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Summary

Reprogramming of metabolic pathways determines cell functions and fate. In our work, we have 

used organelle-targeted ATP biosensors to evaluate cellular metabolic settings with high resolution 

in real time. Our data indicate that mitochondria dynamically supply ATP for glucose 

phosphorylation in a variety of cancer cell types. This hexokinase-dependent process seems to be 

reversed upon the removal of glucose or other hexose sugars. Our data further verify that 

mitochondria in cancer cells have increased ATP consumption. Similar subcellular ATP fluxes 

occurred in young mouse embryonic fibroblasts (MEFs). However, pancreatic beta cells, senescent 

MEFs, and MEFs lacking mitofusin 2 displayed completely different mitochondrial ATP 

dynamics, indicative of increased oxidative phosphorylation. Our findings add perspective to the 

variability of the cellular bioenergetics and demonstrate that live cell imaging of mitochondrial 

ATP dynamics is a powerful tool to evaluate metabolic flexibility and heterogeneity at a single-cell 

level.

Introduction

Multiple cellular pathways converge to regulate the complex energy metabolism, which is a 

determinant for cell functions and fate (DeBerardinis and Thompson, 2012). As the nutrient 
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availability varies, cells need to handle both abundance and lack of metabolizable substrates 

by reprogramming metabolic pathways (DeBerardinis and Chandel, 2016; Vander Heiden 

and DeBerardinis, 2017). A growing number of findings highlight that such processes are 

vital for cells to fulfill specific and essential functions (Gao et al., 2014; Goodpaster and 

Sparks, 2017; Ryall, 2013; Sousa et al., 2015). Cells of the immune system, for example, 

shift between different metabolic pathways in order to activate either inflammatory or anti-

inflammatory responses (Van den Bossche et al., 2017). Metabolic reprogramming can also 

cause severe pathologies, such as inflammation (Kelly and O’Neill, 2015), 

neurodegeneration (Engel, 2016), and heart failure (Sun and Wang, 2016). Moreover, 

metabolic changes have been associated with tumorigenesis and cancer progression (Gentric 

et al., 2017; Vander Heiden and DeBerardinis, 2017). The energy metabolism of cancer cells 

is optimized to promote cell growth and proliferation and thereby distinguishes itself from 

most differentiated cells. Over the past decades, the metabolic reprogramming in cancer has 

been studied extensively (Gobbe and Herchuelz, 1989). Strikingly, it has been suggested that 

cancer might represent a metabolic disease, rather than a genetic one (Seyfried et al., 2014), 

emphasizing that metabolic alterations could be causative for tumor formation, a view that 

contrasts with the common opinion that DNA mutations initiate tumorigenesis (Haber and 

Fearon, 1998).

A common feature of many cancer cells and other rapidly proliferating cells (Brand and 

Hermfisse, 1997) is an increased uptake of glucose, which is subsequently fermented to 

lactate even in the presence of enough oxygen and fully functional mitochondria. This 

phenomenon, known as the “Warburg Effect” (Liberti and Locasale, 2016), was discovered 

more than 90 years ago, and its causes and consequences are still extensively investigated. 

Although conversion of glucose to lactate yields considerably less energy in the form of ATP 

per input glucose molecules compared to full glucose oxidation via mitochondrial 

respiration, cancer cells might benefit from low rates of oxidative phosphorylation (Vander 

Heiden et al., 2009). Oxygen consumption by mitochondria, coupled with electron transfer 

by the complexes of the respiratory chain, is often accompanied by the generation of reactive 

oxygen species (ROS) (Murphy, 2009), which have critical signaling functions (D’Autréaux 

and Toledano, 2007) but can also lead to cell damage and death (Panieri and Santoro, 2016). 

Hence, an important feature of cancer cell metabolism might be a fast and constant 

generation of high amounts of ATP, while maintaining a vital balance of ROS formation and 

signaling (Ogrunc, 2014). This implies that cancer cells must be metabolically flexible and 

able to switch between substrate sources in order to fill metabolite pools and optimize ATP 

generation and consumption (Porporato et al., 2018). However, our understanding of the 

dynamics of such processes on the level of single cells as well as the molecular mechanisms 

behind them is quite limited.

Recently, genetically encoded fluorescent probes for real-time imaging of specific cellular 

metabolites have been developed (e.g., Bilan et al., 2014; San Martín et al., 2014; Takanaga 

et al., 2008). Among these tools are Förster resonance energy transfer (FRET)-based ATP 

probes, referred to as “ATeams” (Imamura et al., 2009; Vishnu et al., 2014; Yoshida et al., 

2017). ATeams are approved tools that enable visualizing spatiotemporal dynamics of 

intracellular ATP fluctuations and, thus, give insight into the metabolic activities of 

individual cells. Here, we used these fluorescent probes targeted to distinct cellular 
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compartments in order to investigate the dynamics of intracellular ATP pools in response to 

acute glucose removal, glucose substitution, as well as mitochondrial toxins. With our 

imaging approach, we show that mitochondrial ATP is particularly subject to fluctuations 

following such interventions. Moreover, we introduce a meaningful imaging approach to 

investigate the metabolic activity and flexibility at the single-cell level, allowing us to 

characterize cancer cell metabolism, as well as to detect metabolic adaptations in response to 

cellular aging or gene knockout.

Results

Acute Glucose Starvation Causes Strong ATP Alterations within the Mitochondria of HeLa 
Cells

To uncover the metabolic settings and flexibility of single cells, we utilized the rather simple 

protocol of glucose deprivation and its impact on organelle ATP levels. We started with 

HeLa cells, a frequently used standard cancer cell line (Masters, 2002), to investigate how 

dynamic glucose withdrawal might affect the intracellular ATP content of cancer cells. Cells 

were transfected with FRET-based ATP sensors targeted to the cytosol (Cyto, AT1.03) 

(Imamura et al., 2009), mitochondria (Mito, mtAT1.03) (Imamura et al., 2009), or 

endoplasmic reticulum (ER, ERAT1.03) (Vishnu et al., 2014), respectively (Figure 1; Video 

S1). Since all ATP sensors used in this study are ratiometric, FRET ratios were found to be 

independent of the expression levels of the probe (Figures S1A–S1C) and thus allow the 

assessment of intracellular ATP levels and changes. FRET ratio signals corresponding to 

intracellular ATP levels were measured over time in single cells exhibiting the correct 

localization of the sensors (Figure 1A). We observed that under basal conditions—in the 

presence of glucose—ATP levels remained constant and were the highest in the cytosol, 

slightly lower in the matrix of mitochondria, and the lowest in the ER lumen (Figures 1A–

1C). Interestingly, the FRET ratio values of the mitochondria-targeted ATP sensor showed 

clear variations (Figures 1A and S1D) compared to the cytosolic and ER-targeted probes 

(Figures 1A and S1E), pointing to areas of high and low ATP levels within mitochondria. 

However, in this study we did not focus on local submitochondrial ATP gradients, but were 

interested in global ATP dynamics within the various cellular compartments upon glucose 

depletion (Figures 1A, 1B, 1D, and 1E). In mitochondria, glucose removal induced a 

transient rise of global matrix ATP followed by a fast and prominent decline within minutes 

(Figures 1A and 1B). Mitochondrial ATP levels quickly recovered upon glucose readdition 

to HeLa cells (Figures 1A and 1B). On the other hand, the high cytosolic and low ER ATP 

levels changed only moderately and rather slowly when glucose was removed or readded 

(Figures 1A and 1B). Cell treatment with 2-deoxyglucose (2-DG), a glucose analog that 

inhibits glycolysis following ATP dependent phosphorylation (Xi et al., 2014), reduced ATP 

levels within mitochondria more strongly than glucose withdrawal alone, and also markedly 

reduced cytosolic ATP levels (Figures 1A and 1E). These experiments showed that glucose 

deprivation mostly affects mitochondrial ATP levels, resulting in an initial increase and a 

subsequent depletion of ATP within this organelle.
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Transient Mitochondrial ATP Increase upon Glucose Deprivation Depends on 
Mitochondria-Located Hexokinase 1 and 2 Activities

The amplitude and kinetics of the transient ATP increase within HeLa cell mitochondria 

upon glucose removal showed a high cell-to-cell variability (Figures 2A, 2B, and 2F), 

probably pointing to different metabolic activities of individual cells. The signal differences 

within this cloned cell line were observed in cells on the same dish (Figure S1F) or among 

different dishes. In contrast, cytosolic glucose levels, which were measured with a 

genetically encoded glucose sensor (Takanaga et al., 2008), decreased instantly and 

uniformly upon glucose removal (Figures 2C, 2D, 2F, and S1G), and the glucose depletion 

preceded the mitochondrial ATP response (Figures 2E and 2F). We hypothesized that the 

mitochondrial peak ATP signal was linked to the activity of hexokinase (HK) enzymes for 

two reasons: first, the initial step of glucose metabolism is ATP-dependent phosphorylation 

of glucose by hexokinase enzymes. Second, hexokinases localize to the outer mitochondrial 

membrane (OMM) (Figure S2), where they interact with the OMM voltage-dependent anion 

channel (VDAC), suggesting that these enzymes consume mitochondria-derived ATP (Arora 

and Pedersen, 1988; Nelson and Kabir, 1986; Roberts and Miyamoto, 2015; Robey and Hay, 

2006; Wilson, 2003). To directly investigate the role of the two predominant hexokinase 

isoforms hexokinase 1 (HK1) and hexokinase 2 (HK2) on the mitochondrial ATP increase 

upon glucose removal, the expression of both enzymes was partially silenced in HeLa cells 

using small interfering RNA (siRNA) (Figure S3A). While knockdown of HK1 and HK2 did 

not affect basal cytosolic ATP levels (Figure S3B), the amplitudes of the mitochondrial ATP 

peak upon acute glucose removal in cells treated with siRNAs against HK1 and HK2 were 

significantly reduced compared to respective controls (Figures 2G–2I). Next, we used super-

resolution structural illumination microscopy (SIM) to investigate the subcellular 

localization of GFP tagged HK1 (HK1-GFP) and HK2 (HK2-GFP) in intact HeLa cells. For 

this purpose, cells expressing either HK1-GFP (Figure S2A) or HK2-GFP (Figure S2B) 

were co-transfected with mCherry-TOM22, a label of the OMM or co-stained with 

MitoTracker Red. These experiments showed that both HK1-GFP and HK2-GFP are 

exclusively located at the OMM of intact HeLa cells (Figure S2).

We then used another approach to investigate the relevance of hexokinase enzymes for the 

peak mitochondrial ATP signal. Glucose was substituted with either 2-DG or mannose, both 

of which remain phosphorylated by hexokinases. Indeed, glucose substitution with 2-DG 

(Figure 2J) or mannose (Figure 2K) did not produce mitochondrial ATP increases, but 

considerably reduced ATP levels within the organelles. Replacing glucose by 2-DG depleted 

mitochondrial ATP more efficiently and faster, compared to the removal of glucose or the 

exchange of glucose by mannose (Figures 2J–2L). While the addition of 2-DG induced rapid 

and quite uniform mitochondrial ATP depletions in all HeLa cells (Figure 2J), substitution of 

glucose with mannose provoked mitochondrial ATP drops with a broader range of kinetics 

(Figure 2K).

Hexokinase Reaction May Be Reversible and Fuel Mitochondria with ATP in the Absence of 
Hexoses

When we successively repeated the glucose depletion protocol in one cell, the mitochondrial 

ATP peak became less pronounced with each repetition (Figure 3A). Hence, we 

Depaoli et al. Page 4

Cell Rep. Author manuscript; available in PMC 2019 April 09.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



hypothesized that the mitochondrial peak ATP signal is the result of the reversal of the 

hexokinase reaction. Because of the lack of glucose, no substrate is available for the 

phosphorylation reaction. Therefore, hexokinases may transform glucose 6-phosphate to 

glucose, and thereby produce ATP, which is instantly transferred into mitochondria. The 

manifestation of the peak signal would depend on the glucose 6-phosphate reserves of a cell 

(Lucarelli et al., 2015). After repeated glucose depletion the mitochondrial ATP peak 

became less prominent (Figure 3A), indicating that glucose 6-phosphate pools remained 

empty during short phases of glucose readdition, although the glycolytic ATP production 

restored mitochondrial ATP levels (Figure 1B). Although we are not sure about this 

interpretation, we then applied another protocol to test this hypothesis. The ATP depletion 

protocol with glucose substitution by mannose (Figure 2K) must result in the accumulation 

of mannose 6-phosphate since mannose is phosphorylated but not further metabolized. Thus, 

we introduced a protocol, where we first induce the depletion of mitochondrial ATP and the 

accumulation of mannose 6-phosphate (like in Figure 2K) and then switch to sugar-free 

buffer. Now mannose 6-phosphate could be used as a substrate by hexokinases since no 

other hexokinase substrate was supplied in the buffer. Indeed, we observed a transient rise of 

mitochondrial ATP when we switched from mannose containing to sugar-free buffer (Figure 

3B). Similar to the results from glucose withdrawal (Figure 2A), the mitochondrial ATP 

increases were rather heterogeneous from cell to cell. To further test whether this 

mitochondrial ATP elevation is accomplished by the reverse action of mitochondria-

associated hexokinases (Figure 3C), we added and subsequently removed mannose from 

cells that were treated with siRNA against HK1 and HK2 (Figures 3D–3F). Under these 

conditions, mitochondrial ATP levels did not significantly increase upon mannose removal 

(Figures 3E and 3F). These experiments indicated that the mitochondria-located hexokinase 

enzymes can convert glucose 6-phosphate (or mannose 6-phosphate) to glucose (or 

mannose) and ATP. However, the cause for the transient ATP elevations remains uncertain. 

Aside from that, the HK knockdown experiments also revealed that, in cells reduced of HK1 

and HK2, mitochondrial ATP did not reach the starting value after glucose readdition 

(Figure 3E). These results demonstrate that imaging mitochondrial ATP dynamics in real 

time can be used to detect a reduced glycolytic rate and capacity in cells depleted of HK1 

and HK2.

ATP Synthase in HeLa Cells Works in Reverse Mode and Does Not Contribute to 
Mitochondrial ATP Elevations upon Glucose or Mannose Removal

Next, we tested how inhibition of the ATP synthase affects mitochondrial ATP levels and the 

response to glucose withdrawal in HeLa cells. Inhibition of the ATP synthase with 

oligomycin elevated mitochondrial ATP levels and counteracted the organelle’s ATP 

depletion upon glucose removal (Figure 4A). This indicates that the ATP synthase is 

working in reverse mode extruding protons to maintain a negative membrane potential 

across the inner mitochondrial membrane. Measurements of the mitochondrial membrane 

potential using tetramethylrhodamine methyl ester (TMRM) and the intracellular pH with 

the pH probes SypHer or SypHer mt (Poburko et al., 2011) support this conclusion; 

oligomycin treatment caused a decrease of the pH in the mitochondrial matrix, caused an 

increase of the cytosolic pH, and reduced the mitochondrial membrane potential (Figures 
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S4A–S4C). Accordingly, mitochondrial ATP depletion upon glucose removal also caused a 

drop in the mitochondrial membrane potential (Figure S4D).

We then investigated whether inhibition of the ATP synthase with oligomycin affects the 

ATP elevations caused by the switch from mannose to sugar-free buffer (Figure 3B). 

Oligomycin was added when mitochondrial ATP levels reached the minimal levels in 

mannose-containing buffer. Addition of oligomycin under these conditions induced an 

increase of mitochondrial ATP levels (Figure 4B, left panel). Nevertheless, the switch to 

sugar-free buffer still induced a further transient rise of mitochondrial ATP, which was 

lasting even longer than in the absence of oligomycin (Figure 4B). This experiment excludes 

that the mitochondrial ATP increase upon mannose removal is due to an activation of the 

ATP synthase.

Mitochondrial ATP Depletion upon Glucose Deprivation Indirectly Correlates with 
Mitochondrial Respiration

Next, we investigated mitochondrial ATP dynamics in cells with high rates of oxidative 

phosphorylation, the rat and mouse pancreatic beta cell lines, INS-1 and MIN-6, 

respectively, compared to HeLa cells. We used a protocol, wherein we subsequently assessed 

glycolytic (glucose removal) and mitochondrial ATP production (oligomycin treatment) of 

individual cells during one measurement (Figures 5A–5D). Other than in HeLa cells 

(Figures 5A and 5D), glucose removal from INS-1 (Figures 5B and 5D) or MIN-6 cells 

(Figures 5C and 5D) had minimal effects on mitochondrial ATP levels. In contrast, treatment 

with oligomycin quickly and strongly reduced the mitochondrial ATP content of the 

pancreatic beta cells (Figures 5B–5D). As expected, compared to HeLa cells, INS-1 cells 

had higher oxygen consumption rates (OCRs) and extracellular acidification rates (ECARs), 

indicative of different metabolic activities of these cell types (Figures 5E and S5).

Cellular Aging and Ablation of Mfn2 Specifically Alter Mitochondrial ATP Dynamics in 
MEFs

Next, we used mouse embryonic fibroblasts (MEFs) to investigate whether or not aging had 

any impact on mitochondrial ATP dynamics as a sign of metabolic adaptations. Most young 

(low passages) MEFs from wild-type (WT) mice (y-MEFs) showed ATP alterations within 

mitochondria upon glucose removal quite similar to HeLa cells (Figures 6A and 6C). In 

contrast, mitochondrial ATP levels in aged (high passages; i.e., old) MEFs (o-MEFs) were 

less affected by glucose removal but clearly reduced by cell treatment with oligomycin, 

indicating enhanced oxidative phosphorylation in senescent MEFs (Figures 6D and 6F).

We then used the same approach to investigate the impact of mitofusin 2 (Mfn2) knockout 

on the metabolic activity of single cells. We chose Mfn2 because its role in mitochondria 

tethering to the ER and cellular metabolism is debated (de Brito and Scorrano, 2008; Filadi 

et al., 2015; Muñoz et al., 2013; Ngoh et al., 2012; Sebastián et al., 2012; Zorzano et al., 

2015). MEFs from young Mfn2 knockout mice (y-MEFs Mfn2–/–) showed a rather moderate 

mitochondrial ATP depletion in response to acute glucose depletion, but ATP levels within 

mitochondria were strongly reduced by oligomycin (Figures 6B and 6C). In old Mfn2 

knockout MEFs, no additional shift in metabolism could be seen compared to old wild-type 
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MEFs (Figures 6E and 6F). These results indicate that Mfn2 ablation modifies the metabolic 

setting of cells in favor of oxidative phosphorylation. To depict the metabolic setting and 

activities of single cells, we again plotted the maximal mitochondrial ATP alterations in 

response to glucose starvation (x axis) against the maximal change after oligomycin 

treatment (y axis) (Figures 6C and 6F). This singlecell analysis showed distinct classes of 

metabolically dissimilar settings of young, aged, and Mfn2 knockout MEFs.

Notably, classical measurements of both the oxygen consumption rate (OCR) and 

extracellular acidification rate (ECAR) in populations of y-MEFs WT and y-MEFs Mfn2–/– 

using respirometry (Seahorse) showed fewer differences in the metabolic activities (Figures 

6G and S5) compared to the single-cell mitochondrial ATP imaging approach (Figures 6A–

6F).

Imaging of Mitochondrial ATP Dynamics in Single Cancer Cells Defines Distinct Metabolic 
Settings

The other major use of the mitochondrial ATP imaging approach we wanted to test was 

assessing the single-cell metabolic activities of different cancer cell types. Therefore, we 

cultured H1299, A549, and Calu-3 cells, which are frequently used human lung cancer cells. 

In addition, we used SkBr3, MCF-7, and MDAMB231 cells, which are well-characterized 

human breast cancer cell lines, as well as SH-SY5Y, a classic neuroblastoma cell model. All 

cancer cells had similar basal cytosolic glucose levels, which immediately decreased after 

glucose removal, pointing to high cellular glucose uptake and consumption (Figure S6). In 

line with other studies, these cancer cells of different origin showed rather low OCR (Figure 

7A), the expected metabolic setting of cancer cells (low levels of oxidative phosphorylation, 

but enhanced glycolysis and lactate production). Then we imaged these cancer cells 

expressing the mitochondria-targeted ATP probe and quantified maximal FRET ratio 

changes in response to glucose removal and oligomycin. We again plotted respective data 

points against each other and compared them with those extracted from experiments with 

HeLa and INS-1 cells (Figures 7B–7H). These single-cell analyses showed that most cancer 

cells, such as H1299 (Figure 7B), A549 (Figure 7C), SkBr3 (Figure 7E), MCF-7 (Figure 

7F), and SH-SY5Y (Figure 7H), showed large cell-to-cell variations in mitochondrial ATP 

dynamics (for single-cell traces, see Figure S7), indicating heterogeneous metabolic 

activities, a finding that remains undetectable using respirometry (Figures 7A and S5). In 

addition, these cancer cell types did not correspond with the metabolic setting of HeLa or 

INS-1 cells (Figures 7B, 7C, 7E, 7F, and 7H). However, most Calu-3 cells showed 

comparable mitochondrial ATP dynamics with INS-1 cells (Figure 7D), whereas only the 

breast cancer cell line MDA-MB231 displayed mitochondrial ATP dynamics similar to those 

of HeLa cells (Figure 7G). These imaging experiments point to distinct metabolic settings 

and activities in different human cancer cell types.

Discussion

We visualized the metabolic activity of individual cells with the help of genetically encoded 

fluorescent ATP sensors, focusing on ATP dynamics within mitochondria of cancer cells. In 

the mitochondrial matrix, ATP concentrations change rapidly in response to experimental 
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interventions such as glucose depletion. However, cytosolic and ER ATP levels are less 

dynamic. Although most cancer cell types do not produce much ATP via mitochondrial 

respiration (Zheng, 2012), our results indicate that mitochondria, as a distribution center for 

ATP, seem to be involved in the coordination of energy homeostasis in highly proliferating 

cancer cells. Blocking ATP synthase with oligomycin even elevated mitochondrial ATP 

levels in HeLa cells and counteracted ATP depletion upon glucose removal. While textbooks 

usually describe mitochondria as the “powerhouse of the cell,” because they are capable of 

generating most of the cellular ATP (Graier et al., 2007), rapidly proliferating cells are 

known to produce most ATP via the glycolytic degradation of glucose (Brand and 

Hermfisse, 1997). Beyond that, our experiments suggest that a lot of the ATP produced 

during aerobic glycolysis (i.e., the Warburg effect) is actually transferred into and consumed 

by mitochondria in cancer cells. Consequently, glucose withdrawal primarily affects the 

mitochondrial ATP pool, pointing to an import mechanism for ATP via either the adenine 

nucleotide translocase (ANT) or another ATP transporter, such as the APC (ATP-Mg/Pi 

carrier) (Maldonado et al., 2017). Following import, ATP is consumed to some extent by the 

F1FO ATP synthase/ATPase. In various pathological conditions and diseases, such as 

Parkinson’s, Alzheimer’s, and motor neuron diseases, as well as stroke and heart attack, 

ATP consumption by mitochondria has been reported (Chinopoulos, 2011). It has been 

assumed that ATP depletion by the reverse action of the ANT and ATP synthase in 

respiration-deprived mitochondria represents a detrimental pathogenic mechanism, which 

can cause cell dysfunctions and death (Campanella et al., 2009; Jonckheere et al., 2012; 

Takeda et al., 2004). On the other hand, H+ pumping by the reverse ATP synthase was 

shown to counteract depolarization of impaired mitochondria (Campanella et al., 2008; 

McKenzie et al., 2007). But one rarely considers this reversal of activity as a cellular 

energetic advantage. Nevertheless, our data support the idea that steady import of ATP into 

mitochondria may be necessary to maintain a negative mitochondrial membrane potential 

because mitochondrial respiration is low in most cancer cells (Pelicano et al., 2006). 

Furthermore, the ATP train into mitochondria might prevent the repression of glycolysis by 

increasing ATP-to-ADP ratios in the cytosol and therefore help to keep the glycolytic rate 

high. ATP exchange between the cytosol and mitochondria might thus be crucial for the 

regulation of the cell’s metabolic activity. Our data further suggest that increased 

mitochondrial ATP uptake might even initialize enhanced cytosolic ATP production by 

glycolysis and the transition into the “Warburg” metabolism. In this context, the expression 

and regulation of different ANT isoforms and other ATP transporters probably plays an 

important role; high ANT2 expression levels, for example, are connected with a glycolytic 

metabolism and cancerogenesis (Chevrollier et al., 2011). Hence, we aim to assess the role 

of ATP transporters with regard to the findings presented in this work in future studies. 

Different from mitochondria, cytosolic ATP levels are kept rather stable, mainly by the 

regulatory activity of different energy stress sensors such as AMP-activated protein kinase 

(AMPK) (Herzig and Shaw, 2018). When the ATP-to-ADP or ATP-to-AMP ratio decreases, 

AMPK is activated and switches off energy-consuming processes, while activating energy-

generating processes (Hardie and Lin, 2017).

Based on our observations with the widely used HeLa cancer cell line (Bonora et al., 2015), 

we aimed to define the metabolic profile for other cancer cell lines using mitochondrial ATP 
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measurements in breast adenocarcinoma cells (MCF7, SkBr3, and MDA-MB231), lung 

adenocarcinoma cells (Calu-3, A549, and H1299) and neuroblastoma cells (SH-SY5Y). 

Compared to respirometry using the Seahorse technology, this approach allowed a better 

discrimination between the cell lines in terms of their preferred energy producing pathway. 

While OCR (as a measure for mitochondrial respiration) and ECAR (as a measure for 

glycolysis) were rather similar in all cancer cells lines, there were wider ranges of responses 

of mitochondrial ATP to glucose deprivation (measure for glycolytic ATP production) and 

oligomycin treatment (measure for mitochondrial ATP production). Thus, real-time 

measurements of mitochondrial ATP dynamics as a complementary tool to respirometry will 

certainly prove useful for bioenergetic analyses. Furthermore, the mitochondrial ATP curves 

may contain a lot more information about the mechanisms responsible for the metabolic 

setting of a cell. Experimental interventions and modified protocols, which may allow us to 

extract this information, are easily applicable in the case of ATP live cell imaging. An 

example is given by comparing the two breast cell cancer lines MCF7 and MDA-MB231. A 

high glycolytic rate is associated with increased tumor aggressiveness. Highly invasive 

MDA-MB231 cells are known to be more glycolytic than non-invasive MCF7 cells (Gatenby 

and Gillies, 2004; Pelicano et al., 2014). Our results using both respirometry and 

mitochondrial ATP measurements confirm these metabolic phenotypes. The mechanisms 

behind these observations and other questions related to cancer cell metabolism (e.g., related 

to the Warburg effect and aerobic glycolysis) may be addressed with the help of ATP live 

cell imaging.

We demonstrate that the measurement of mitochondrial ATP changes in response to glucose 

depletion and ATP synthase inhibition is a fast and reliable approach to characterize the 

metabolic state of cells. In general, the measurement of intracellular ATP and other 

metabolites using fluorescent sensors is a meaningful tool to investigate cellular processes 

by making them visible. A remarkable example is given in this work with the investigation 

of the hexokinase activity. Based on our data we speculate that hexokinase enzymes are 

important mediators between glycolytic ATP production and the mitochondrial ATP pool. 

Because of the localization of hexokinase 1 and 2 at the outer mitochondrial membrane and 

the interaction with the outer mitochondrial membrane voltage-dependent anion channel 1 

(VDAC1), it has been suggested that they use mitochondrial ATP to phosphorylate their 

substrate (Arora and Pedersen, 1988; Nelson and Kabir, 1986; Roberts and Miyamoto, 2015; 

Robey and Hay, 2006; Wilson, 2003). Although some evidence favors this hypothesis, a 

clear proof is missing. More strikingly, our findings support the idea that hexokinases might 

reverse their action producing ATP in the absence of glucose. Despite the large negative 

standard free energy value of the hexokinase reaction (−16 kJ/mole), Chevrollier et al. 

(2011) proposed the reversal of this reaction in a review. However, experimental data 

showing ATP generation by mitochondria-located hexokinases in intact living cells have not 

been available so far. Our experiments indicate that the ATP produced by the hexokinase 

reaction is transported into the mitochondrial matrix. Thus, it is also likely that these 

enzymes indeed also obtain ATP from there to phosphorylate the substrate. Although the 

phosphorylation of glucose to glucose 6-phosphate is generally considered to be irreversible 

under physiological conditions (Meurer et al., 2016), the association of hexokinases with 

mitochondria and the coupling with the mitochondrial ATP pool may allow the reversal of 

Depaoli et al. Page 9

Cell Rep. Author manuscript; available in PMC 2019 April 09.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



the reaction, if intracellular glucose levels are strongly reduced, in particular if one considers 

that the enzymatic activity was measured in vitro with purified enzymes. Our experiments 

indeed suggest that a lack of substrate can reverse the hexokinase reaction, which 

momentarily fuels mitochondria with ATP by converting hexose 6-phosphate intermediates 

to hexoses. Hence, it is also tempting to speculate that such an unusual ATP generating 

pathway is important under pathological conditions to delay cell dysfunctions and death 

during phases of an insufficient substrate supply, for example, during transient vessel 

occlusions.

While our data strongly indicate that the transient increases of mitochondrial ATP are 

connected to mitochondria-associated hexokinases, the reversal of the hexokinase reaction is 

not the only possible explanation for our observations. It also seems plausible that the 

removal of any hexokinase substrate, such as glucose or mannose, prompts the enzyme to 

release ATP designated for the phosphorylation reaction into mitochondria. The magnitude 

of the mitochondrial ATP peak would then primarily depend on the activity of mitochondria-

located hexokinases and mitochondrial ATP concentrations. Low mitochondrial ATP 

together with a depolarized mitochondrial membrane potential would favor ATP import 

above export (Chinopoulos, 2011), which would explain why stronger ATP increases were 

observed, when mitochondria were depleted of ATP. Anyhow, increased effort will be 

necessary to determine the connection between hexokinases and the mitochondrial ATP pool 

and the hexokinase mediated generation or release of ATP.

As discussed before, the role of different ATP transporters remains to be investigated also in 

this context. At first, the idea of a steady import of mitochondrial ATP into mitochondria 

does not go with the hexokinase enzymes taking mitochondrial ATP. However, several 

factors may allow such a scenario, such as the co-action of different ATP transporters, the 

organization of the inner mitochondrial membrane (e.g., cristae, inner boundary membrane), 

or the association with ATP producing or consuming processes (e.g., hexokinase reaction, 

ATP synthase activity). Moreover, the FRET ratio images representing mitochondrial ATP 

levels even suggest, that some areas within the mitochondrial matrix had higher or lower 

ATP concentrations, perhaps reflecting the existence of mitochondrial subcompartments 

with different ATP turnover or transport qualities. This is, however, very speculative and 

further experiments are necessary to investigate local ATP levels and dynamics within 

mitochondria and their subcompartments.

In a further set of experiments, we applied the same protocol which we used to characterize 

the different cancer cell lines to analyze the effects of Mfn2 knockout on energy metabolism. 

Mfn2 is involved in mitochondrial fusion (Chen et al., 2003). Its role in the formation of 

mitochondria-associated ER membranes (MAMs) is controversial. It could either serve as a 

tether (de Brito and Scorrano, 2008) or a distance keeper (Filadi et al., 2015) between the 

ER and mitochondria. Previous reports have disclosed the role of Mfn2 in cell metabolism 

(Zorzano et al., 2015). They show that the silencing of Mfn2 reduces oxygen consumption in 

different cell models and tissues. In contrast, it was found that the stable knockout of Mfn2 

in MEFs leads to increased respiration (Kawalec et al., 2015). Kawalec et al. (2015) propose 

that this is due to an adaptation process of the knockout cells. It seems that the short-term 

effects of Mfn2 deprivation or silencing on cell metabolism are very different from long-

Depaoli et al. Page 10

Cell Rep. Author manuscript; available in PMC 2019 April 09.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



term effects. However, unlike Kawalec et al. (2015), we were not able to clearly discriminate 

between Mfn2 wild-type and knockout cells using respirometry. This can be attributed to 

their use of an Oxygraph-2k (OROBOROS), which is more sensitive than the Seahorse 

technology when the OCR range is rather low. Moreover, whether cells are in suspension 

(OROBOROS) or adherent (Seahorse) may also influence cell metabolism.

Looking at subcellular ATP dynamics not only allows the fast and convincing determination 

of metabolic activities at the level of individual cells but also shows unexpected energy-

converting pathways, warranting further research with multiple implications in health and 

disease.

Star★Methods

Key Resources Table

Table 1

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, Peptides, and Recombinant 
Proteins

TransFast Transfection Reagent Promega Cat# E2431

2-Deoxy-D-glucose Alfa Aesar Cat# L07338; CAS 
154-17-6

D-Mannose Carl Roth Cat# 4220; CAS 
3458-28-4

Oligomycin A Sigma Aldrich or Tocris Sigma: Cat# 75351; 
CAS 579-13-5;
Tocris: Cat# 4110; 
CAS 579-13-5

Antimycin A Sigma Aldrich Cat# A8674; CAS 
1397-94-0

TMRM Molecular Probes, Invitrogen Cat# T668

MitoTracker Red-FM Molecular Probes, Invitrogen Cat# M22425

Critical Commercial Assays

Seahorse XFe96 Extracellular Flux Assay Kit Agilent Cat# 102416-100

Total RNA Kit Peqlab Cat# 732-2868

High-Capacity cDNA Reverse Transcription 
Kit

Applied Biosystems Cat# 4368814

QuantiFast SYBR Green RT-PCR kit QIAGEN Cat# 204154

Experimental Models: Cell Lines

HeLa S3 ATCC N/A

H1299 ATCC N/A

SH-SY5Y ATCC N/A

INS-1 (832/13) C.B. Newgard, Duke University School of 
Medicine, USA; Hohmeier et al., 2000

N/A

MIN-6 CellBank Graz N/A

MDA-MB231 CellBank Graz N/A

MCF7 CellBank Graz N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

SkBr3 CellBank Graz N/A

Calu-3 CellBank Graz N/A

A549 CellBank Graz N/A

MEF (mouse embryonic fibroblasts) Thomas Simmen, University of Alberta, 
Canada

N/A

MEF Mfn2–/– Thomas Simmen, University of Alberta, 
Canada

N/A

Oligonucleotides

HK1 forward primer 5′ -
GACTCGCTTCAGGAAGGAGATG-3′

Invitrogen N/A

HK1 reverse primer 5′ -
ACATCTTGACTGTGGCTGTTGG-3′

Invitrogen N/A

HK2 forward primer 5′ -
GATTGTCCGTAACATTCTCATCGA-3′

Invitrogen N/A

HK2 reverse primer 5′ -
TGTCTTGAGCCGCTCTGAGAT-3′

Invitrogen N/A

Hexokinase 1 siRNA Santa Cruz Biotechnology Cat# sc-39044

Hexokinase 2 siRNA Santa Cruz Biotechnology Cat# sc-35621

Recombinant DNA

pcDNA3.1 AT1.03 H. Imamura; Imamura et al., 2009 N/A

pcDNA3.1 mtAT1.03 H. Imamura; Imamura et al., 2009 N/A

pcDNA3.1 ERAT1.03 our lab; Vishnu et al., 2014 N/A

pcDNA3.1 FLII12Pglu-700μδ6 W. Frommer; Takanaga et al., 2008 Addgene # 17866

pSypHer-cyto N. Demaurex; Poburko et al., 2011 Addgene # 48250

pSypHer-mito N. Demaurex; Poburko et al., 2011 Addgene # 48251

FLHKI-pGFPN3 H. Ardehali; Sun et al., 2008 Addgene # 21917

FLHKII-pGFPN3 H. Ardehali; Sun et al., 2008 Addgene # 21920

Software and Algorithms

Live Acquisition 2 TILL Photonics N/A

Offline Analysis TILL Photonics N/A

MetaMorph Molecular Devices RRID: SCR_002368

Microsoft Excel Microsoft RRID: SCR_016137

GraphPad Prism5 GraphPad RRID: SCR_002798

Nikon Nis-Elements Nikon RRID: SCR_014329

Fiji/ImageJ Schneider et al., 2012 https://fiji.sc/

SIM image analysis macro B. Gottschalk, this work e-mail: 
benjamin.gottschalk@medunigraz.at

N/A

Contact for Reagent and Resource Sharing

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Roland Malli (roland.malli@medunigraz.at).
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Experimental Model and Subject Details

HeLa S3, H1299, and SH-SY5Y cells come from ATCC; MIN-6, MDA-MB231, MCF7, 

SkBr3, Calu-3 and A549 cells from the Core Facility Alternative Biomodels and Preclinical 

Imaging, Medical University of Graz (Graz, Austria). INS-1 cells were obtained from C.B. 

Newgard, Department of Pharmacology and Cancer Biology, Duke University School of 

Medicine, USA (Hohmeier et al., 2000). Mouse Embryonic Fibroblasts (MEFs) were a gift 

from Thomas Simmen, Department of Cell Biology, University of Alberta, Canada.

HeLa, MCF7, MDA-MB231, SkBr3, H1299 and MEF cells were grown in Dulbecco’s 

modified Eagle’s medium (DMEM) containing 10% FCS, 100 U/mL penicillin, 100 μg/mL 

streptomycin, 2.5 μg/mL amphotericin B, and 2 mM glutamine. A549, Calu-3, and SH-

SY5Y cells were cultivated in a 1:1 mixture of Ham’s F12 medium and DMEM 

supplemented with 10% FCS, 100 U/mL penicillin, 100 μg/mL streptomycin, 2.5 μg/mL 

amphotericin B and 2 mM glutamine. INS-1 cells were grown in GIBCO RPMI medium 

1640 supplemented with 10% FCS. MIN-6 cells were cultured in DMEM supplemented 

with 25 mM D-glucose, 10 mM HEPES, 10% FCS, 1 mM sodium pyruvate, 50 μM b-

mercaptoethanol, 100 U/mL penicillin and 100 μg/mL streptomycin. Cell culture substances 

were obtained from Life Technologies (Vienna, Austria) and Carl Roth (Karlsruhe, 

Germany). All cells were grown at 37°C with 5% CO2.

Method Details

Transfection—For the experiments, cells were seeded in 6-well plates with (for 

microscopy) or without (RNA isolation) 30 mm imaging dishes. They were transiently 

transfected at a confluence of 60 to 70% one to two days before the measurement. The 

transfection mix contained (per well): 1 mL DMEM (without serum and antibiotics), 2.5 μL 

TransFast transfection reagent (Promega, Madison, WI, USA) and 1.5 μg plasmid DNA 

encoding the respective fluorescent sensor and/or 100 nM siRNA. The transfection mix was 

replaced with full culture medium 6 to 12 hours after transfection. The siRNAs against 

hexokinase 1 and hexokinase 2 were obtained from Santa Cruz Biotechnology (Heidelberg, 

Germany). The siRNAs are pools of three target-specific 19 nucleotide siRNAs. Control 

siRNA was obtained from Microsynth (Balgach, Switzerland).

ATP sensors were a gift from Hiromi Imamura, Kyoto University, Kyodai Graduate School 

of Biostudies, Japan (Imamura et al., 2009). FLHKI-pGFPN3 and FLHKII-pGFPN3 were a 

gift from Hossein Ardehali (Addgene plasmid # 21917 and # 21920) (Sun et al., 2008). 

pcDNA3.1 FLII12Pglu-700μδ6 was a gift from Wolf Frommer (Addgene plasmid # 17866) 

(Takanaga et al., 2008). SypHer and SypHer mt were a gift from Nicolas Demaurex 

(Addgene plasmid # 48250 and # 48251).

Microscopy—For all imaging experiments, cells were equilibrated in loading buffer for 

one hour. Loading buffer contained: 2 mM CaCl2, 138 mM NaCl, 5 mM KCl, 1 mM MgCl2, 

10 mM D-glucose, 2 mM L-glutamine, 10 mM HEPES, 2.6 mM NaHCO3, 0.44 mM 

KH2PO4, 0.34 mM Na2HPO4, 0.1% vitamins, 0.2% essential amino acids, 1% penicillin-

streptomycin, pH adjusted to 7.4 with NaOH. All experiments were performed at room 

temperature in ambient atmosphere. For the life cell imaging experiments, cells were placed 
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in a flow chamber. A gravity-based perfusion system (NGFI, Graz, Austria) in combination 

with a vacuum pump (Chemistry diaphragm pump ME 1c, Vacuubrand, Wertheim, 

Germany) allowed the steady perfusion of the cells with fresh buffer and the switching 

between different buffers. Standard physiological buffer contained: 2 mM CaCl2, 138 mM 

NaCl, 5 mM KCl, 1 mM MgCl2, 10 mM D-glucose, 10 mM HEPES, pH adjusted to 7.4 

with NaOH. For glucose-free conditions, 10 mM D-mannitol (Sigma Aldrich, Vienna, 

Austria) was added instead of glucose. If required, glucose was replaced by 2-deoxy-D-

glucose (2-DG, Alfa Aesar, ThermoFisher, Karlsruhe, Germany) or D-mannose (Carl Roth, 

Karlsruhe, Germany). Oligomycin and antimycin A were dissolved from 10 mM stock 

solutions (in DMSO). Oligomycin was obtained from Tocris (Bristol, UK) or Sigma Aldrich 

(Vienna, Austria), Antimycin A was from Sigma Aldrich (Vienna, Austria). Other chemicals 

were from Carl Roth (Karlsruhe, Germany).

Cells were selected randomly for the measurement, the total numbers of cells measured for 

each experiment are indicated in the figure legends. The measurement was performed with 

an iMic inverted and advanced fluorescent microscope using a x40 magnification objective 

(alpha Plan Fluor x40, Zeiss, Göttingen, Germany) with a motorized sample stage (TILL 

Photonics, Graefling, Germany). For control and acquisition, the software Live Acquisition 

2 (TILL Photonics) was used. CFP/YFP FRET sensors were excited at a wavelength of 430 

nm; emission was collected simultaneously at 535 and 480 nm using an optical beam-splitter 

(Dichroic 69008ET-ECFP/EYFP/mCherry). Data processing was performed with the Offline 

Analysis application (TILL Photonics). The mitochondrial membrane potential was 

measured with the fluorescent dye TMRM (Molecular Probes, Invitrogen, Eugene, OR, 

USA). TMRM was visualized at an excitation of 550 nm and emission of 575 nm.

The SIM-setup used is composed of a 405 nm, 488 nm, 515 nm, 532 nm and a 561 nm 

excitation laser introduced at the back focal plane inside the SIM-box with a multimodal 

optical fiber. For super-resolution, a CFI SR Apochromat TIRF 100x-oil (NA 1.49) objective 

was mounted on a Nikon-Structured Illumination Microscopy (N-SIM®) System with 

standard wide field and SIM filter sets and equipped with two Andor iXon3® EMCCD 

camera mounted to a Two Camera Imaging Adaptor (Nikon Austria, Vienna, Austria). Cells 

were incubated for 40 min with Mitotracker Red-FM in loading buffer prior to imaging and 

washed twice with loading buffer. GFP was excited at 488 nm, MitoTracker Red was excited 

at 561 nm. For calibration and reconstruction of SIM images, the Nikon software Nis-

Elements was used. To align both channels for parallel dual color experiments NIS-Elements 

Two-CAM registration was used taking the TetraSpeck bead samples. Image analysis was 

done using a custom-made ImageJ macro. Cells were selected by hand within the SIM 

images. Images were background corrected with an ImageJ Plugin (Mosaic Suite, 

background subtractor, NIH). The colocalization coefficients Pearson and Manders 1 and 2 

were determined on a single cell basis with the ImageJ (Schneider et al., 2012) coloc 2 tool. 

Channel 1 represents the GFP and channel 2 the mCherry label. While the Pearson 

coefficient was determined with not thresholded data, the Manders 1 and 2 coefficients were 

determined on the basis of Costes thresholded images.

mRNA isolation and qRT-PCR—For qRT-PCR total RNA was isolated with a total RNA 

isolation kit (Peqlab, Erlangen, Germany). For reverse transcription, a cDNA synthesis kit 
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(Applied Biosystems, Foster City, CA, USA) was used. For qRT-PCR, the QuantiFast SYBR 

Green RT-PCR kit (QIAGEN, Hilden, Germany) was used. Relative gene expression was 

normalized to human GAPDH (QuantiTect; QIAGEN). The reaction was performed on a 

LightCycler 480 (Roche Diagnostics, Vienna, Austria). Primers were obtained from 

Invitrogen (Vienna, Austria); their sequences were as follows (5′-3′): HK1 forward primer 

GACTCGCTTCAGGAAGGAGATG, HK1 reverse primer ACATCTTGAC 

TGTGGCTGTTGG, HK2 forward primer GATTGTCCGTAACATTCTCATCGA, HK2 

reverse primer TGTCTTGAGCCGCTCTGAGAT.

Measurement of mitochondrial respiration—One day before the experiment cells 

were plated on XF96 polystyrene cell culture microplates (Seahorse®, Agilent, CA, USA). 

They had to be 100% confluent on the day of the experiment. Before the measurement cells 

were washed and incubated in XF assay medium supplemented with 1 mM sodium pyruvate, 

2 mM glutamine and 5.5 mM D-glucose. An XF96 extracellular flux analyzer was used to 

measure oxygen consumption rate (OCR) and extracellular acidification rate (ECAR). OCR 

(pmol O2/min) and ECAR (mpH/min) values were normalized to protein content.

Quantification and Statistical Analysis

For data analysis, Microsoft Excel (Redmond, WA, USA) and GraphPad Prism5 (GraphPad 

Software Inc.) were used. In case of both the FRET acceptor YFP and FRET donor CFP 

intensities, the respective background signals were subtracted. Then the YFP/CFP ratio was 

calculated. In case of live cell imaging data, curve fitting was used to correct for bleaching. 

Representative ratio images shown in Figure 1A and Video S1 were created using 

MetaMorph microscopy automation and image analysis software (Molecular Devices, 

Sunnyvale, CA, USA). Statistical analysis was performed with GraphPad Prism5 using 

either unpaired Student’s t test or one-way ANOVA with Tukey’s Multiple Comparison Test. 

n represents the number of independent experiments (at least three), and is indicated in the 

figure legends; the total number of measured cells is also indicated (e.g., n = 5/42 cells 

means 5 experiments with a total of 42 cells).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

The authors acknowledge René Rost and Anna Schreilechner for the excellent technical support and the scientific 
advisory board of Next Generation Fluorescence Imaging (NGFI) GmbH (http://www.ngfi.eu/), a spin-off company 
of the Medical University of Graz. The research was funded by the PhD program Molecular Medicine (MOLMED) 
of the Medical University of Graz, Nikon Austria within the Nikon-Center of Excellence, Graz, the FWF (Austrian 
Science Fund: P28529-B27 to R.M.), the doctoral program Metabolic and Cardiovascular Disease (DK-W1226), 
and P27070. The Nikon Center of Excellence, Graz, is supported by the Austrian infrastructure program 2013/2014, 
Nikon Austria Inc., and BioTechMed, Graz. We thank C.B. Newgard at the Department of Pharmacology and 
Cancer Biology, Duke University School of Medicine for providing INS-1 832/13 cells. We also thank Hiromi 
Imamura at Kyoto University, Kyodai Graduate School of Biostudies, Japan for providing ATeams. We also thank 
the reviewers for their helpful comments.

Depaoli et al. Page 15

Cell Rep. Author manuscript; available in PMC 2019 April 09.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts

http://www.ngfi.eu/


References

Arora KK, Pedersen PL. Functional significance of mitochondrial bound hexokinase in tumor cell 
metabolism. Evidence for preferential phosphorylation of glucose by intramitochondrially generated 
ATP. J Biol Chem. 1988; 263:17422–17428. [PubMed: 3182854] 

Bilan DS, Matlashov ME, Gorokhovatsky AY, Schultz C, Enikolopov G, Belousov VV. Genetically 
encoded fluorescent indicator for imaging NAD(+)/NADH ratio changes in different cellular 
compartments. Biochim Biophys Acta. 2014; 1840:951–957. [PubMed: 24286672] 

Bonora M, Wieckowsk MR, Chinopoulos C, Kepp O, Kroemer G, Galluzzi L, Pinton P. Molecular 
mechanisms of cell death: central implication of ATP synthase in mitochondrial permeability 
transition. Oncogene. 2015; 34:1608. [PubMed: 25790189] 

Brand KA, Hermfisse U. Aerobic glycolysis by proliferating cells: a protective strategy against 
reactive oxygen species. FASEB J. 1997; 11:388–395. [PubMed: 9141507] 

Campanella M, Casswell E, Chong S, Farah Z, Wieckowski MR, Abramov AY, Tinker A, Duchen MR. 
Regulation of mitochondrial structure and function by the F1Fo-ATPase inhibitor protein, IF1. Cell 
Metab. 2008; 8:13–25. [PubMed: 18590689] 

Campanella M, Parker N, Tan CH, Hall AM, Duchen MR. IF(1): setting the pace of the F(1)F(o)-ATP 
synthase. Trends Biochem Sci. 2009; 34:343–350. [PubMed: 19559621] 

Chen H, Detmer SA, Ewald AJ, Griffin EE, Fraser SE, Chan DC. Mitofusins Mfn1 and Mfn2 
coordinately regulate mitochondrial fusion and are essential for embryonic development. J Cell 
Biol. 2003; 160:189–200. [PubMed: 12527753] 

Chevrollier A, Loiseau D, Reynier P, Stepien G. Adenine nucleotide translocase 2 is a key 
mitochondrial protein in cancer metabolism. Biochim Biophys Acta. 2011; 1807:562–567. 
[PubMed: 20950584] 

Chinopoulos C. Mitochondrial consumption of cytosolic ATP: not so fast. FEBS Lett. 2011; 585:1255–
1259. [PubMed: 21486564] 

D’Autréaux B, Toledano MB. ROS as signalling molecules: mechanisms that generate specificity in 
ROS homeostasis. Nat Rev Mol Cell Biol. 2007; 8:813–824. [PubMed: 17848967] 

de Brito OM, Scorrano L. Mitofusin 2 tethers endoplasmic reticulum to mitochondria. Nature. 2008; 
456:605–610. [PubMed: 19052620] 

DeBerardinis RJ, Chandel NS. Fundamentals of cancer metabolism. Sci Adv. 2016; 2:e1600200. 
[PubMed: 27386546] 

DeBerardinis RJ, Thompson CB. Cellular metabolism and disease: what do metabolic outliers teach 
us? Cell. 2012; 148:1132–1144. [PubMed: 22424225] 

Engel PA. Is age-related failure of metabolic reprogramming a principal mediator in idiopathic 
Parkinson’s disease? Implications for treatment and inverse cancer risk. Med Hypotheses. 2016; 
93:154–160. [PubMed: 27372878] 

Filadi R, Greotti E, Turacchio G, Luini A, Pozzan T, Pizzo P. Mitofusin 2 ablation increases 
endoplasmic reticulum-mitochondria coupling. Proc Natl Acad Sci USA. 2015; 112:E2174–
E2181. [PubMed: 25870285] 

Gao AW, Cantó C, Houtkooper RH. Mitochondrial response to nutrient availability and its role in 
metabolic disease. EMBO Mol Med. 2014; 6:580–589. [PubMed: 24623376] 

Gatenby RA, Gillies RJ. Why do cancers have high aerobic glycolysis? Nat Rev Cancer. 2004; 4:891–
899. [PubMed: 15516961] 

Gentric G, Mieulet V, Mechta-Grigoriou F. Heterogeneity in cancer metabolism: new concepts in an 
old field. Antioxid Redox Signal. 2017; 26:462–485. [PubMed: 27228792] 

Gobbe P, Herchuelz A. Effects of verapamil and nifedipine on gliclazide-induced increase in cytosolic 
free Ca2+ in pancreatic islet cells. J Endocrinol Invest. 1989; 12:469–474. [PubMed: 2677111] 

Goodpaster BH, Sparks LM. Metabolic flexibility in health and disease. Cell Metab. 2017; 25:1027–
1036. [PubMed: 28467922] 

Graier WF, Frieden M, Malli R. Mitochondria and Ca(2+) signaling: old guests, new functions. 
Pflugers Arch. 2007; 455:375–396. [PubMed: 17611770] 

Depaoli et al. Page 16

Cell Rep. Author manuscript; available in PMC 2019 April 09.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Haber DA, Fearon ER. The promise of cancer genetics. Lancet. 1998; 351(Suppl 2):SII1–SII8. 
[PubMed: 9606360] 

Hardie DG, Lin S-C. AMP-activated protein kinase - not just an energy sensor. F1000Res. 2017; 
6:1724. [PubMed: 29034085] 

Herzig S, Shaw RJ. AMPK: guardian of metabolism and mitochondrial homeostasis. Nat Rev Mol Cell 
Biol. 2018; 19:121–135. DOI: 10.1038/nrm.2017.95 [PubMed: 28974774] 

Hohmeier HE, Mulder H, Chen G, Henkel-Rieger R, Prentki M, Newgard CB. Isolation of INS-1-
derived cell lines with robust ATP-sensitive K+ channel-dependent and -independent glucose-
stimulated insulin secretion. Diabetes. 2000; 49:424–430. [PubMed: 10868964] 

Imamura H, Nhat KPH, Togawa H, Saito K, Iino R, Kato-Yamada Y, Nagai T, Noji H. Visualization of 
ATP levels inside single living cells with fluorescence resonance energy transfer-based genetically 
encoded indicators. Proc Natl Acad Sci USA. 2009; 106:15651–15656. [PubMed: 19720993] 

Jonckheere AI, Smeitink JAM, Rodenburg RJT. Mitochondrial ATP synthase: architecture, function 
and pathology. J Inherit Metab Dis. 2012; 35:211–225. [PubMed: 21874297] 

Kawalec M, Boratyńska-Jasińska A, Beręsewicz M, Dymkowska D, Zabłocki K, Zabłocka B. 
Mitofusin 2 deficiency affects energy metabolism and mitochondrial biogenesis in MEF cells. 
PLoS ONE. 2015; 10:e0134162. [PubMed: 26230519] 

Kelly B, O’Neill LAJ. Metabolic reprogramming in macrophages and dendritic cells in innate 
immunity. Cell Res. 2015; 25:771–784. [PubMed: 26045163] 

Liberti MV, Locasale JW. The Warburg effect: how does it benefit cancer cells? Trends Biochem Sci. 
2016; 41:211–218. [PubMed: 26778478] 

Lucarelli G, Galleggiante V, Rutigliano M, Sanguedolce F, Cagiano S, Bufo P, Lastilla G, Maiorano E, 
Ribatti D, Giglio A, et al. Metabolomic profile of glycolysis and the pentose phosphate pathway 
identifies the central role of glucose-6-phosphate dehydrogenase in clear cell-renal cell carcinoma. 
Oncotarget. 2015; 6:13371–13386. [PubMed: 25945836] 

Maldonado EN, DeHart DN, Patnaik J, Klatt SC, Gooz MB, Lemasters JJ. ATP/ADP turnover and 
import of glycolytic ATP into mitochondria in cancer cells is independent of the adenine 
nucleotide translocator. J Biol Chem. 2017; 292:16969. [PubMed: 29030537] 

Masters JR. HeLa cells 50 years on: the good, the bad and the ugly. Nat Rev Cancer. 2002; 2:315–319. 
[PubMed: 12001993] 

McKenzie M, Liolitsa D, Akinshina N, Campanella M, Sisodiya S, Hargreaves I, Nirmalananthan N, 
Sweeney MG, Abou-Sleiman PM, Wood NW, et al. Mitochondrial ND5 gene variation associated 
with encephalomyopathy and mitochondrial ATP consumption. J Biol Chem. 2007; 282:36845–
36852. [PubMed: 17940288] 

Meurer F, Bobrownik M, Sadowski G, Held C. Standard Gibbs energy of metabolic reactions: I. 
Hexokinase reaction. Biochemistry. 2016; 55:5665–5674. [PubMed: 27653185] 

Muñoz JP, Ivanova S, Sãnchez-Wandelmer J, Martínez-Cristóbal P, Noguera E, Sancho A, Díaz-Ramos 
A, Hernández-Alvarez MI, Sebastián D, Mauvezin C, et al. Mfn2 modulates the UPR and 
mitochondrial function via repression of PERK. EMBO J. 2013; 32:2348–2361. [PubMed: 
23921556] 

Murphy MP. How mitochondria produce reactive oxygen species. Biochem J. 2009; 417:1–13. 
[PubMed: 19061483] 

Nelson BD, Kabir F. The role of the mitochondrial outer membrane in energy metabolism of tumor 
cells. Biochimie. 1986; 68:407–415. [PubMed: 2427123] 

Ngoh GA, Papanicolaou KN, Walsh K. Loss of mitofusin 2 promotes endoplasmic reticulum stress. J 
Biol Chem. 2012; 287:20321–20332. [PubMed: 22511781] 

Ogrunc M. Reactive oxygen species: The good, the bad, and the enigma. Mol Cell Oncol. 2014; 
1:e964033. [PubMed: 27308352] 

Panieri E, Santoro MM. ROS homeostasis and metabolism: a dangerous liason in cancer cells. Cell 
Death Dis. 2016; 7:e2253. [PubMed: 27277675] 

Pelicano H, Xu R-H, Du M, Feng L, Sasaki R, Carew JS, Hu Y, Ramdas L, Hu L, Keating MJ, et al. 
Mitochondrial respiration defects in cancer cells cause activation of Akt survival pathway through 
a redox-mediated mechanism. J Cell Biol. 2006; 175:913–923. [PubMed: 17158952] 

Depaoli et al. Page 17

Cell Rep. Author manuscript; available in PMC 2019 April 09.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Pelicano H, Zhang W, Liu J, Hammoudi N, Dai J, Xu R-H, Pusztai L, Huang P. Mitochondrial 
dysfunction in some triple-negative breast cancer cell lines: role of mTOR pathway and therapeutic 
potential. Breast Cancer Res. 2014; 16:434. [PubMed: 25209360] 

Poburko D, Santo-Domingo J, Demaurex N. Dynamic regulation of the mitochondrial proton gradient 
during cytosolic calcium elevations. J Biol Chem. 2011; 286:11672–11684. [PubMed: 21224385] 

Porporato PE, Filigheddu N, Bravo-San Pedro JM, Kroemer G, Galluzzi L. Mitochondrial metabolism 
and cancer. Cell Res. 2018; 28:265–280. DOI: 10.1038/cr.2017.155 [PubMed: 29219147] 

Roberts DJ, Miyamoto S. Hexokinase II integrates energy metabolism and cellular protection: Akting 
on mitochondria and TORCing to autophagy. Cell Death Differ. 2015; 22:248–257. [PubMed: 
25323588] 

Robey RB, Hay N. Mitochondrial hexokinases, novel mediators of the antiapoptotic effects of growth 
factors and Akt. Oncogene. 2006; 25:4683–4696. [PubMed: 16892082] 

Ryall JG. Metabolic reprogramming as a novel regulator of skeletal muscle development and 
regeneration. FEBS J. 2013; 280:4004–4013. [PubMed: 23402377] 

San Martín A, Ceballo S, Baeza-Lehnert F, Lerchundi R, Valdebenito R, Contreras-Baeza Y, Alegría 
K, Barros LF. Imaging mitochondrial flux in single cells with a FRET sensor for pyruvate. PLoS 
ONE. 2014; 9:e85780. [PubMed: 24465702] 

Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImageJ: 25 years of image analysis. Nat 
Methods. 2012; 9:671–675. [PubMed: 22930834] 

Sebastián D, Hernández-Alvarez MI, Segalés J, Sorianello E, Muñoz JP, Sala D, Waget A, Liesa M, 
Paz JC, Gopalacharyulu P, et al. Mitofusin 2 (Mfn2) links mitochondrial and endoplasmic 
reticulum function with insulin signaling and is essential for normal glucose homeostasis. Proc 
Natl Acad Sci USA. 2012; 109:5523–5528. [PubMed: 22427360] 

Seyfried TN, Flores RE, Poff AM, D’Agostino DP. Cancer as a metabolic disease: implications for 
novel therapeutics. Carcinogenesis. 2014; 35:515–527. [PubMed: 24343361] 

Sousa MI, Rodrigues AS, Pereira S, Perestrelo T, Correia M, Ramalho-Santos J. Mitochondrial 
mechanisms of metabolic reprogramming in proliferating cells. Curr Med Chem. 2015; 22:2493–
2504. [PubMed: 25973982] 

Sun H, Wang Y. Branched chain amino acid metabolic reprogramming in heart failure. Biochim 
Biophys Acta. 2016; 1862:2270–2275. [PubMed: 27639835] 

Sun L, Shukair S, Naik TJ, Moazed F, Ardehali H. Glucose phosphorylation and mitochondrial 
binding are required for the protective effects of hexokinases I and II. Mol Cell Biol. 2008; 
28:1007–1017. [PubMed: 18039843] 

Takanaga H, Chaudhuri B, Frommer WB. GLUT1 and GLUT9 as major contributors to glucose influx 
in HepG2 cells identified by a high sensitivity intramolecular FRET glucose sensor. Biochim 
Biophys Acta. 2008; 1778:1091–1099. [PubMed: 18177733] 

Takeda Y, Pérez-Pinzón MA, Ginsberg MD, Sick TJ. Mitochondria consume energy and compromise 
cellular membrane potential by reversing ATP synthetase activity during focal ischemia in rats. J 
Cereb Blood Flow Metab. 2004; 24:986–992. [PubMed: 15356419] 

Van den Bossche J, O’Neill LA, Menon D. Macrophage immunometabolism: where are we (going)? 
Trends Immunol. 2017; 38:395–406. [PubMed: 28396078] 

Vander Heiden MG, DeBerardinis RJ. Understanding the intersections between metabolism and cancer 
biology. Cell. 2017; 168:657–669. [PubMed: 28187287] 

Vander Heiden MG, Cantley LC, Thompson CB. Understanding the Warburg effect: the metabolic 
requirements of cell proliferation. Science. 2009; 324:1029–1033. [PubMed: 19460998] 

Vishnu N, Jadoon Khan M, Karsten F, Groschner LN, Waldeck-Weiermair M, Rost R, Hallström S, 
Imamura H, Graier WF, Malli R. ATP increases within the lumen of the endoplasmic reticulum 
upon intracellular Ca2+ release. Mol Biol Cell. 2014; 25:368–379. [PubMed: 24307679] 

Wilson JE. Isozymes of mammalian hexokinase: structure, subcellular localization and metabolic 
function. J Exp Biol. 2003; 206:2049–2057. [PubMed: 12756287] 

Xi H, Kurtoglu M, Lampidis TJ. The wonders of 2-deoxy-D-glucose. IUBMB Life. 2014; 66:110–121. 
[PubMed: 24578297] 

Depaoli et al. Page 18

Cell Rep. Author manuscript; available in PMC 2019 April 09.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Yoshida T, Alfaqaan S, Sasaoka N, Imamura H. Application of FRET-based biosensor “ATeam” for 
visualization of ATP levels in the mitochondrial matrix of living mammalian cells. Methods Mol 
Biol. 2017; 1567:231–243. [PubMed: 28276022] 

Zheng J. Energy metabolism of cancer: glycolysis versus oxidative phosphorylation (Review). Oncol 
Lett. 2012; 4:1151–1157. [PubMed: 23226794] 

Zorzano A, Hernández-Alvarez MI, Sebastián D, Muñoz JP. Mitofusin 2 as a driver that controls 
energy metabolism and insulin signaling. Antioxid Redox Signal. 2015; 22:1020–1031. [PubMed: 
25567790] 

Depaoli et al. Page 19

Cell Rep. Author manuscript; available in PMC 2019 April 09.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



Highlights

• Subcellular ATP imaging reveals the metabolic setting of individual cells

• In cancer cells, mitochondrial ATP levels respond to glucose withdrawal

• Mitochondria-associated hexokinases link glycolysis to the mitochondrial 

ATP pool

• Mitochondrial ATP measurements are a useful tool for metabolic analyses
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Figure 1. Acute Glucose Starvation Causes Strong ATP Alterations within Mitochondria of HeLa 
Cells
(A) Representative FRET ratio images of cytosolic, mitochondrial, and ER-targeted ATP 

probes (ATeams) under basal conditions and at different time points after glucose depletion 

and subsequent 2-DG treatment. Scale bar represents 20 μm. See also Figures S1D and S1E 

and Video S1.

(B) Representative single-cell responses to glucose deprivation of FRET ratio signals of cells 

expressing cytosolic (red), mitochondrial (green), and ER-targeted (blue) ATeams.

(C) Basal FRET ratio values (mean, SEM) in the cytosol (red column, n = 5/42 cells), 

mitochondria (green column, n = 24/124 cells), and ER (blue column, n = 7/27 cells). **p < 

0.01; ***p < 0.001.

(D) Maximal changes (mean, SEM) of normalized FRET ratio signals in response to glucose 

removal (10 to 0 mM). ***p < 0.001.

(E) Minimal FRET ratio values after glucose depletion (left columns) and upon addition of 

10 mM 2-DG in the absence of glucose (right columns) in cells expressing cytosolic (red 

columns, n = 3/25 cells), mitochondria (green columns, n = 7/31 cells), or ER-targeted (blue 

columns, n = 7/31 cells) ATP probes. Mean, SEM. ***p < 0.001.

See also Figures S1A–S1C.
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Figure 2. Transient Mitochondrial ATP Increase upon Glucose Deprivation Depends on 
Mitochondria-Located Hexokinase 1 and 2 Activities
(A) Representative mitochondrial ATP responses to glucose depletion. See also Figure S1F.

(B) Statistical analysis of the onset of mitochondrial ATP decrease (n = 6/76 cells; mean, 

SD).

(C) Representative responses of cytosolic glucose levels to glucose withdrawal, measured 

with the glucose sensor FLII12Pglu-700μδ6. See also Figure S1G.

(D) Statistical analysis of the onset of glucose depletion (n = 6/74 cells; mean, SD).
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(E) Comparison of representative time courses of cytosolic glucose (dashed line) and 

mitochondrial ATP (solid line).

(F) Comparison of (B) and (D).

(G) Representative mitochondrial ATP responses to glucose depletion in cells treated with 

control siRNA (siControl).

(H) Representative mitochondrial ATP responses to glucose depletion in cells treated with 

siRNA against hexokinase 1 and 2 (siHK1/2). See also Figures S2 and S3.

(I) Statistical analysis of mitochondrial ATP responses (left columns, basal levels; middle 

columns, peak height; right columns, minimum) to glucose depletion in cells treated with 

siRNA against hexokinase 1 and 2 (gray columns; n = 14/58 cells) compared to cells treated 

with control siRNA (white columns, n = 12/53 cells). Mean, SEM. ***p < 0.001 versus 

siControl.

(J) Representative mitochondrial ATP responses to glucose substitution with 10 mM 2-DG.

(K) Representative mitochondrial ATP responses to glucose substitution with 10 mM 

mannose.

(L) Maximal mitochondrial ATP depletion after glucose removal only (white column; n = 

24/124 cells) or substitution with 2-DG (black column; n = 7/31 cells) or mannose (gray 

column; n = 20/80 cells). Mean, SEM. **p < 0.01; ***p < 0.001.
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Figure 3. Hexokinase Reaction May Be Reversible and Fuel Mitochondria with ATP
(A) Left panel: representative curves showing the transient rise of mitochondrial ATP and 

the onset of mitochondrial ATP depletion in response to repeated (three times in a row) 

glucose depletion in HeLa cells. Periods of glucose readdition (10 mM) are left out. Right 

panel: comparison of maximal FRET ratio increases of mtAT1.03 after first (white column, 

I), second (gray column, II), and third (black column, III) time glucose was removed (mean, 

SEM; n = 4/17 cells). **p < 0.01.
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(B) Representative mitochondrial ATP responses to glucose substitution with mannose and 

subsequent withdrawal of mannose (n = 5/25 cells).

(C) Scheme showing reversed activity of mitochondria-located hexokinase (HK) upon 

removal of mannose. It is assumed that, in the presence of mannose, HK forms mannose 6-

phosphate, which is converted back to mannose and ATP upon mannose removal. Thereby 

ATP is transported into the mitochondrial matrix via VDAC and a mitochondrial adenine 

nucleotide translocator (ANT). See also Figure S2.

(D) Representative mitochondrial ATP responses to glucose substitution with mannose and 

subsequent withdrawal of mannose in cells treated with control siRNA (siControl).

(E) Representative mitochondrial ATP responses to glucose substitution with mannose and 

subsequent withdrawal of mannose in cells treated with siRNAs against hexokinase 1 and 2 

(siHK1/2). See also Figure S3.

(F) Statistical analysis of mitochondrial ATP elevations in response to mannose withdrawal 

(cf. Figures 3D and 3E) in cells treated with siRNA against hexokinase 1 and 2 (gray 

columns; n = 10/32 cells) compared to cells treated with control siRNA (white columns; n = 

10/22 cells). Mean, SEM. ***p < 0.001 versus siControl.
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Figure 4. ATP Synthase in HeLa Cells Works in Reverse Mode and Does Not Contribute to 
Mitochondrial ATP Elevations upon Glucose or Mannose Removal
(A) Left panel: mitochondrial ATP responses to oligomycin (2 μM) treatment, followed by 

glucose withdrawal in HeLa cells; single-cell responses (pale red lines) and mean curve 

(distinct red line). Blue-dashed line shows representative mitochondrial ATP response to 

glucose depletion in the absence of oligomycin. ***p < 0.001 versus control. Right panel: 

columns represent maximal FRET ratio changes of mtAT1.03 (mean, SEM) upon glucose 

depletion in the absence (blue column; n = 24/111 cells; control) and presence of oligomycin 

(2 μM; red column; n = 3/15 cells) or oligomycin (2 μM) and antimycin A (2.5 μM) (black 

column; n = 3/8 cells). ***p < 0.001 versus control.

(B) Left panel: red solid curves show representative mitochondrial ATP responses to glucose 

substitution with mannose, followed by oligomycin (2 μM) addition and subsequent 

withdrawal of mannose in the presence of oligomycin; blue dashed curves show 

representative mitochondrial ATP responses to the same protocol, but without oligomycin 
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(control). Right panel: statistical analysis of ATP elevations (peak width) after mannose 

withdrawal in the presence or absence (control) of oligomycin. **p < 0.01.

See also Figure S4.
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Figure 5. Mitochondrial ATP Depletion upon Glucose Deprivation Indirectly Correlates with 
Mitochondrial Respiration
(A–C) Left panels: representative single-cell mitochondrial ATP responses of (A) HeLa, (B) 

INS-1, and (C) MIN-6 cells to glucose depletion and oligomycin (2 μM) treatment. Right 

panels: statistical analysis of maximal mitochondrial ATP depletion in response to glucose 

withdrawal compared to maximal changes after oligomycin treatment of (A) HeLa (n = 8/47 

cells), (B) INS-1 (n = 4/34 cells), and (C) MIN-6 cells (n = 4/12 cells). Mean, SEM. ***p < 

0.001.
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(D) Maximal mitochondrial ATP changes upon oligomycin (2 μM) treatment plotted against 

maximal mitochondrial ATP changes after glucose removal for HeLa (blue circles; n = 8/47 

cells), INS-1 (red squares; n = 4/34 cells), and MIN-6 (green diamonds; n = 4/12 cells) cells. 

In addition, means ± SD are shown.

(E) Oxygen consumption rate (OCR) plotted against extracellular acidification rate (ECAR) 

of HeLa and INS-1 cells measured by respirometry using Seahorse technology (mean ± 

SEM; n = 3 for both cell types).

See also Figure S5.
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Figure 6. Cellular Aging and Ablation of Mfn2 Specifically Alter Mitochondrial ATP Dynamics 
in MEFs
(A, B, D, and E) Representative mitochondrial ATP responses to glucose depletion and 

inhibition of the ATP synthase with oligomycin (2 μM) in (A) young/low passages MEFs (y-

MEFs), (B) young Mfn2–/– MEFs, (D) old/high passages MEFs (o-MEFs), and (E) old 

Mfn2–/– MEFs.

(C and F) Single-cell maximal mitochondrial ATP changes induced by oligomycin plotted 

against maximal ATP changes upon glucose depletion (mean, SD).

(C) Comparison of young/low passages wild-type MEFs with young/low passages Mfn2–/– 

MEFs.

(F) Comparison of old/high passages wild-type MEFs with old/high passages Mfn2–/– 

MEFs.
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(G) Oxygen consumption rates (OCR) plotted against extracellular acidification rates 

(ECARs) of young wild-type MEFs (y-MEFs) and young Mfn2–/– MEFs compared to HeLa 

and INS-1 cells, determined by respirometry using Seahorse technology. Mean, SEM, n = 3.

See also Figure S5.
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Figure 7. Imaging of Mitochondrial ATP Dynamics in Single Cancer Cells Defines Distinct 
Metabolic Settings
(A) Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) of different 

cancer cell lines (H1299, A549, Calu-3, SkBr3, MCF7, MDA-MB231, and SH-SY5Y) and 

HeLa and INS-1 cells for comparison. Mean, SEM. n = 3. See also Figure S5.

(B–H) Single-cell maximal mitochondrial ATP changes induced by oligomycin (2 μM) 

plotted against maximal ATP changes upon glucose depletion for (B) H1299, (C) A549, (D) 

Calu-3, (E) SkBr3, (F) MCF7, (G) MDA-MB231, and (H) SH-SY5Y cells, as well as HeLa 

and INS-1 cells for comparison (cf. Figure 5D). Means ± SD are shown.
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See also Figures S6 and S7.
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