but is capable of switching 

o fermentation or potentially anaerobic respiration if oxygen is 

bsent), aerotolerant anaerobes (cannot use, but tolerate oxygen), 

icroaerophiles (requires oxygen to survive, albeit lower levels of 

xygen than being present in the atmosphere) and obligate anaer- 

bes (can only survive in environments without oxygen) [60] . 

.1. Obligate aerobes 

Oxygen serves as the terminal electron acceptor for the elec- 

ron transport chain, enabling ATP production via the ATP syn- 

hase. Many fungi are classified as obligate aerobes (e.g., Crypto- 

occus neoformans and Aspergillus fumigatus [ 61 , 62 ]), whereas only 

 few human bacterial pathogens are classified as obligate aerobes, 

ith two notorious examples being M. tuberculosis and Acinetobac- 

er baumannii . 

.1.1. Essentiality of the ATP synthase in Mycobacterium tuberculosis 

The genus of Mycobacterium comprises a group of bacteria cat- 

gorised as obligate aerobes [63] . A very important member of 

his group is M. tuberculosis , which is primarily a pathogen of 

he lung [64] . In genome-wide transposon inactivation studies, the 

TP synthase has been identified to be essential for growing and 

on-growing mycobacteria, including M. tuberculosis [65] and M. 

megmatis [66] . In M. smegmatis the ATP synthase is essential for 

rowth on both fermentable and nonfermentable carbon sources 

66] . Mycobacteria contain a functional electron transport chain 

hat is used to establish the proton motive force, driving ATP syn- 

hesis by re-entrance of protons through the ATP synthase [63] . 

ontrarily, it appears that the ATP synthase cannot work in reverse 

o pump out protons at the expense of ATP generated by substrate- 

evel phosphorylation [ 41 , 67 ]. Biochemical and structural studies 

ave recently elucidated the specific molecular mechanism under- 

ying this inability to work in ATP hydrolysis direction. Mycobac- 

erial ATP synthase carries carboxy-terminal extensions in subunit 

, one of the main subunits of the F 1 domain [ 68 , 69 ]. Mutants in

hich these extensions were truncated displayed significantly en- 

anced ATP hydrolysis activity [ 42 , 68 ]. The cryo-EM structure of 

TP synthase from M. smegmatis revealed that these extensions 

ind to subunit γ , thereby interfering with the rotary movement 

hat is key to catalysis [42] . 

ATP production in M. smegmatis from substrate-level phospho- 

ylation alone, despite increased glycolytic flux, is insufficient to 

ustain growth [63] . It has been demonstrated that in the presence 

f nonfermentable energy sources such as oleic acid, eliminating 

he contribution of glycolysis to ATP production, the potency of 

edaquiline was significantly enhanced [70] . Moreover, dual inhi- 

ition of the ATP synthase and substrate-level phosphorylation in 

lycolysis/gluconeogenesis facilitates faster killing of M. tuberculo- 

is [71] . These findings highlight the interesting possibilities for fu- 
33 
ure development of anti-mycobacterial treatment regimens target- 

ng multiple central energetic generating pathways. 

.1.2. Acinetobacter baumannii 

The Gram-negative bacterial genus Acinetobacter is charac- 

erised by a metabolism that is strictly aerobic and nonferment- 

ng [72] . Multiple studies have been conducted to screen genome- 

ide for essential genes in Acinetobacter spp. In A. baumannii the 

TP synthase has been shown to be essential in rich medium as 

emonstrated by several studies, using transposon-sequencing (Tn- 

eq) and CRISPR-interference [73–75] and to be essential for per- 

istence in the mouse lung [75] . Also, the ATP synthase is essen- 

ial for viability of the related A. baylyi [ 76 , 77 ]. To the best of our

nowledge, well-characterised inhibitors of the ATP synthase have 

urrently not been investigated against A. baumannii . Inhibition of 

xidative phosphorylation in general, however, has been used as a 

trategy to target this pathogen, while the study did not specify 

he target within this pathway [78] . 

.1.3. Micrococcus 

Micrococcus species are part of the normal biota of the human 

kin and generally considered nonpathogenic. However, Micrococ- 

us luteus is an opportunistic pathogen and has been reported to 

ause severe infections in immunocompromised individuals [79] . 

. luteus is an obligate aerobe with a strict respiratory metabolism 

80] . M. luteus is sensitive to the ATP synthase inhibitor venturi- 

idin A (MIC: 1–2 μg/ml) [81] , suggesting that the ATP synthase is 

lso essential in this obligate aerobic microorganism. 

.1.4. Fungal pathogens 

Invasive fungal infections are important causes of morbidity and 

ortality in immunocompromised individuals, with more than 90% 

f the related deaths belonging to Cryptococcus spp., Candida spp., 

spergillus spp. and Pneumocystis spp [82] . Inhibition of respira- 

ion has recently been highlighted as an approach to combat hu- 

an fungal pathogens, whereas no examples of ATP synthase in- 

ibitors were provided by the authors [83] . Yet a few studies have 

hown that inhibition of the ATP synthase may be a strategy to tar- 

et pathogenic fungi. For example, oligomycin A was originally dis- 

overed as an antifungal in 1954 [27] , and subsequently its bind- 

ng to the yeast mitochondrial ATP synthase subunit c-ring has 

een elucidated [26] . Oligomycin A effectively inhibits a range of 

athogenic fungal species, including Aspergillus niger, Trichophyton 

ubrum (common cause of fungal nail infection) and multiple Can- 

ida spp. (e.g., C. albicans ) [ 30 , 84 ]. Recently, the ATP synthase in-

ibitor DCCD was also shown to inhibit growth of C. albicans and A. 

iger [30] . Interestingly, a species such as C. albicans is capable of 

ustaining low levels of growth under anaerobic conditions, similar 

o facultative fermentative yeasts, such as Saccharomyces cerevisiae 

85] . However, while C. albicans is sensitive to oligomycin A [84] , S.

erevisiae is not [86] . 

Collectively, these studies suggest that the ATP synthase is an 

ssential target in obligate aerobic bacteria and some pathogenic 

ungi; however, it remains unclear why the ATP synthase appears 

ssential in some facultative fermentative yeasts, such as C. albi- 

ans , while not essential for S. cerevisiae. 

.2. Obligate anaerobes 

Anaerobic bacteria are a major component of the human micro- 

iota, with the three major sites of normal colonisation being the 

ucosal surfaces of the oral cavity, the intestinal tract and the fe- 

ale genital tract. Despite the high number of anaerobic species 

resent in the normal microbiota, only a few are involved in hu- 

an infections. Most anaerobes causing infections behave as op- 

ortunistic pathogens when they encounter a permissive condition 

ithin the host [87] . 
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One of the most important pathogenic obligate anaerobic bacte- 

ia is Clostridioides difficile [87] . C. difficile is a common nosocomial 

athogen that can cause mild diarrhoea to life-threatening colitis 

88] . Prior exposure to antimicrobial therapy is a great risk fac- 

or for subsequent C. difficile infections, as antibiotics disrupt the 

ormal intestinal microbiota and thereby provide a niche for non- 

usceptible C. difficile to multiply [88] . 

C. difficile is a strict anaerobic pathogen and relies on glycol- 

sis and various fermentative pathways for ATP production via 

ubstrate-level phosphorylation. Additionally, C. difficile can cou- 

le amino acid fermentation to the generation of a sodium/proton 

radient enabling ATP generation via the ATP synthase [89] . 

ransposon-sequencing has been employed to identify essential 

enes for growth of C. difficile, and here all the genes encoding for 

TP synthase subunits were found to be essential [90] . The essen- 

iality of the ATP synthase for C. difficile growth is supported by the 

bservation that the ATP synthase inhibitor DCCD inhibits growth 

f C. difficile isolates (MIC: 16–20 μg/ml) [91] . 

The physiological role of the ATP synthase in C. difficile and the 

ause of essentiality remain unknown. Also, it remains to be inves- 

igated whether the ATP synthase in general is essential in other 

bligate anaerobic pathogens, such as Porphyromonas gingivalis, Fu- 

obacterium spp. and Bacteroides spp [87] .. 

.3. Aerotolerant anaerobes 

Aerotolerant anaerobic bacteria survive entirely on fermenta- 

ive metabolism; however, the presence of oxygen is not lethal 

or these organisms. In medical microbiology, Streptococci are 

he most important pathogenic group of aerotolerant anaerobes, 

hereas other nonpathogenic aerotolerant anaerobes, such as Lac- 

ococcus lactis , are widely used in diary product fermentation [92] . 

Streptococcal spp. are generally characterised as non-respiring, 

ermenting organisms [92] . For production of ATP, streptococci 

ely on carbohydrate fermentation coupled to substrate-level 

hosphorylation producing lactate and acetate [ 93 , 94 ]. Important 

athogenic species include S. pneumoniae and Streptococcus pyo- 

enes , as well as Streptococcus sanguinis [92] . In a genome-wide 

creen for essential genes in S. sanguinis, all eight genes encod- 

ng the subunits of the ATP synthase were identified as essential 

95] . Three of the ATP synthase genes were additionally tested to 

e essential in S. pneumoniae and S. mutants [95] . Essentiality of 

he ATP synthase has also been demonstrated in other studies for 

. pneumoniae [ 96 , 97 ] and S. pyogenes [98] . The Streptococcal spp.

enerally lack a complete respiratory chain to establish the pro- 

on motive force; hence the ATP synthase likely is not used for the 

eneration of ATP, but instead hydrolyses ATP to extrude intracellu- 

ar protons. The ATP synthase is indispensable for establishing the 

roton motive force needed for various transport processes and to 

aintain pH homeostasis, which is probably the reason why the 

TP synthase is essential in streptococci [95] . 

Some streptococci, such as S. agalactiae , a common member of 

he vaginal microbiota that can be transmitted to newborns and 

ay cause sepsis, pneumonia and meningitis, are able to respire in 

he presence of oxygen, but respiration requires exogenous supple- 

entation of heme and menaquinone [ 99 , 100 ]. The importance of 

he ATP synthase for viability under such conditions remains un- 

nown. 

Like S. agalactiae, L. lactis also contains an incomplete respiratory 

ystem but can, upon heme supplementation, respire [92] . Yet un- 

er non-respiratory conditions, the ATP synthase is also essential 

or growth in L. lactis [101] . 

Multiple inhibitors of the ATP synthase of streptococcal spp. 

ave been identified. The well-characterised ATP synthase in- 

ibitor, DCCD, inhibits S. pyogenes with intermediary MICs (8–

6 μg/ml) [30] . Interestingly, the antimalarial drug mefloquine is 
34 
ighly active against S. pneumoniae , with MICs between 0.15 and 

.8 μg/ml [ 102 , 103 ], and mutagenesis studies suggest that the 

echanism of action is by inhibition of the ATP synthase [102] . The 

ntimalarial drug quinine, an analogue of mefloquine, is less active 

gainst S. pneumoniae [ 102 , 104 ] but is still suggested to be an in-

ibitor of the ATP synthase [104] . Another quinine derivative, op- 

ochin, shows intermediate activity against S. pneumoniae [ 102 , 104 ] 

nd was introduced early in the twentieth century as a treatment 

f pneumonia [105] . Serious side effects and treatment failures, 

owever, terminated the therapeutic use of this agent [105] . Op- 

ochin has traditionally been used as a diagnostic tool to differen- 

iate S. pneumoniae from other α-haemolytic streptococci that are 

ess susceptible to optochin [105] . Optochin has recently gained 

nterest as a scaffold for lead-optimization in the pursuit of de- 

eloping novel therapeutics against S. pneumoniae by targeting the 

TP synthase [106] . Finally, analogues of bedaquiline also inhibit S. 

neumoniae (MIC: 0.25–2 μg/ml) and resistance mutations mapped 

n atpE suggested that inhibition of the ATP synthase is the mech- 

nism of action [24] . Collectively, these studies highlight the ATP 

ynthase as a druggable target in the important pathogenic strep- 

ococcal spp. (i.e., S. pyogenes and S. pneumoniae ). 

.4. Facultative anaerobic bacteria 

Many important human pathogens, including S. aureus and E. 

oli , are facultative anaerobes. These pathogens contain metabolic 

athways enabling both respiration and fermentation, and they 

ave regulatory systems to adapt to changing levels of oxygen 

107] . Although oxygen availability determines the habitat of ob- 

igate aerobes and obligate anaerobes, facultative anaerobes can 

ropagate in environments with alternating levels of oxygen. This 

s important for the possible sites of infections, as environments 

nside the host can be hypoxic or anoxic [ 108 , 109 ]. Some bacte-

ial species are difficult to strictly categorise according to their re- 

ponse to oxygen—for example, Pseudomonas aeruginosa has pre- 

iously been considered to be an obligate aerobe; however, it is 

ow recognised that this bacterium can adapt to anaerobic con- 

itions [110] . P. aeruginosa is therefore in this review grouped to- 

ether with facultative anaerobic bacteria. 

The physiological consequences of inactivating the ATP syn- 

hase have been studied in a range facultative anaerobic bacterial 

pecies. These have been accomplished by either complete dele- 

ion of the operon encoding the ATP synthase subunits, by dele- 

ion of individual subunit genes or transposon insertions. Gen- 

rally, the ATP synthase is not essential for growth under aero- 

ic growth conditions, as observed in the Gram-negative E. coli 

 111 , 112 ], Salmonella spp [113–117] ., Actinobacillus pleuropneumo- 

iae [ 118 , 119 ] and Pasteurella multocida [120] , as well as the Gram-

ositive species S. aureus [ 121 , 122 ], Bacillus subtilis [ 123 , 124 ] and

orynebacterium glutamicum [125] . Among the investigated facul- 

ative anaerobic species, only in P. aeruginosa the ATP synthase 

ppears to be essential for growth [126–129] . Although the ATP 

ynthase is dispensable for growth in most of the facultative 

naerobic species, ATP synthase mutants are avirulent in differ- 

nt in vivo infection models [ 113–120 , 122 , 130 ], and several ATP

ynthase mutants have been investigated as vaccine candidates 

 116 , 117 , 119 , 130 ]. The avirulent phenotype is probably caused by

ultiple factors, including impaired growth profiles, altered viru- 

ence expression and increased susceptibility to various host stres- 

ors, such as osmotic stress, oxidative stress, extreme pH and host 

efence peptides [ 121 , 122 , 131 , 132 ]. 

In the following, the importance of the ATP synthase in three 

athogenic facultative anaerobic species is highlighted, namely E. 

oli where the inactivation of the ATP synthase is best studied, S. 

ureus and, finally, P. aeruginosa in which the ATP synthase appears 

o be essential for growth under aerobic conditions . 
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.4.1. Escherichia coli 

E. coli is generally a harmless coloniser of the human gastroin- 

estinal tract; however, several pathotypes exist that upon acqui- 

ition of virulence factors can cause a range of diseases, i.e., diar- 

hoeal disease, urinary tract infections (UTIs) and sepsis/meningitis 

133] . 

E. coli is a facultative anaerobe and can grow both aerobically 

r anaerobically by using sugars, such as glucose, as the sole car- 

on and energy source [134] . When oxygen is available, electron 

ransfer is coupled with proton translocation, and ATP is synthe- 

ised upon re-entrance of protons through the ATP synthase [135] . 

. coli is also able to respire anaerobically using alternative elec- 

ron acceptors, such as nitrate. If no terminal electron acceptors 

re available, E. coli produces ATP via substrate-level phosphoryla- 

ion and maintains the intracellular redox balance by mixed-acid 

ermentation [135] . To sustain the proton motive force during fer- 

entation, the ATP synthase can work in reverse, extruding pro- 

ons upon ATP hydrolysis [136] . 

In genome-wide screens for essential genes using various tech- 

iques (i.e., mutagenesis, Tn-seq and CRISPR interference), the ATP 

ynthase has been classified as nonessential under aerobic condi- 

ions in multiple E. coli isolates [ 111 , 112 , 137–140 ]. Under anaero-

ic conditions, the ATP synthase has contrarily been found to be 

ssential [139] . Although incompletely understood, the conditional 

ssentiality of the ATP synthase during fermentation may be a con- 

equence of the inability of cells without the ATP synthase to es- 

ablish and sustain the proton motive force, which is, for example, 

ritical as a driving force for various transport systems [141] . 

Although the ATP synthase is not essential during aerobic con- 

itions, deletion of the ATP synthase leads to major changes in cell 

etabolism, resulting in a significant reduction in growth rate and 

iomass accumulation [111] . ATP synthase mutants cannot produce 

TP via oxidative phosphorylation; however, deletion of the ATP 

ynthase does not just lead to a shift to fermentative metabolism, 

ut also directs carbon towards production of acetate to enhance 

ubstrate-level phosphorylation [111] . ATP synthase mutants have 

n increased carbon flow through the glycolytic pathway and Krebs 

ycle, leading to increased formation of reducing equivalents, such 

s NADH. By increasing the respiration rate, the ATP synthase mu- 

ant can eliminate excess reducing equivalents by respiration to 

ustain the redox balance, but the increased respiration rate has 

een associated with an increase in membrane potential compared 

ith wild-type cells [111] . Interestingly, ATP synthase mutants in 

he Gram-positive species, B. subtilis and C. glytamicum , display 

imilar metabolic characteristics as in E. coli , ultimately leading to 

ncreased respiration rate and a concomitant increase in membrane 

otential [ 123 , 125 ]. 

Several inhibitors have been shown to interfere with the E. 

oli ATP synthase using inverted membrane vesicles or puri- 

ed F 1 -domains. These inhibitors include, but are not limited to, 

CCD, oligomycin A, venturicidin A, polyphenols (e.g., resveratrol, 

iceatannol and curcumin) and thymoquinone [ 24 , 28 , 33 , 142–144 ].

CCD inhibits both ATP synthesis and hydrolysis [144] . Resveratrol, 

iceatannol and thymoquinone prevent growth of E. coli on the 

onfermentable carbon source succinate [ 33 , 143 , 145 ], which indi- 

ates that resveratrol, piceatannol and thymoquinone have whole- 

ell activity against E. coli [ 33 , 143 ], in contrast to venturicidin A

28] . Whether such compounds or other ATP synthase inhibitors 

ith whole-cell activity could have any therapeutic applicability 

gainst E. coli infections remains to be investigated. 

.4.2. Staphylococcus aureus 

S. aureus is a facultative anaerobe that grows well aerobically 

r anaerobically and can respire using oxygen, nitrate or nitrite 

s electron acceptors in the electron transfer chain. Under anaer- 

bic conditions and in the absence of electron acceptors, S. aureus 
35 
rows well by fermentation [ 146 , 147 ]. Interestingly, the ATP syn- 

hase in S. aureus is indicated to primarily hydrolyse ATP both un- 

er respiratory and fermentative conditions [122] . The biological 

eason for this disparity between S. aureus and E. coli ATP synthase 

unction currently remains unknown. 

In genome-wide screens for essential genes using mutagenesis 

r Tn-seq, most of the ATP synthase genes have been classified as 

onessential under aerobic conditions using various S. aureus iso- 

ates [ 117 , 121 , 122 , 148 ]. Interestingly, two studies suggest that the

tpE gene encoding for the F o subunit c is essential in some strain 

ackgrounds, while other studies suggest that it is nonessential 

n other strains [ 24 , 148 ]. By employing the Tn-seq methodology, 

he ATP synthase has in several studies been identified as essen- 

ial in vivo, such as in abscesses or for causing osteomyelitis, even 

hough the ATP synthase is dispensable for growth in laboratory 

edium [149–151] . Recently, Grosser and colleagues demonstrated 

hat an ATP synthase mutant indeed is severely attenuated in a 

urine skin abscess model [122] . ATP synthase inactivation confers 

leiotropic effects that may lead to attenuated virulence in vivo, 

ncluding reduced growth rates under aerobic and anaerobic con- 

itions, increased sensitivity towards hydrogen peroxide and nitric 

xide stress [122] , reduced haemolysis [121] , increased susceptibil- 

ty to human antimicrobial peptides [131] and defective in biofilm 

roduction [152] . The latter is potentially due to reduced eDNA re- 

ease [153] or due to deficiencies in adapting to oxygen concentra- 

ions declining gradually in the depths of biofilms [154] . 

Inactivation of the electron transport chain (e.g., by genetic in- 

ctivation of menaquinone or heme biosynthesis genes), results 

n a growth phenotype similar to anaerobic/fermentative growth, 

nd such mutants have been termed small colony variants (SCVs) 

 146 , 147 ]. Interestingly, electron transport chain SCVs are highly 

usceptible to ATP synthase inhibitors, including DCCD (MIC: 2–8 

g/mL) [ 30 , 155 ] and tomatidine (MIC: 0.12 μg/mL) [ 30 , 156 ], while

he two compounds have no inhibitory activity against wild-type 

ells (MIC > 128 μg/mL) [30] . The activity of tomatidine is bacte- 

iostatic against S. aureus SCVs [ 30 , 156 ] and anaerobically grown 

ild-type cells as well [157] , suggesting that the ATP synthase is 

ssential under fermentative growth conditions and that dual in- 

erference with the electron transport chain and the ATP synthase 

s effective in depriving energy needed to sustain growth. Mul- 

iple other small molecules have been shown to interfere with 

he staphylococcal ATP synthase, including oligomycin A [24] , di- 

rylquinolines [24] and venturicidin A [81] . Whereas diarylquino- 

ines targeting the F o subunit c are growth inhibitory against S. au- 

eus wild-type cells [24] , other compounds (DCCD, oligomycin A, 

omatidine and venturicidin A) targeting the same subunit are not 

 23 , 30 , 81 ]. 

.4.3. Pseudomonas aeruginosa 

Pseudomonas species are Gram-negative, facultative anaerobic 

acteria that can colonise a wide range of niches. Some Pseu- 

omonas species can be pathogenic to humans, such as the op- 

ortunistic pathogen P. aeruginosa that can cause acute infections 

n burned and immunocompromised patients, as well as persis- 

ent respiratory infections in individuals with cystic fibrosis [158] . 

. aeruginosa has previously been considered to be an obligate aer- 

be; however, it is now recognised that P. aeruginosa can adapt to 

naerobic conditions [110] . 

P. aeruginosa primarily relies on aerobic respiration for ATP pro- 

uction but can in the absence of oxygen grow by nitrate res- 

iration [110] . P. aeruginosa can also survive by fermentation of 

rginine or pyruvate [159] , although pyruvate fermentation alone 

oes not sustain significant anaerobic growth of P. aeruginosa [160] . 

ultiple studies have elucidated essential genes in P. aeruginosa 

cross various growth conditions, and the ATP synthase is scored 

s essential for growth across multiple isolates in a variety of 
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onditions, including rich media, minimal media and infection- 

elevant growth conditions (serum, sputum and urine) [126–129] . 

t has been speculated that the primary reliance on respiration for 

TP production is the cause for the essentiality of the ATP synthase 

n P. aeruginosa , in contrast to E. coli that is able to grow well on

ubstrates supporting fermentation [126] . It has been questioned 

hether the mucus of cystic fibrosis patients contains sufficient ni- 

rate for anaerobic respiration or fermentable substrates (i.e., argi- 

ine) to support high numbers of cells found in cystic fibrosis pa- 

ients [161] . This study concluded that P. aeruginosa primarily relies 

n aerobic respiration in the microaerobic conditions experienced 

n the mucus layer of cystic fibrosis patients [161] . Inhibition of the 

TP synthase as a therapeutic strategy has not been much explored 

n P. aeruginosa ; however, a single study showed that DCCD was 

fficient in killing P. aeruginosa under anaerobic conditions, while 

he killing capability of DCCD was lower during nitrate respiration 

162] . The study concluded that maintenance of the proton motive 

orce by the ATP synthase is a survival strategy in P. aeruginosa dur- 

ng fermentation [162] . 

. ATP synthase inhibitors and combination therapy 

.1. Membrane hyperpolarization sensitizes S. aureus and E. coli to 

minoglycosides and polymyxins 

Antibiotic-adjuvant combinations have been suggested as an at- 

ractive approach in the development of new therapeutics to com- 

at the increasing problems of drug-resistant bacterial infections 

163–165] . Mutant libraries of E. coli [112] and S. aureus [121] have 

een used to screen genome-wide for determinants that aid bac- 

eria to naturally withstand a variety of antimicrobials [166–169] . 

n the genome-wide screens for intrinsic resistance determinants 

n S. aureus , ATP synthase mutants were more susceptible to two 

lasses of antibiotics, namely aminoglycosides (i.e., gentamicin) 

nd polymyxins (i.e., polymyxin B and colistin) [ 166 , 167 ]. Similarly, 

n E. coli an ATP synthase mutant was identified as being more 

usceptible to aminoglycosides and polymyxins, along with a few 

ther antibiotic classes [ 168 , 169 ]. The importance of the ATP syn-

hase in susceptibility towards aminoglycosides and polymyxins for 

. aureus and E. coli have subsequently been confirmed by others 

 122 , 170 ], and additionally it has been shown that ATP synthase

utants are more susceptible to some cationic human antimicro- 

ial peptides that are part of the innate human immune system 

131] . 

Aminoglycosides (e.g., gentamicin and kanamycin) constitute a 

lass of bactericidal agents that target protein synthesis through 

inding to the 16S rRNA of the 30S small ribosomal unit. The in- 

erference of aminoglycosides with the ribosome promotes mis- 

ranslation of proteins that ultimately interfere with membrane in- 

egrity, which is a contributing factor in the lethality of amino- 

lycosides. At physiological pH, aminoglycosides are cationic com- 

ounds, which is important for initial interaction with negatively 

harged bacterial cell envelopes and subsequent facilitation of up- 

ake [171] . 

Polymyxins (polymyxin B and colistin) are lipopeptide antibi- 

tics that consist of a peptide ring with a three-peptide side chain 

inked to a fatty acid tale. At physiological pH, polymyxins are 

lso cationic compounds, which in combination with the fatty 

cid tale make them amphipathic. The amphipathic property of 

olymyxins promotes interaction with cell membranes, eventually 

eading to disruption of membrane integrity and cell death [172] . 

he spectrum of activity of polymyxins is primarily confined to 

ram-negative bacteria [173] , where they interfere with the in- 

egrity of the outer membrane and the cytoplasmic membrane 

174] . Polymyxins are generally less active against Gram-positive 
36 
acteria [173] , and S. aureus is intrinsically resistant to polymyxin 

 and colistin [175] . 

The magnitude of the membrane potential is an important fac- 

or in the uptake of aminoglycosides, where hyperpolarization of 

he membrane leads to increased uptake of aminoglycosides, while 

epolarization reduces uptake in S. aureus and E. coli [176] . An 

nteresting physiological observation from ATP synthase mutants 

s increased respiration rate and hyperpolarization of the mem- 

rane, which have been observed in S. aureus [ 122 , 167 ], E. coli

111] , Salmonella Typhimurium [113] and Corynebacterium glutam- 

cum [125] . Consequently, it has been hypothesised that the mech- 

nism of aminoglycoside potentiation in ATP synthase mutants is 

ue to membrane hyperpolarization. Similarly, antibacterial activ- 

ty of polymyxin has been correlated with the magnitude of the 

embrane potential, where membrane hyperpolarization has been 

ssociated with increased susceptibility to polymyxins in E. coli 

177] . M. tuberculosis treated with the ATP synthase inhibitors be- 

aquiline or DCCD also leads to increased respiration rate [47] , 

uggesting that increased respiration rate could be a common fea- 

ure upon abolishing ATP synthase function in respiring bacterial 

pecies. 

Multiple studies have investigated combinations of ATP syn- 

hase inhibitors with aminoglycosides and polymyxins against a 

ariety of species. Already in the 1980s, it was demonstrated that 

ptake of aminoglycosides in S. aureus was increased following in- 

ibition of the ATP synthase with DCCD, and this correlated with 

yperpolarization of the membrane [178] . Well-characterised ATP 

ynthase inhibitors, such as oligomycin A, venturicidin A, DCCD 

nd tomatidine, in general sensitize S. aureus to aminoglycosides 

nd polymyxins, and this also appear to be the case for other 

ram-positive pathogens, such as Enterococcus and Bacillus spp. 

 Table 1 ). The putative ATP synthase inhibitor, resveratrol, simi- 

arly sensitizes Gram-positives to aminoglycosides and polymyxins 

179] . Increased activity of gentamicin against a S. aureus ATP syn- 

hase mutant compared to wild-type has been confirmed in the 

alleria mellonella infection model [166] , supporting that combi- 

ations of ATP synthase inhibitors and aminoglycosides may have 

herapeutic value. 

Combinations of ATP synthase inhibitors and aminoglyco- 

ides/polymyxins are less studied in Gram-negatives. Only resver- 

trol has been tested, and this compound displays synergism in 

ombination with polymyxins [180] , while no combinatory effect 

as evident in combination with aminoglycosides [181] . It remains 

o be explored if the polymyxin-sensitizing effect of resveratrol in- 

eed is due to inhibition of the ATP synthase or by another yet 

nknown mechanism. 

Taken together, the ATP synthase appears to be an interesting 

arget for sensitizing both Gram-positive pathogens to aminoglyco- 

ides, polymyxins and potentially human defensins. The spectrum 

f this potentiating effect needs to be established in other bacte- 

ial species with genetic inactivation of the ATP synthase or with 

uitable ATP synthase inhibitors. Finally, the ATP synthase appears 

o be a druggable target in a variety of Gram-positive pathogens, 

hereas more evidence is needed on druggability against Gram- 

egative bacteria. 

.2. Increased respiration rate and reactive oxygen species affect 

ntibiotic susceptibility 

A side effect of aerobic respiration is the generation of reactive 

xygen species (ROS), with some generation of superoxide (O 2 
−) 

nd hydrogen peroxide (H 2 O 2 ) occurring in the electron transport 

hain when energized with NADH [ 182 , 183 ]. Superoxide radicals 

an damage iron-sulphur clusters in proteins, destabilising ferrous 

Fe 2 + ) irons, and these irons can react with hydrogen peroxide in 
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Table 1 

ATP synthase inhibitors as adjuvants for aminoglycosides and polymyxins. 

Compound Adjuvant for Confirmed spectrum of activity Reference 

DCCD Aminoglycosides S. aureus [168] 

Aminoglycosides B. subtilis [172] 

Aminoglycosides Enterococcus faecalis [173] 

Polymyxins S. aureus [30] 

Venturicidin A Aminoglycosides S. aureus, E. faecium, P. aeruginosa, A. baumannii [71] 

Polymyxins S. aureus [71] 

Oligomycin A Aminoglycosides S. aureus [169] 

Polymyxins S. aureus [157] 

Tomatidine Aminoglycosides S. aureus, S. epidermidis, B. subtilis, B. cereus and L. monocytogenes [174] 

Polymyxins S. aureus [30] 

Resveratrol Aminoglycosides S. aureus, S. epidermidis, E. faecium and E. faecails [169] 

Aminoglycosides E. coli (indifferent activity) [171] 

Aminoglycosides P. aeruginosa (indifferent activity) [175] 

Polymyxins S. aureus [121] 

Polymyxins E. coli and K. pneumoniae [170] 

DCCD, N,N’ -dicyclohexylcarbodiimide. 

t

a

r  

t

r

t

f

e  

c

a

i

d

o

e

w

t

o

t

�

fl

c

w

O

c

z

t

T

t

w

c

t

e

e

i

q

s

u

o

b

v

b

v

a

6

f

v

o

s

7

t

A

C

[

c

e

p

i

i

b

c

h

h

v

l  

s

e

c

s

t

e

s

d

o

e

c  

i

A

O

s  

t

v

i

o

a

t

I

he Fenton reaction generating hydroxyl radicals, which can dam- 

ge DNA, lipids and proteins [184] . 

Inactivation of the ATP synthase has been shown to increase the 

espiration rate in E. coli [ 111 , 170 ], B. subtilis [123] and Corynebac-

erium glutamicum [125] , facilitating the formation of superoxide 

adicals and hydrogen peroxide [ 184 , 185 ]. It has been hypothesised 

hat bactericidal antibiotics in part kill bacteria by stimulating ROS 

ormation [186] , although this model has been challenged by oth- 

rs [ 187 , 188 ]. Less disputed is however the correlation between in-

reased respiration rate and increased susceptibility to bactericidal 

ntibiotics [170] . 

Nonetheless, using metabolic models it has been predicted that 

nactivation of the ATP synthase will increase endogenous ROS pro- 

uction in E. coli [189] . A �atpC mutant was more susceptible to 

xidative stress conferred by exogenous H 2 O 2 and NaOCl; how- 

ver, this effect did not translate into increased susceptibility to- 

ards ampicillin nor ofloxacin [189] . Contrarily, the �atpC mu- 

ant was more susceptible to gentamicin, probably a consequence 

f increased uptake facilitated by an increase in membrane po- 

ential [189] . The same group has subsequently shown an E. coli 

atpA mutant to be more sensitive to killing by ampicillin, nor- 

oxacin and gentamicin [170] . Time-kill kinetics suggest an in- 

reased killing rate against the �atpA mutant using norfloxacin, 

hile the effect on gentamicin leads to a reduction in MIC [170] . 

ther studies on ATP synthase mutants in E. coli have shown in- 

reased susceptibility to various antibiotics, including metronida- 

ole, sulfamethoxazole, rifampin, spectinomycin, ampicillin, ery- 

hromycin and fusidic acid [169] , as well as trimethoprim [190] . 

he mechanisms for the increased sensitivity to the different an- 

ibiotics in ATP synthase mutants remain to be explored. 

In S. aureus , ATP synthase inactivation has not been correlated 

ith reductions in MICs for ciprofloxacin, oxacillin, linezolid, van- 

omycin, daptomycin, fosfomycin, mupirocin, chloramphenicol and 

etracycline [ 122 , 166 , 167 ]. Whether ATP synthase mutants experi- 

nce increased killing rates using bactericidal antibiotics against 

xponentially growing cells remains to be investigated. Interest- 

ngly, an ATP synthase mutant showed increased persister fre- 

uency when treated with ciprofloxacin [191] , suggesting that ATP 

ynthase mutants may actually promote tolerance to antibiotics 

nder certain conditions. 

The role of the ATP synthase in susceptibility to other antibi- 

tics classes than aminoglycosides and polymyxins are less clear 

ased on the currently available studies. It appears that inacti- 

ation of the ATP synthase in E. coli leads to sensitization to a 

roader range of antibiotic classes, whereas ATP synthase inacti- 

ation in S. aureus currently only appears to affect susceptibility to 

minoglycosides and polymyxins. 
37 
. Conclusion 

The ATP synthase is a ubiquitous enzyme that is serving key 

unctions in energy metabolism, which can be exploited in the de- 

elopment of new antimicrobial therapeutics. Among obligate aer- 

be bacteria the ATP synthase generally appear to be essential for 

ustaining growth (e.g., M. tuberculosis [65] and A. baumannii [73–

5] ), which is attributed to their primary reliance on the ATP syn- 

hase for generating ATP using the proton motive force [63] . The 

TP synthase is also essential in the obligate anaerobe bacterium 

. difficile [90] , as well as the aerotolerant anaerobic Streptococci 

95] . In Streptococci, the essentiality of the ATP synthase is not 

ompletely understood, but it is suspected to be due to its role in 

stablishing the proton motive force needed for various transport 

rocesses and to maintain intracellular pH homeostasis by extrud- 

ng protons upon ATP hydrolysis [95] . In contrast, the ATP synthase 

s generally not essential for viability in most facultative anaerobic 

acteria (e.g., E. coli [111] and S. aureus [121] ) under aerobic growth 

onditions, except for P. aeruginosa [126–129] . The ATP synthase is, 

owever, conditionally essential, as exemplified with S. aureus cells 

aving electron transport chain deficiencies [ 30 , 156 ] or during in 

ivo conditions, where ATP synthase mutants are generally aviru- 

ent [ 113–120 , 122 , 130 ]. This suggests that the ATP synthase may

till be an interesting target in facultative anaerobic pathogens, 

ven though the ATP synthase is not essential under laboratory 

onditions. It remains to be comprehensively investigated why ATP 

ynthase mutants are avirulent in vivo and whether inhibition of 

he ATP synthase can clear an established infection in animal mod- 

ls. 

Numerous ATP synthase inhibitors have been identified, with 

ome showing selectivity to certain bacterial species, such as be- 

aquiline for Mycobacterial spp [20] . and tomatidine for the order 

f Bacillales [23] . The ATP synthase as a druggable target is well 

stablished among several Gram-positive bacteria beyond M. tuber- 

ulosis , such as S. aureus and Streptococci [ 23 , 30 ]. The ATP synthase

s an essential enzyme in the important Gram-negative pathogens, 

. baumannii and P. aeruginosa , against which the World Health 

rganization and the American Centers for Disease Control con- 

iders development of new therapeutics critical [ 2 , 3 ]. The role of

he ATP synthase in A. baumannii and P. aeruginosa is scarcely in- 

estigated, and it remains to be explored whether ATP synthase 

nhibitors with whole-cell activity can be identified, since limited 

uter membrane permeability and active efflux are lowering the 

ctivity of many molecules against Gram-negative bacteria [192] . 

Structural, biochemical and microbiological studies on ATP syn- 

hase are needed to elucidate the role of this enzyme in pathogens. 

mproved insight into the function of this key enzyme across 
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pecies may eventually provide input for the rational design of 

ew, selective inhibitors of bacterial ATP synthases. 
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