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Abstract

ATP11p and ATP12p are two nuclear-encoded mitochondrial chaperone proteins required for 

assembling the F1Fo-ATP synthase F1 sector. ATPAF1 and ATPAF2 are the mammalian homologs 

of ATP11p and ATP12p. However, the biochemical and physiological relevance of ATPAF1 and 

ATPAF2 in animal tissues with high energy-dependence remains unclear. To explore the in vivo 
role of ATP assembly and the effects of ATP synthase deficiency in animals, we have generated 
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knockout (KO) mouse models of these assembly factors using CRISPR/Cas9 technology. While 

the Atpaf2-KO mice were embryonically lethal, Atpaf1-KO mice grew to adulthood but with 

smaller body sizes and elevated blood lactate later in life. We specifically investigated how 

ATPAF1 deficiency may affect ATP synthase biogenesis and mitochondrial respiration in the 

mouse heart, an organ highly energy-dependent. Western blots and Blue-Native electrophoresis 

(BN-PAGE) demonstrated a decreased F1 content and ATP synthase dimers in the Atpaf1-KO 

heart. Mitochondria from ATPAF1-deficient hearts showed ultrastructural abnormalities with 

condensed degenerated mitochondria, loss of cristae, and impaired respiratory capacity. ATP 

synthase deficiency also leads to impaired autophagy and mitochondrial dynamic. Consequently, 

decreased cardiac function was exhibited in adult Atpaf1-KO mice. The results provide strong 

support that ATPAF1 is essential for ATP synthase assembly and mitochondrial oxidative 

phosphorylation, thus playing a crucial role in maintaining cardiac structure and function in 

animals.
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Mitochondrial dysfunction; Mitochondria; ATP synthase assembly; Oxidative phosphorylation 
(OXPHOS)

1. Introduction

Mitochondrial ATP synthase (or F1Fo-ATP synthase) is a crucial enzymatic complex and 

an ATP generator utilizing the proton motive force from mitochondrial electron transport 

chain. ATP synthase generates more than 90% of cellular ATP, the energy currency (Artika, 

2019; Nakamoto et al., 2008), in eukaryotic cells under aerobic conditions (Kabaleeswaran 

et al., 2006; Srivastava et al., 2018). ATP synthase deficiencies are associated directly, 

or indirectly with various human diseases, such as Leigh syndrome (a neurodegenerative 

disease) (de Vries et al., 1993), neuropathy, ataxia, retinitis pigmentosa syndrome or 

syndromes characterized by severe lactic acidosis and cardiomyopathy (Ghezzi and Zeviani, 

2018; Hong and Pedersen, 2008).

ATP synthase is comprised of the Fo sector in the inner membrane and the connected F1 

sector in the matrix. ATP synthase operates by a rotary catalytic mechanism where proton 

translocation through the Fo region is coupled to ATP synthesis in the catalytic F1 region via 

rotation of a central rotor subcomplex (Zhou et al., 2015). The F1 catalytic domain is mainly 

composed of the (αβ)3 subcomplex (Stock et al., 2000). Previous studies indicate that the 

incorporation of α and β subunits of yeast F1 depends on at least two assembly factors, 

ATP11 and ATP12 homologs (Ackerman and Tzagoloff, 1990) (Supplementary S1), which 

are nuclear-encoded proteins located in yeast mitochondria (Ackerman et al., 1992; Bowman 

et al., 1991). ATP11 knockout (KO) Yeast display ATPase (ATP hydrolysis) deficiency 

(Ackerman and Tzagoloff, 1990). ATPAF1 and ATPAF2 are mammalian homologues 

of ATP11 and ATP12 (Wang et al., 2001). In experiments conducted in yeast, fusion 

proteins containing human ATPAF1 or ATPAF2 and the DNA binding domain of galactose-

responsive transcription factor (Gal4p) is respectively interacting with the β subunit and 

α subunit (Wang et al., 2001). However, the interactions between ATPAF1/2 with the F1 
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subunits have never been validated in mammalian cells and the F1 assembly effects of 

ATPAF1/2 remain unvalidated. Interestingly, a first human case of ATP synthase deficiencies 

due to an ATP12 (ATPAF2) mutation was identified with characteristics that resembled 

Cerebro-oculofacioskeletal (COFS) syndrome (De Meirleir et al., 2004). However, most of 

our current understanding of ATPAF1 and ATPAF2 is derived from studies based on yeast. 

The potential role of ATPAF1 and ATPAF2 in ATP synthase assembly and the subsequent 

pathophysiological consequences in mammals remain obscure. Studies in animals should 

uncover the role of these assembling factors in ATP synthase activity and how they affect 

mitochondrial homeostasis in the in vivo context.

In the present study, we investigate a mouse model with Atpaf1 knockout to gain insights 

into the in vivo function of ATPAF1 in animals. Since ATP synthase generates most ATP 

in the highly energy-dependent heart, we focused on uncovering the effects of ATPAF1 

deficiency on the biogenesis of ATP synthase and mitochondrial respiration in mouse 

heart. We found that ATPAF1 is essential to maintain mitochondrial fitness because of 

its essential role in ATP synthase assembly and function. The lack of ATPAF1 in mice 

leads to cardiac dysfunction. Results from the study yield novel insights into the role of 

ATPAF1-mediated ATP synthase biogenesis and the pathophysiological implications of ATP 

synthase deficiency in the heart.

2. Materials and methods

2.1. Mice

All animals were housed in temperature-controlled cages under a 12-h light-dark cycle 

and given free access to water and normal chow. All animal experiments were conducted 

following the National Institute of Health Guide for the Care and Use of Laboratory 

Animals and were approved by the Committee on the Ethics of Animal Experiments 

of Tongji Medical College. The Atpaf1 knockout (KO) mice were generated by Cyagen 

Biosciences using the CRISPR/Cas9 technique. Genotyping of the offspring was detected 

via PCR analysis and gel agarose electrophoresis. The sequences of the primers are listed 

in Supplementary Table 1. And wild type C57BL/6J mice (Beijing Vital River Laboratory 

Animal Technology Co., Ltd, Beijing, China) were used as the control group. This study was 

approved by the Animal Research Committee of Tongji Medical College, Huazhong Science 

and Technology University.

2.2. Cell culture, transfection and co-immunoprecipitation (Co-IP)

HEK293 cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% 

fetal bovine serum, 100 U/ml penicillin, and 100 μg/ml streptomycin. Cells were maintained 

at 37 °C under humidified conditions, 5% CO2. HEK293 cells were transfected with 

Atpaf1-Flag plasmid using PolyJet™ (Signagen Laboratories, MD, US), according to the 

manufacturer’s instructions. Briefly, cells were plated on 10-cm dishes to obtain ~80% 

confluency at the time of transfection (on the second day). Plasmid containing Atpaf1 (5 

μg/ml) were diluted in 500 μl of serum-free DMEM and vortexed briefly to mix. Then 15 

μl of PolyJet™ reagent were added, vortexed to mix, and incubated for 10 min at room 

temperature. After that, transfection mix was added to the cells in 5 ml serum-containing 

Zhou et al. Page 3

Mitochondrion. Author manuscript; available in PMC 2022 June 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



medium and gene expression 48 h post-transfection was measured. Transfected HEK293 

cells were washed once in PBS then lysed in lysis buffer (20 mM Tris (pH7.5), 150 mM 

NaCl, 1% Triton X-100) on ice for 10–15 min. Unbroken cells and nuclei were removed 

by centrifugation at 12 000g for 10 min. Supernatant fractions were immunoprecipitated 

using Anti-Flag magnetic beads (Bimake, Texas, US), according to the manufacturer’s 

instructions. For reciprocal IP, the antibody ATP5B was incubated first with Protein A/G 

magnetic beads (Bimake, Texas, US), followed by addition of the transfected HEK293 

(pcAtpaf1-Flag plasmid) cells lysate at 4 °C overnight. Then the antigen eluted from the 

support was immunoprecipitated by SDS-PAGE.

2.3. Immunofluorescence staining

AC16 cells were transfected with pcAtpaf1-Flag plasmid using PolyJet™ (Signagen 

Laboratories, MD, US), according to the manufacturer’s instructions. Subcellular 

localization was measured 48 h post-transfection. Transfected AC16 cells were washed 

twice in phosphate buffer saline (PBS) and fixed using 4% formaldehyde fixative at room 

temperature for 15 min. Then the cells were permeabilized by incubating in 1% Triton 

X-100 at room temperature for 15 min. Next, cells were blocked with 5% goat serum in PBS 

at room temperature for 1 h, then incubated with primary antibodies against ATP5B (1:200, 

ABclonal Biotechnology, Wuhan, China) and anti-Flag (1:500, Proteintech Group, Inc, 

USA) at 4 °C overnight, followed by incubation with secondary anti-rabbit and anti-mouse 

fluorescent antibodies (1:500, Boster Biological Tech, Wuhan, China) at room temperature 

for 1 h. Then we observed and analyzed the images by fluorescence microscope.

2.4. Echocardiography

Transthoracic echocardiography was used to assess cardiac function and anatomical changes 

in mice using a Vevo 1100 Imaging System (Visual Sonics, Toronto, Canada) equipped with 

a 30 MHz linear-array transducer. M-mode tracings in parasternal short-axis view were used 

to measure left ventricular (LV) and posterior wall thickness and left ventricular internal 

diameter at end-systole and end-diastole, which were used to calculate left ventricular 

fractional shortening and ejection fraction.

2.5. RNA isolation, quantitative real-time PCR and semi-quantitative RT-PCR

Total RNA from dissected ventricular heart tissue samples was isolated with TRIzol reagent 

(Invitrogen). Total RNA (500 ng) was reverse-transcribed into cDNA using hexametric 

random primers followed by qPCR for genes related to hypertrophy (Anp/Nppa: natriuretic 

peptide type A), heart failure (Bnp/Nppb: natriuretic peptide type B) and the superoxide 

related gene (Nox4; Sod1; Sod2; Gpx1) according to the manufacturer’s instructions. The 

housekeeping gene Actin and Gapdh were used for normalization. Gene expression was 

calculated with the 2−ΔΔCt method. For semi-quantitative RT-PCR, the cycle number was 

optimized for the primers including the housekeeping gene by analyzing gel intensity from 

15 to 30 cycles to make sure that PCR was conducted in linear range of amplification. 

Gapdh was used as a reference gene. PCR products were resolved in 1% agarose gels. The 

sequences of the primers are listed in Supplementary Table 1.
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2.6. Mitochondrial isolation

Cardiac mitochondria were isolated by different centrifugation from male WT and Atpaf1-

KO mice (15–18 W), as previously described (Huang et al., 2017; Kilbaugh et al., 2015). 

Briefly, fresh heart tissue was minced and gently homogenized on ice in buffer A (250 

mM sucrose, 10 mM Tris/Cl, 0.5 mM EDTA, pH7.4) using a 2 ml Potter-Elvehjem Teflon-

glass homogenizer. The homogenate was centrifuged at 800g for 10 min at 4 °C and 

the supernatant was centrifuged at 8000g for 5 min at 4 °C. The precipitate was washed 

once again at 8000g for 5 min at 4 °C and the mitochondrial enriched sediments were 

resuspended in buffer Miro5 (0.5 mM EGTA, 3 mM MgCl2·6H2O, 60 mM K-lactobionate, 

20 mM Taurine, 10 mM KH2PO4, 20 mM HEPES, 110 mM Sucrose, 1g/L BSA, PH7.1) for 

60–100 μl per sample. The protein concentration was determined by the BCA assay (Boster 

Biological Tech, Wuhan, China).

2.7. Mitochondrial ATP synthase activity

Frozen cardiac mitochondria from −80 °C were thawed on ice to report and the protein 

concentration was adjusted to 0.6 μg/μl. The mitochondrial ATP hydrolysis (ATPase) activity 

was measured at 37 °C using a coupled assay to monitor the oxidation of NADH at 340 

nm by pyruvate kinase and lactic dehydrogenase reactions, as described previously (Zheng 

and Ramirez, 1999). The reaction was started by addition of the mitochondria suspension 

(6 μg/10 μl/well) to a reaction mixture containing a final volume of 90 μl: 100 mM Tris 

(pH8.0), 4 mM MgATP, 2 mM MgCl2, 50 mM KCl, 0.2 mM EDTA, 0.4 mM NADH, 1 mM 

phosphoenol pyruvate, 0.2 unit of pyruvate kinase, 0.2 unit of lactate dehydrogenase.

2.8. Assessment of mitochondrial respiration

Respiration of cardiac mitochondria was measured by high-resolution respirometry using the 

Oxygraph-2 k (OROBOROS INSTRUMENTS, Innsbruck, Austria) at 37 °C (Long et al., 

2019). Fresh mitochondrial proteins (100 μg) in air-saturated Miro5 (0.5 mM EGTA, 3 mM 

MgCl2·6H2O, 60 mM K-lactobionate, 20 mM Taurine, 10 mM KH2PO4, 20 mM HEPES, 

110 mM Sucrose, 1 g/L BSA, pH7.1) were added to the 2 ml glass chamber (Huang et 

al., 2017; Kilbaugh et al., 2015). First, malate (2 mM) and pyruvate (5 mM) were added 

to establish routine mitochondrial respiration, followed by ADP (1 mM) and glutamate (10 

mM) to measure the oxidative phosphorylation capacity of complex I(CI). Succinate (10 

mM) was subsequently added to stimulate the maximal physiological capacity, complex 

I and complex II (CII). Thereafter, inhibitors for the different mitochondrial respiratory 

complexes were added to the chamber in the following order: (1) oligomycin (2μg/ml) 

to inhibit complex V(CV) (to estimate the overall mitochondrial related respiration), (2) 

carbonyl cyanide p-(trifluoromethoxy) phenylhydrazone (FCCP) uncoupler with step-wise 

titration in 0.5 μM increments(to assess maximal electron transport system respiratory 

capacity rate), and finally (3) rotenone in 0.5 μM final concentration and antimycin A in 2.5 

μM final concentration (to measure the non-mitochondrial oxygen consumption) to inhibit 

complex I and complex III(CIII) respectively.
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2.9. Electron microscopy

Mice heart ultrastructural analyses were performed to evaluate mitochondrial structure and 

function. Hearts from 15 to 18 W mice were perfused and a small piece of myocardium 

was taken from the LV and fixed in 2.5% glutaraldehyde, then treated with standard 

dehydration and dyeing processes (Santulli et al., 2015). Sections were examined at different 

magnifications with an HT7700 transmission electron microscope (HITACHI, Japan). The 

volume density of mitochondria (Vvm) and the surface density of cristate mitochondria were 

analyzed as described previously (Drexler et al., 1992; Nielsen et al., 2017).

2.10. BN-PAGE

Blue native PAGE (BN-PAGE) was used for one-step isolation of protein complexes from 

biological membranes and total cell and tissue homogenates (Wittig et al., 2006) using 

a protocol as described previously (Beutner and Porter, 2017; Wittig et al., 2006). Every 

400μg cardiac mitochondria of mice was suspended in 40 μl solubilization buffer A (50 

mM sodium chloride, 50 mM Imidazole/HCL, 2 mM 6-Aminohexanoic acid, 1 mM EDTA, 

pH7.0) before adding 12 μl detergent, digitonin (20%) and incubated for 10 min on ice. The 

optimal ratio between protein and digitonin of 6 g/g was used. The sample was centrifuged 

at 20000g for 20 min at 4 °C. The collected supernatant was supplemented with 5 μl 50% 

glycerol and 6 μl 5% Coomassie blue G-250 dye, and 10 μl–20 μl each was loaded onto a 4–

16% gradient native gel. The electrophoresis conditions were as follows: use cathode buffer 

B (50 mM tricine, 7.5 mM imidazole, 0.02% Coomassie blue G-250, pH7.0) and set Change 

cathode buffer B to slightly blue cathode buffer B/10(50 mM tricine, 7.5 mM imidazole, 

0.002% Coomassie blue G-250, pH7.0) for better detection for protein bands after the blue 

running front had moved about one-third of the total running distance. In-gel ATPase activity 

assay was performed following BN-PAGE (Beutner and Porter, 2017). BN gel can then be 

fixed and silver stained using a protocol for staining of tricine-SDS gels (Schägger, 2006). 

2D BN-PAGE was performed followed by 1D BN-PAGE. Excise a 0.5-cm-wide lane from 

1D BN gel, rinse the strip for several seconds with water and load the gel(lane) strip on a 

tricine-SDS-PAGE by which subunits of the native complexes were separated.

2.11. In-gel ATPase activity assay

In-gel activity ATPase assay was to measure ATP hydrolysis activity as described previously 

(Yang et al., 2017). The complete BN gel was cut down and immediately soaked in assay 

buffer (35 mM Tris/Cl, 270 mM glycine, 14 mM MgSO4, 0.2%(w/v) Pb (NO3)2, 8mM ATP, 

pH 8.3) at varying time courses. Gels were fixed in 50% methanol and washed in ddH2O 

and then scanned. We measured the total white precipitate of three bands (dimer, monomer 

and free F1) based on densitometry. VDAC was used as a loading control to ensure the same 

protein loading between WT and Atpaf1-KO.

2.12. Detection of ROS production

ROS production was estimated by oxidation of DHE and ratiometric assessment. The frozen 

heart sections of WT and Atpaf1-KO mice were stained with 5 μM DHE and incubated in 

a light-protected humidified chamber at 37 °C for 30 min. The percentage of DHE-positive 

nuclei was calculated from fluorescence images with the ImageJ software.
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2.13. Histological analysis

Mice were anesthetized with 1% sodium pentobarbital and then killed. The heart was 

excised, briefly washed in iced PBS and fixed in 4% paraformaldehyde at room temperature 

for 2 h and stored at 4 °C. Heart samples were embedded in paraffin and processed for 

histology. WGA, HE and Masson’s trichrome staining were performed according to standard 

procedures and analyzed for the extent of fibrosis and cardiomyocyte cross-sectional area.

2.14. Apoptosis detection by TUNEL assay

A TUNEL assay was performed to evaluate cell apoptosis in myocardial tissues according 

to the manufacturer’s instructions. The nuclei that stained red were considered TUNEL-

positive cells. Four fields per slide in each section were chosen randomly to count the 

number of positive cells at 400× magnification. The apoptosis index (AI) was determined as 

follows: AI = (the number of positive cells/the total number of counted cells) × 100%.

2.15. Western blotting

The frozen cardiac tissues were lysed in a RIPA buffer (Wuhan Servicebio Tech, Wuhan, 

China) with PMSF, protease inhibitor and phosphatase inhibitor (Boster Biological Tech, 

Wuhan, China) according to manufacturer’s instructions. Myocardial homogenates were 

collected from the supernatant after centrifugation at 12000g at 4 °C for 15 min. 

Protein concentrations were measured with the BCA Protein Assay Kit (Boster Biological 

Tech, Wuhan, China) using a spectrophotometer. An equal amount of proteins (20μg for 

myocardial homogenates) for each sample were size-separated by 10–12% SDS-PAGE 

gel electrophoresis and transferred to a PVDF membrane (EMD Millipore, Billerica, MA, 

USA), and blocked with 5% nonfat dye milk for 2 h at room temperature. The membrane 

was incubated with primary antibodies at 4 °C overnight followed by incubation with 

horseradish peroxidase-conjugated secondary antibody at room temperature for 2 h and 

visualized using the ECL western blotting detection reagent (Vazyme Biotech, Nanjing, 

China). Equivalent protein loads were verified and normalized by GAPDH (1:1000, 

Wuhan Servicebio Tech, Wuhan, China) blots. Finally, bands were analyzed by ImageJ 

software. Primary antibodies were as follows: ATPAF1 (1:1000, Santa Cruz Biotechnology, 

CA, US), ATP5A (1:1000, ABclonal Biotechnology, Wuhan, China), ATP5B (1:1000, 

ABclonal Biotechnology, Wuhan, China), VDAC (1:1000, ABclonal Biotechnology, Wuhan, 

China), Caspase3 (1:1000, Cell Signaling Tech, MA, US), cleaved Caspase3 (1:1000, 

Cell Signaling Tech, MA, US). LC3 (1:1000, ABclonal Biotechnology, Wuhan, China), 

MFN1 (1:1000, ABclonal Biotechnology, Wuhan, China), MFN2 (1:1000, ABclonal 

Biotechnology, Wuhan, China), OPA1 (1:1000, ABclonal Biotechnology, Wuhan, China), 

DRP1 (1:1000, ABclonal Biotechnology, Wuhan, China), CI-NDUFB8 (1:1000, ABclonal 

Biotechnology, China) CII-SDHB (1:1000, ABclonal Biotechnology, China), CIII-UQCRC2 

(1:1000, ABclonal Biotechnology, China), CIV-MTCO1 (1:1000, ABclonal Biotechnology, 

China); Horseradish peroxidase (HRP) linked secondary antibodies anti-mouse IgG (1:5000) 

and anti-rabbit IgG (1:5000) were from Boster Biological Tech, Wuhan, China.
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2.16. Statistical analyses

Data were analyzed using the nonparametric Student t-test for two-group comparisons; 

otherwise, data were analyzed by one-factor or mixed, two-factor ANOVA and multiple 

comparisons test. Data were presented as mean ± SEM unless otherwise indicated in figure 

legends. p < 0.05 was considered statistically significant.

3. Results

3.1. Mice with homozygous Atpaf1 knockout are viable with decreased body weight.

To investigate the in vivo role of ATPAF1 and ATPAF2 in ATP synthase assembly and the 

pathophysiological consequences, we generated mice with Atpaf1 and Atpaf2 deficiencies 

using the CRISPR/Cas9 technology (Cyagen Biosciences (Suzhou) Inc.). We have obtained 

F1 pups of Atpaf1 and Atpaf2 with heterozygous KO (Fig. 1A, B). While no pups with 

homozygous Atpaf2-KO were born, we obtained homozygous Atpaf1 knockout mice with 

normal litter size. The mRNA expression of Atpaf1 was assessed using semi-quantitative 

RT-PCR which indicated no detection of Atpaf1 at the transcript level (Fig. 1C). Western 

blots on samples extracted from the heart, brain, liver, and skeletal muscle confirm that 

the ATPAF1 allele was deleted (Fig. 1D). The lack of Atpaf1 does not affect the breeding 

or development of mice. The Atpaf1-KO mice did not show overt signs of behavioral 

abnormalities. The Atpaf1-KO mice (male and female) grew slower than wild type mice 

with modestly reduced body weight (Fig. 1E) for the first half year, also, the knockout 

mice did not recover to similar body weight as the wildtype littermates after 6 months. 

Plasma lactate contents were initially unchanged and arose in Atpaf1-KO mice reached their 

age of 25–30 weeks compared with WT mice (Fig. 1F). These results suggest that Atpaf1, 

unlike Atpaf2, is not essential for embryonic development, but its deficiency leads to growth 

retardation and lactatemia respectively in young and adult mice.

3.2. ATPAF1 interacts with the β-subunit of ATP synthase

We confirmed that ATPAF1 was co-localized with the mitochondrial β-subunit ATP5B 

via immunofluorescence staining, which was consistent with previous studies (Saito et al., 

2010) (Fig. 2A). Moreover, previous studies show that Atp11p binds to the β-subunit in 

yeast (Wang and Ackerman, 2000). To confirm a similar binding in mammalian cells, we 

performed Co-IP experiments in WT HEK293 cells with Atpaf1 transient overexpression 

(Supplementary S3. A). Co-IP experiments showed that the endogenous β-subunit interacts 

with ATPAF1 (Fig. 2B). We next investigated whether ATPAF1 deficiency affects the 

assembly of ATP synthase. We examined cardiac ATP5A (α-subunit) and ATP5B (β-

subunit) expression in wild type and Atpaf1 deficient hearts using Western blot on 

mitochondrial protein extracts. Both the expression of α- and β-subunits were decreased 

in mitochondrial proteins from Atpaf1-KO compared with WT mouse hearts (Fig. 2C-

E). Protein abundances of other respiratory chain complexes in Atpaf1-KO hearts were 

comparable with those of WT mice (Supplementary S2. A-B). These data demonstrate that 

ATPAF1 is essential to maintain the normal abundance of α- and β-subunits of the F1 

component of ATP synthase. The lack of ATPAF1 appears to impair F1 assembly.
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3.3. Absence of ATPAF1 reduces ATP synthase, dimerization, and activity

We next conducted immunoblots on protein samples transferred from BN-PAGE to detect 

ATP synthase F1 in dimeric, monomeric, and free F1 forms (Fig. 3A, B). The relative 

expression of dimeric and monomeric F1 in Atpaf1-KO hearts was markedly reduced 

compared with the WT control (Fig. 3C). Two-dimensional BN-PAGE (2D BN-PAGE) 

revealed a reduced ATP synthase content in the Atpaf1-KO compared to the WT hearts (Fig. 

3D; Supplementary S.3B). Furthermore, In-gel ATPase staining showed a 40–65% decrease 

in ATPase activity in mitochondria extracted from Atpaf1-KO vs WT hearts (Fig. 3E, F; 

Supplementary S4 D and E). The biochemical assay showed that the Atpaf1-deficient hearts 

had a decreased ATP synthase (ATPase) activity compared with WT control hearts (Fig. 

3G, H). Therefore, these results indicate that the loss of ATPAF1 will lead to reduced ATP 

synthase activity and dimerization due to its role in assembling ATP synthase F1.

3.4. Deficiency of Atpaf1 attenuates mitochondrial respiration capacities, resulting in 
increased ROS generation, mitochondrial depolarization and disrupting mitochondrial 
morphology

The functional effects of Atpaf1 deficiency on mitochondrial energy conversion were 

analyzed using a high-resolution Oroboros Oxygraph system. Specifically, routine 

mitochondrial respiration was measured via the concomitant addition of malate and 

pyruvate, followed by ADP and glutamate representing oxidative phosphorylation 

(OXPHOS) capacity of CI (OXPHOSCI), driven by the NADH-related substrates. Succinate 

was added to stimulate maximal OXPHOS capacity (OXPHOSCI+CII). All these three 

capacities were reduced in mitochondria extracted from Atpaf1-KO compared with WT 

hearts (Fig. 4A-C), whereas LEAK respiration (LEAKCI+CII), mitochondrial respiration 

independent of ATP-production, and the maximal convergent non-phosphorylating 

respiration of the electron transport system (ETSCI+CII) were not altered (Fig. 4D, E). 

Subsequently, rotenone was added to inhibit CI to measure the electron transport system 

(ETS) capacity supported by succinate alone through CII(ETSCII). Finally, electron flow 

through the ETS was blocked by the complex III(CIII) inhibitor antimycin-A (AA), 

revealing the residual oxygen consumption not related to ETS. This value was subtracted 

from every respiratory state in the analysis. Furthermore, we analyzed the respiratory 

control ratios (RCR) (Fig. 4F) to evaluate the structural integrity of the inner mitochondrial 

membrane (IMM) and OXPHOS efficiency. In-gel CI-CIV activity staining on BN-PAGE 

gels showed that a reduced CI activity in samples from Atpaf1-KO compared with WT 

hearts (Supplementary S2. C-F). Furthermore, DHE staining for superoxide was increased 

in Atpaf1-KO compared with those of WT heart sections (Fig. 4G, H). In addition, the 

relative expression of the superoxide related gene was detected by qPCR (Supplementary 

S3. C-F). The NADPH oxidase subunit NOX4, a substrate of NADPH that can generate 

ROS, was increased in Atpaf1-KO group. While the relative expression of Gpx1 which 

encodes GPX1, a member of the antioxidant enzyme system was decreased in Atpaf1-KO. 

We next assessed the rate of calcium induced mitochondrial permeability transition (MPT) 

pore activation and found no change (Fig. 4I). We further investigate how mitochondrial 

quality control and dynamic changes in response to the observed mitochondrial dysfunction 

caused by Atpaf1 deficiency. As a marker of autophagosome membranes, changes in cellular 

LC3-II level are connected to autophagic activity. DRP1-mediated mitochondrial fission, 
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OPA1, MFN-mediated mitochondrial fusion maintain mitochondrial dynamism. Western 

blots revealed that LC3 II protein was downregulated in Atpaf1-KO relative to WT control 

(Fig. 5 A, B). Whereas western blot detected no change of mitofusin 1 (MFN1) protein 

(Fig. 5C, D), the protein abundances of Optic atrophy 1 (OPA1) and mitofusin 2 (MFN2) 

were decreased and dynamin-related protein 1 (DRP1) were increased in the Atpaf1-KO 

compared with WT group (Fig. 5E-G), suggesting imbalanced mitochondrial autophagy and 

dynamics may occur in the Atpaf1-KO heart. Transmission electron microscopy (TEM) 

assessment revealed disorganized and smaller mitochondria with reduced cristae density and 

mitochondria area in Atpaf1-KO heart sections compared with those of WT (Fig. 6A-C). 

Therefore, these results demonstrate that the lack of Atpaf1 and subsequent ATP synthase 

deficiency lead to major impacts on mitochondrial homeostasis.

3.5. Deletion of Atpaf1 in mice leads to cardiac dysfunction and LV remodeling

We next investigated how the ATP synthase deficiency and the subsequent mitochondrial 

defects would impact cardiac structure and function. Echocardiographic assessment at 

different time points revealed that the Atpaf1-KO mice (male) exhibited sustained decrease 

in ejection fraction (EF%) (Fig. 7A, B) and fractional shortening (FS%) (Fig. 7C), which 

were similar to those of female mice (Supplementary S4A-C. The Atpaf1-KO hearts showed 

increases in heart weight/tibia length ratio and the relative Bnp mRNA expression (Fig. 

7D-F). Furthermore, histological examination using HE and WGA staining on heart sections 

revealed that the cardiomyocyte cross-section area was enlarged in Atpaf1-KO compared 

with WT hearts (Fig. 7G, H). Masson’s trichrome staining displayed elevated fibrosis in 

Atpaf1-KO hearts relative to WT hearts (Fig. 7G, I). TUNEL assays revealed that apoptotic 

cells were increased in Atpaf1-KO compared to that of WT hearts (Fig. 8A, B). Western 

blot analysis revealed that the cleaved Caspase 3 was increased in Atpaf1-KO compared 

with WT hearts (Fig. 8C-E). These results demonstrate that the lack of Atpaf1 in adult mice 

caused cardiac dysfunction, hypertrophy and remodeling.

4. Discussion

The assembly of mitochondrial ATP synthase in mammalian cells remains largely a 

midstory. The present study provides in vivo evidence supporting that ATPAF1 is essential 

for ATP synthase F1 assembly and ATP synthase activity, leading to numerous mitochondria 

defects and the development of dilated cardiomyopathy. These results uncover for the first 

time the essential role of ATPAF1-dependent ATP synthase in maintaining the operation of 

ATP synthase, mitochondrial homeostasis, and organ function.

ATPAF1, a ~31–32-kDa mitochondrial protein, is a nuclear gene product that is required 

for carrying the β subunit for the assembly of mitochondrial F1-ATP synthase in yeast 

(Ackerman et al., 1992; Ackerman and Tzagoloff, 1990; White and Ackerman, 1995). In 

addition to the ATPAF1, ATPAF2, another nuclear gene encoded protein, is thought to be 

responsible for the assembly of α subunit (Ackerman and Tzagoloff, 1990; Bowman et al., 

1991; Wang and Ackerman, 1998). In this study, we generated F1 pups of both ATPAF1 and 

ATPAF2 with heterozygous KO. Unlike germline transmission of ATPAF1 heterozygotes, no 

viable pups with homozygous Atpaf1-KO were born. The global KO Atpaf2 mice generated 
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using another strategy also showed preweaning lethality (EuMMCR/EMMA Repository). 

This observation illustrates the essential requirement of ATP synthase for the early stages 

of mammalian prenatal development. The results implicate that ATPAF2 may have a more 

crucial function in the final assembly and the activity of ATP synthase. This observation is 

consistent with previous studies in yeast, in which more than 60% of ATP synthase activity 

was lost in Atpaf2 null yeast and only 30% of ATP synthase activity was lost in Atpaf1 
null yeast (Ackerman and Tzagoloff, 1990). Our result confirm that ATPAF1 interacts with 

F1 β-subunit as those shown in yeast studies (Wang and Ackerman, 2000). However, we 

have to overexpress Atpaf1 in cultured HEK293 cells to detect the interaction. It appears 

that the F1 assembly event is minimal under basal condition. However, the loss of ATPAF1 

is sufficient to impair F1 assembly. Moreover, both the expression of α- and β-subunits 

were decreased in mitochondrial proteins from Atpaf1-KO mouse. As the main structure 

protein in F1 domain, the α- and β-subunits together form a (αβ)3 subcomplex, indicating 

that loss of ATPAF1 impacted alpha subunit indirectly. Meanwhile, we could also speculate 

that the role of ATPAF1 is binding and protecting ATP5B stability and loss causes loss of 

ATP5B stability, which then because of the stoichiometry of the enzyme causing secondary 

degradation of ATP5A. Therefore, the Atpaf1-KO mice provide an ideal model to gain 

insights into the role of ATP synthase assembly in animal cells and tissues.

The biogenesis of ATP synthase is a complicated process depending on different ancillary 

factors. At least 13 ATP synthase -specific factors exist in yeast, but only limiting factors 

related to mammalian ATP synthase have been found so far (Havlíčková et al., 2010). 

The identification of conserved metallopeptidase called ATP23 mediates the maturation of 

the mitochondrial-encoded Fo-subunit atp6 (Osman et al., 2007). TMEM70 was suggested 

as a novel factor of ATP synthase biogenesis in eukaryotes (Hejzlarová et al., 2011; 

Kratochvílová et al., 2014). In addition to ATPAF1, ATPAF2 is thought to be responsible 

for the assembly of α subunit (Ackerman and Tzagoloff, 1990; Wang and Ackerman, 

1998). Our results demonstrate that the feasibility of using molecular genetic approach 

to preclinical animal models gained novel insights into the sequential biochemical and 

pathological mechanisms, which may lead to better therapeutic options for the treatment of 

ATP synthase deficiencies and to cardiac disorders in general.

ATP synthase catalyzes the synthesis of ATP from ADP and inorganic phosphate utilizing 

the energy of an electrochemical ion gradient. In contrast, ATP synthase function as 

ATPase (ATP hydrolysis) under conditions of low driving force, exiting in the hydrolysis 

process (Deckers-Hebestreit and Altendorf, 1996). In Atpaf1-KO mouse hearts, the defect 

manifested functionally as a pronounced decrease in ATP synthase activity. In addition, 

respiratory capacity of isolated mitochondria from Atpaf1-KO mouse heart was impaired. 

Despite no differences in the LEAK respiration (mitochondrial respiration independent of 

ATP production) and maximal convergent respiratory capacity of the electron transport 

system, Atpaf1-KO mice displayed lower efficiency in basal respiration and oxidative 

phosphorylation capacity of both CI and CII as compared to WT mice, indicating the 

impaired mitochondrial function in Atpaf1 deficiency mice. However, further studies will 

require to determine if the ATP synthase deficiency in the Atpaf1-KO heart impairs 

mitochondrial respiration directly or indirectly via mitochondrial morphological defects.
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Cristae formation extends the membrane surface to accommodate the respiratory chain 

complexes, making it possible to meet the high energy demands of eukaryotic cells (Lane 

and Martin, 2010). An interesting finding of our study is that the deletion of Atpaf1 in 

adult mice affects the content and dimerization of ATP synthase, supporting indirectly the 

hypothesis that mitochondrial ATP synthase plays a role in forming dimeric arrays in the 

inner membrane of yeast and mammalian mitochondria (Campanella et al., 2008; Hahn 

et al., 2016). Our experiments based on BN-PAGE and the following western blots to 

separate the respiratory chain complexes demonstrate that the dimer, monomer, and free 

F1 of the ATP synthase in mitochondria of Atpaf1-KO mouse hearts were all decreased. 

ATP synthase dimerization is involved in shaping the mitochondrial cristae and thus the 

biogenesis of the inner mitochondrial membrane (Davies et al., 2012; Paumard et al., 2002; 

Strauss et al., 2008). As an assembly factor for ATP synthase, the deletion of Atpaf1 
reduces the dimerization content of ATP synthase, thus altering the structure and density of 

mitochondria, which is evident by the ultrastructural changes in the Atpaf1-KO heart with 

vacuolization, swelling, and loss of mitochondrial cristae.

Mitochondria are the main source of endogenous reactive oxygen species (ROS) (Murphy 

and Steenbergen, 2007) which drives oxidative stress and causes cellular dysfunction and 

damage at higher levels (Peoples et al., 2019; Pohjoismäki and Goffart, 2017; Tsutsui et al., 

2011). The observed cardiac dysfunction and pathology in the Atpaf1-KO heart should also 

be derived from excessive ROS production due to the inefficient oxidative phosphorylation. 

The increased oxidative stress is apparently contributing to the modest depolarization 

of the mitochondria. However, oxidative stress appears within a tolerated level to not 

trigger the opening of MPTP. Taken together, inefficient oxidative phosphorylation, ATP 

deficit and mitochondrial defects due to loss of cristae density and increased ROS in the 

Atpaf1-KO mice may all contribute to cardiac cell death, following cardiac dysfunction, 

dilated hypertrophy and remodeling. Despite the dramatic impairment of mitochondrial 

structure and function, autophagy and mitochondrial dynamics in Atpaf1-KO mice were also 

impaired. However, the mechanisms underlying the dysregulation autophagy and potential 

upregulation of mitochondrial fission are not clear, but plausibly related to energy depletion 

and mal-adaptation to the ATP synthase deficiency.

Patients with severe ATP synthase deficiencies or mitochondrial dysfunction often 

manifest cardiac defects, which lead to early death (Malfatti et al., 2013; Mráček et 

al., 2006). Atpaf1-KO mice showed early and sustained cardiac dysfunction, dilatation, 

and remodeling, but mostly survival through adulthood, indicating that Atpaf1-KO-related 

ATP synthase deficiency is relatively modest and not progressive. Atpaf1-KO mice, as a 

preclinical model, will provide an unprecedented opportunity for in-depth investigations to 

understand the biochemical and pathological mechanisms for better care and prevention 

among patients with partial ATP synthase deficiencies. The impairment of ATP synthase 

activity in Atpaf1 null mice appear relatively modest but sufficient to cause cardiac 

phenotype in the heart, which is an organ with high demands on mitochondrial oxidative 

energy (Bindoff, 2003; Limongelli et al., 2017). The adverse consequences of cardiac 

dysfunction and LV remodeling in the Atpaf1-KO mice suggest that ATPAF1 is essential for 

the mouse to maintain normal heart function. However, the phenotypic changes in the heart 

could partly be derived from global metabolic changes. Future studies using tissue-specific 
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gene targeting animals should help gain crucial insights into the role of ATPAF1 in cardiac 

pathophysiology.

5. Conclusion

In summary, results from the present investigation on a preclinical mouse model of 

Atpaf1-KO provide strong support that ATPAF1 is essential for ATP synthase assembly, 

mitochondrial morphology, and oxidative phosphorylation, thus playing a crucial role in 

maintaining cardiac structure and function.
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Abbreviations:

ATPAF1 ATP synthase mitochondrial F1 complex assembly factor 1

ATPAF2 ATP synthase mitochondrial F1 complex assembly factor 2

LV left ventricle

KO knockout

WT wild type

BN-PAGE Blue-Native electrophoresis

FCCP carbonyl cyanide p-(trifluoromethoxy) phenylhydrazone

2D BN-PAGE two-dimensional BN-PAGE

TEM transmission electron microscopy

OXPHOS oxidative phosphorylation

CI complex I

CII complex II

CIII complex III

CIV complex IV

CV complex V

ETS the electron transport system
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RCR the respiratory control ratios

AA antimycin-A

IMM the inner mitochondrial membrane

Anp/Nppa natriuretic peptide type A

Bnp/Nppb natriuretic peptide type B

MPT mitochondrial permeability transition

MFN1 mitofusin1

MFN2 mitofusion2

OPA1 Optic atrophy 1

L-OPA1 long form of OPA1

S-OPA1 short form of OPA1

DRP1 dynamin-related protein1

LC3 microtubule-associated protein light chain 3

Gal4p galactose-responsive transcription factor

Gpx1 glutathione peroxidase1

Nox4 NADPH oxidase 4

Sod1 superoxide dismutase 1

Sod2 superoxide dismutase 2
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Fig. 1. 
ATPAF1 protein expression, plasma lactate content and body weight changes between wild 

type and Atpaf1-KO mice. (A) Scheme for generating the Atpaf1 and Atpaf2 knockout 

mice. F1, F2, R with arrow represent primer information. (B) Genotyping of progeny from 

Atpaf1 and Atpaf2 heterozygous intercross. Atpaf1: homozygotes: 966 bp, heterozygotes: 

966 bp/526 bp, wildtype allele: 526 bp. Atpaf2: homozygotes: 846 bp, heterozygotes: 846 

bp/408 bp, wildtype allele: 408 bp. (C) The transcript level of Atpaf1 was assessed using 

semi-quantitative RT-PCR. (D) Protein levels of ATPAF1 in heart/brain/liver/skeletal muscle 

tissues were determined by Western blots. GAPDH was used as protein loading control. 

Samples were extracted from 20 to 25 weeks mice (n = 2–4). (E) Body weight curves of WT 

and Atpaf1-KO mice at different weeks (Male and female mice: 3–25 weeks, n = 5–20). (F) 

Plasma lactic acid concentration. Red bar chart indicated the WT and the green indicted the 
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Atpaf1-KO. Samples were taken from mice plasma centrifuged after leaving the blood at 4 

°C for 2–4 h (n = 5–8). **p < 0.01 vs wild type. Values are expressed as mean ± SEM.
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Fig. 2. 
ATPAF1 interacts with the β-subunit of ATP synthase. (A) Subcellular localization of 

ATPAF1 in AC16 cells. (B) Interactions between ATPAF1 and α-, β-subunits. (C) Western 

blot analysis of ATP5A and ATP5B on mitochondrial protein samples. VDAC was used as 

the protein loading control. Samples were mitochondrial protein extracted from LV tissue of 

20-week mice (n = 4). (D-E) Quantitative analysis of the blots. *p < 0.05 vs wild type. **p < 

0.01 vs wild type. Values are expressed as mean ± SEM.
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Fig. 3. 
Absence of ATPAF1 reduces dimerization and overall content of F1Fo-ATP Synthase, 

impairing ATP synthase activity. (A) Separation of heart mitochondrial protein solubilized 

by digitonin using a detergent/protein ratio of 6 (g/g) and immunoblotted with anti-α 
and β subunit of ATP synthase antibody (n = 4). (B) Images of Western blots bands for 

dimer, monomer, free F1 and VDAC. (C) Quantitative data showing the relative expression 

of dimer, monomer and free F1 between WT and Atpaf1-KO mice. VDAC was used 

as protein loading control (n = 4). (D) Analysis of subunits of the mitochondrial ATP 

synthase complex from mice heart tissue by 2D BN-PAGE. Cardiac mitochondrial protein 

complexes were first separated by BN-PAGE. Afterwards, the lane for each of WT and 

Atpaf1-KO mice were processed by 2D BN-PAGE, then the gels were conducted with silver 

staining. Arrows mark α- and β-subunit separated from WT and Atpaf1-KO mitochondria 

protein. (E) Representative images of In-gel ATPase activity (n = 3). (F) Quantitative data 
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of In-gel ATPase activity and VDAC was used as protein loading control. The samples 

were cardiac mitochondria isolated from 16 to 18 weeks WT and Atpaf1-KO mice. (G) 

ATPase hydrolysis assay for cardiac mitochondria. (n = 5). (H) Quantitative analysis of the 

activity levels from (G). The experiment shown above is representative of three independent 

experiments. *p < 0.05, **p < 0.01, ***p < 0.001 vs wild type. Values are expressed as 

mean ± SEM.
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Fig. 4. 
Deficiency of ATPAF1 weakens cardiac mitochondrial respiration capacities and increases 

myocardial ROS levels in Atpaf1-KO mice. (A-F) Real-time oxygen consumption 

experiments in WT and Atpaf1-KO groups. Fresh mitochondrial proteins were extracted 

from 18 to 20 weeks WT and Atpaf1-KO mice. Quantitative analysis of different stages of 

the mitochondrial respiratory process (n = 8). (A) Basal mitochondrial respiration capacities 

(Routine). (B) Phosphorylating respiration capacities via convergent input through complex 

I (OXPHOSCI). (C) Maximal phosphorylating respiration capacities via convergent input 

through complexes I and II (OXPHOSCI+CII). (D) The maximal uncoupled respiratory 

capacities of ETS (ETSCI+CII). (E) Inhibition of the phosphorylation system by oligomycin 

(LEAKCI+CII). (F) Respiratory control ratio (RCR). (G) Representative images of frozen 

heart sections stained with DHE (red) and DAPI (blue) (n = 3). (H) Quantitative analysis of 

the DHE-positive nucleus (12 fields from 3 mice per group). (I) Calcium-induced swelling 
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rates of mitochondria isolated from mice heart (n = 5). *p < 0.05, **p < 0.01, ***p < 0.001 

vs wild type. Values are expressed as mean ± SEM.
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Fig. 5. 
The expression of autophagy-related protein and mitochondrial dynamics-related proteins. 

(A) Total protein expression of LC3 protein in vivo were determined by Western blots. 

GAPDH was used as protein loading control. (B) Quantitative analysis of the blots. (C) The 

expression of mitochondrial dynamics-related proteins. (D-G) Quantitative analysis of the 

blots. The experiment shown above is representative of three independent experiments. *p < 

0.05, **p < 0.01 vs wild type. Values are expressed as mean ± SEM.
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Fig. 6. 
Cardiac mitochondrial ultrastructure of Atpaf1-KO mice. (A) Representative TEM 

micrographs of 15–18 weeks old WT and Atpaf1-KO mouse hearts (n = 4). (B-C) 

Quantitative analyses of mitochondrial abundance and morphometry. **p < 0.01, ***p < 

0.001 vs wild type. Values are expressed as mean ± SEM.
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Fig. 7. 
ATPAF1 deficiency in mice leads to cardiac dysfunction and LV remodeling. (A-C) 

Echocardiography of left ventricular structure and function of WT and Atpaf1-KO mice (n 

= 4–7). (A) Representative images of echocardiograms. (B) Echocardiographic measurement 

of LV ejection fraction (EF%). (C) Echocardiographic measurement of fractional shortening 

(FS%). (D) Heart weight to tibia length (HW/T, mg/mm) (n = 5–6). (E-F) Relative mRNA 

expression levels of Anp and Bnp were determined by qPCR. The housekeeping gene Actin 
was used for normalization (n = 3). (G) Representative histological images with WGA, 

HE and Masson’s trichrome staining of heart sections taken from 18 to 22 week mice (n 

= 4). (H) Quantitative data of the cross-sectional area of each cell. (I) Quantification of 

fibrotic area from Masson’s trichrome staining photographs. The experiment shown above 

is representative of three independent experiments. *p < 0.05, ***p < 0.001 vs wild type. 

Values are expressed as mean ± SEM.
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Fig. 8. 
Cardiomyocyte apoptosis in Atpaf1-KO mice. (A) Representative photomicrographs for 

TUNEL staining (red) of heart sections from WT and Atpaf1-KO mice (n = 3). (B) 

Quantitative data of TUNEL-positive cells. (C) Western blots of Caspase3 and cleaved 

Caspase3. GAPDH was used as loading control (n = 4). (D-E) Quantitative protein 

expression of Caspase3 and cleaved Caspase3. ***p < 0.001 vs wild type. Values are 

expressed as mean — SEM.
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