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Abstract 

ANT1 in human mitochondria was previously identified as an acetylated protein and lysines 10, 

23, and 92 of human ANT1 were noted to be acetylated in most of preparations of mitochondria 

isolated from human skeletal muscle biopsies. Lysine 23 contributes to a net overall positive 

charge in the nucleotide binding pocket of ANT1, molecular dynamics modeling showed that 

acetylation of lysine 23 reduced the positive charge and lowered the affinity of hANT1 from 

about 3 to 80  M [ADP]. Further computational modeling studies showed that if about 25% or 

higher of total ANT1 were acetylated, the apparent Km ADP for oxidative phosphorylation 

would be increased sufficiently to affect ANT1 function, with consequences for glycolysis and 

fuel selection. 

Based on previous findings, we decided to evaluate the involvement of altered acetylation of 

ANT 1 at lysine 23 in regulation of fuel selection and mitochondrial bioenergetics.  

This thesis consists of three chapters that describe the involvement of altered acetylation of ANT 

1 at lysine 23 in regulation of fuel selection. 

The first chapter describes a luciferase-based assay to evaluate the ADP kinetic parameters of 

mitochondrial ATP production and the extent of control that ANT has in this pathway. The high 

sensitivity, reproducibility of this assay enabled to assess ADP kinetic parameters and ANT flux 

control in isolated mitochondria from skeletal muscle. It is confirmed that under the conditions 

used to study isolated mitochondria, the majority of flux control over oxidative phosphorylation 

resides at ANT.  

The second chapter deals with the question of relationship between acetylation of ANT1 and 

ANT1 content with metabolic flexibility during insulin stimulation or mild exercise. The findings 

from human skeletal muscle do not provide evidence that the extent of lysine 23 acetylation of 

ANT1 is a predictor of fuel selection at low [ADP]. Acetylation of lysine 23 of ANT1 is abundant 

and variable but perhaps too low to discernibly affect the sensitivity of mitochondria to the 

respiratory signal provided by [ADP] during conditions of insulin stimulation or mild muscle 

contraction. However, greater ANT1 content, either as a marker of greater mitochondrial 

abundance or higher specific abundance of ANT1 per mitochondrial mass, could result in changes 

in fuel selection by lowering the apparent K0.5ADP, driving skeletal muscle toward higher lipid 

oxidation during mild exercise. 
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The participants in this study had normal or moderately abnormal glucose metabolism. It is 

conceivable that patients with more poorly controlled type 2 diabetes and more severe impairments 

in muscle fuel selection could have higher ANT acetylation. Consequently, it would be helpful to 

evaluate the extent and effect of ANT1 acetylation in this group. 

Finally, the last chapter provides actual experimental evidence whether loss of the positive 

charge at lysine 23 has any effect on the affinity of ANT for ADP. The cellular modeling 

experiments indicate that removing the positive charge of ANT1 at lysine 23 decreases the 

ability of ANT1 to bind ADP and result in a higher apparent KmADP for ATP production 

without changing the Vmax. Although it seems clear from modeling and simulation experiments 

that acetylation of lysine 23 of human ANT1 affects function, direct biochemical evidence is 

lacking regarding the extent of this effect. Experiments using ANT incorporated into artificial 

liposomes may help to answer this question. 
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General Introduction 

Diabetes is one of the most prevalent metabolic disorders that affects a significant proportion of 

the population worldwide. Diabetes mellitus has been classified as type 1 or type 2 [1]. Nearly 8% 

of the United States population has diabetes, with the majority represented by type 2 diabetes. 

Many people with type 2 diabetes are obese, up to 85% in some populations. The importance of 

this point is more emphasized, considering that around 40% of adults in the United States are obese 

[2-4]. Diabetes and obesity are two of the most challenging public health problems of our time, 

and the financial burden is significant [5]. 

A known underlying feature of both type 2 diabetes and obesity is insulin resistance. Insulin 

resistance is distinguished as the inability of exogenous or endogenous insulin to appropriately 

increase glucose uptake and utilization compared to healthy individuals [6]. Long ago, 

experimental evidence showed that insulin resistance in skeletal muscle is associated with 

abnormalities in the regulation of fuel selection [7]. Although healthy muscle, under resting 

conditions, mainly oxidizes lipid, insulin-resistant muscle predominantly uses carbohydrates for 

fuel under the same conditions. Moreover, healthy muscle switches to carbohydrates when 

exposed to insulin, whereas insulin-resistant muscle maintains its predominant use of 

carbohydrates [7-10]. This inability to switch back and forth between appropriate fuel sources has 

been termed “metabolic inflexibility” [7,11]. Metabolic flexibility was first described in helminths 

and defined as the ability of an organism to respond to changes in energy demand[12]. The more 

common and recent concept of “metabolic flexibility” has been widely used for fuel selection in 

the transition from fasting to insulin stimulation state [13,126]. The lower ability to oxidize fat in 

insulin-resistant muscle contributes to fat accumulation and plays an important role in developing 

or worsening insulin resistance and type 2 diabetes [7]. 

Although decades have passed since the phenomenon of metabolic inflexibility was recognized, 

an exact mechanism for this problem is yet to be found. Recently, one possibility that has received 

attention is the acetylation of mitochondrial adenine nucleotide translocase 1 (ANT1). ANT 

belongs to the mitochondrial carrier family of transport proteins, and it is one of the most abundant 

proteins in the inner membrane of the mitochondria [14]. This protein was discovered many years 

ago [15-17] utilizing specific inhibitor atractyloside (ATR), which binds to the cytoplasmic state 

of the protein [18,19]. Our understanding of how this protein works increased with the discovery 

of a second specific inhibitor, bongkrekic acid (BKA) [20], which attaches to the matrix side of 
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the carrier [21,22]. Using these inhibitors led to the understanding and recommendation of a 

“single binding center gated pore mechanism” [22,23]. Ultimately demonstrating that this protein 

exchanges ADP and ATP in a 1:1 fashion by an electrophoretic mechanism [24,25]. ANT is 

specific to the substrate, which includes only ADP and ATP and their deoxy residues [26,27]. 

Multiple isoforms of the protein have been described in different organisms. For instance, four 

isoforms have been recognized in humans, named ANT1, ANT2, ANT3, and ANT4. The function 

of these isoforms is the same but their distribution in tissues is variable [14]. Structural studies 

revealed that ANT is a monomer protein consisting of three homologous sequence repeats, 

composed of two transmembrane alpha helices [28,29].It was also shown that the pathway for 

adenine substrate is at the center of the protein [29]. This configuration was confirmed for the most 

abundant isoform [30,31]. The matrix and cytoplasmic side of the carrier has three salt bridges on 

each. Operating in the “forward” direction, ANT in its C-state (open to the cytosol), the matrix salt 

bridge is formed, and the cytoplasmic network is broken. ADP binds to the central substrate 

binding site to the intermembrane space, which changes the protein structure to the matrix facing 

M-state, in which ADP can be released into the matrix by disrupting the matrix salt bridge. To 

complete one cycle of productive exchange, ATP binds in the matrix, the conformation reverts to 

the C-state, and ATP is released into the intermembrane space [14]. ADP3− and ATP4− binds to 

three positively charged residues, arginine, and lysine in the central binding site [14,34]. 

During a mass spectrometry-based global search for lysine acetylation of proteins in the human 

skeletal muscle proteome, Mielke et al showed acetylation of ANT1 at lysine residues 10, 23, and 

92 [34]. Molecular dynamic modeling indicates that ADP3− binding strongly depends upon the 

positive charge of lysine23 of ANT1, located near the bottom of the binding pocket in the c-form 

[14,33,34]. Modeling also showed that acetylation of this lysine, which removes the positive 

charge involved in the electrostatic bonding with ADP3−, increases the Kd ADP by roughly 10-

fold [34]. Previous studies have shown that the overall acetylation of mitochondrial proteins 

correlates with muscle insulin resistance. The extent of deacetylation of lysine23 of ANT1 after 

acute exercise was also related to insulin sensitivity [34]. It was furthered shown that lysine 23 

acetylation of ANT1 might be correlated with Km ADP (the concentration of cytosolic ADP 

required to achieve 50% of the maximum oxidative phosphorylation rate), and that ANT accounts 

for over 80% of flux control for oxidation [35]. Higher ADP and AMP concentrations needed to 

meet the energy demands of the cell will cause activating of phosphofructokinase and the rate of 
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glycolysis [36,37]. Also, ADP activates PDH by inhibiting PDH kinase, thus enhancing glycolytic 

flux and glucose oxidation [38,39]. Moreover, higher AMP concentration might activate AMP 

kinase, and the effect of this activation would result in disinhibition of fat oxidation as well as 

increased glucose oxidation [40,41]. These findings suggest that ANT1 acetylation and its 32states 

and metabolic diseases. 

This thesis consists of three chapters that describe the involvement of altered acetylation of ANT 

1 at lysine 23 in regulation of fuel selection and insulin resistance in skeletal muscle. First chapter 

describes a luciferase-based assay to evaluate the ADP kinetic parameters of mitochondrial ATP 

production from oxidative phosphorylation and the extent of control that ANT has in this pathway. 

The second chapter deals with the question of relationship between acetylation of ANT1 and 

ANT1 content with metabolic flexibility during insulin stimulation or mild exercise. Finally, the 

last chapter provides actual experimental evidence whether loss of the positive charge at lysine 23 

has any effect on the affinity of ANT for ADP. 
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Chapter 1 

Oxidative phosphorylation K 0.5 ADP in vitro depends on substrate 

oxidative capacity: Insights from a luciferase-based assay to 

evaluate ADP kinetic parameters 
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Introduction 

The cells of oxidative mammalian tissues, such as liver, kidney, heart, and skeletal muscle, 

match ATP breakdown with mitochondrial oxidative phosphorylation (OxPhos). Both 

feedforward and feedback control signals coordinate this balanced ATP turnover. In cardiac 

myocytes in vivo, feedforward (or parallel) control dominates, as indicated by little to no change 

in cellular energetic status in response to step changes in ATP turnover rate [42]. In contrast, 

skeletal muscle mitochondria substantially rely on cytosolic feedback signals in the form of 

ATP hydrolysis products [37,43], which include ADP and inorganic phosphate (Pi) 

concentrations, as well as diminished ATP free energy (ΔGATP) [37,44]. However, feedback 

activators of mitochondrial OxPhos can also inhibit ATP-utilizing sites [45,46], which decreases 

cellular functional output [47,48]; this reciprocal interplay reflects the connectivity property 

of metabolic control analysis [49]. Thus, mitochondrial sensitivity to the signals fundamentally 

influences cell ATP turnover and function [47]. 

The concentration of ADP required to elicit 50% of the maximum OxPhos rate, K0.5ADP, is 

routinely assessed as an index of OxPhos control sensitivity [50-53]. Our primary objective was 

to develop a luciferase-based assay with good sensitivity and throughput for this purpose. In 

1976 Lundin and coworkers [54] improved luciferase monitoring of ATP production by small 

quantities of mitochondria. Later, Lundin, Wibom, and Hultman, adapted the procedures 

specifically for the measurement of maximum oxidative phosphorylation rates by skeletal muscle 

mitochondria [55]. We used Lundin's more recent review [56] to guide the development of our 

assay. Our procedure provides extreme sensitivity, along with excellent reproducibility and 

throughput, to evaluate the kinetic parameters of OxPhos, adenylate kinase (AK), and creatine 

kinase (CK). We first used the assay to assess the ADP kinetics of ATP production in all three 

pathways by mouse mitochondria isolated from liver, kidney, heart, and skeletal muscle. 

In intact contracting mammalian skeletal muscle, OxPhos K0.5ADP values of 20–40 μM have 

been measured non-invasively using 31P-MRS methodology [37,43,57]. This same range of 

K0.5ADP is observed when mitochondria are isolated and O2 consumption rate (JO2) is measured 

polarographically across a range of experimentally established ADP concentrations [58-61]. 

However, in vivo OxPhos rises in a markedly sigmoidal relationship to [ADP] with a Hill 

exponent, nH, in the vicinity of 2.0 (Eq. (1)). 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/oxidative-phosphorylation
https://www.sciencedirect.com/science/article/pii/S0005272821000633?via%3Dihub#bb0005
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/enzymatic-hydrolysis
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/metabolic-control-analysis
https://www.sciencedirect.com/science/article/pii/S0005272821000633?via%3Dihub#bb0045
https://www.sciencedirect.com/science/article/pii/S0005272821000633?via%3Dihub#bb0035
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/luciferase
https://www.sciencedirect.com/science/article/pii/S0005272821000633?via%3Dihub#bb0080
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/adenylate-kinase
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/creatine-kinase
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/creatine-kinase
https://www.sciencedirect.com/science/article/pii/S0005272821000633?via%3Dihub#fo0005


13 
 

 

In contrast, in vitro JO2 ADP kinetics are usually described by a simple Michaelis-Menten model 

in which nH ~ 1.0. The K0.5ADP parameter is typically reported as “apparent KMADP” 

(appKMADP) [62] to emphasize that the kinetic constant relates to the entire oxidative pathway 

rather than one specific enzyme. Nevertheless, in vitro one specific enzyme, the adenine 

nucleotide translocase (ANT), has been reported to be the primary locus of OxPhos flux control 

[60,63-65]. ANT exchanges ATP for ADP across the inner membrane, but only the free ion 

forms, ATP4− and ADP3−, can bind to the transporter [66]. Thus, dominant control at ANT 

suggests a relationship between the OxPhos parameter expressed as K0.5ADP3− and the ANT-

ADP dissociation constant, KdADP3−, which is roughly 4 μM [32,67]. Here we use the 

luciferase-based procedure to confirm and extend these findings of dominant ANT flux control at 

ANT. We then contrast the K0.5ADP3− values assessed in different tissue mitochondria with the 

KdADP3− of ANT binding. The results underscore the central role of ANT in OxPhos rate 

control, as well as the insight achieved when ADP binding and OxPhos kinetic constants are 

consistently expressed as the free ion, ADP3− [60]. 

The maximum (state 3) O2 consumption rate of mammalian skeletal muscle mitochondria 

depends on the oxidative substrates provided [68-70], yet in vitro ADP kinetics studies rarely 

consider the substrates used to drive respiration [51,60,71,72]. More recently it has been 

observed that substrate combinations with lower catalytic potential e.g., fatty acids, yield lower 

values of K0.5ADP [58,61,73]. Therefore, our third objective was to determine the influence of 

substrate oxidative capacity on ADP kinetics. Skeletal muscle mitochondria oxidized ten 

different substrate combinations and showed linear dependence of K0.5ADP with maximum 

OxPhos flux potential across a 7-fold range. We use top-down metabolic control analysis [48] to 

show that K0.5ADP3− rising toward the ANT-ADP KdADP3− in response to greater substrate 

capacity to generate the protonmotive force (Δp) is consistent with a concomitant rise in ANT 

flux control strength. Moreover, due to the bulk phase nature of Δp [74], this interpretation 

generalizes to all upstream steps involved in Δp production, for example the citrate cycle and 

the electron transport chain (ETC). 

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/inner-membrane
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/dissociation-constant
https://www.sciencedirect.com/science/article/pii/S0005272821000633?via%3Dihub#bb0040
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/proton-motive-force
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/citric-acid-cycle
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/electron-transport
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Materials and methods 

Ethical approval. Six healthy human volunteers took part in this study. All human participation 

was approved by the Institutional Review Board of the University of Arizona. Informed, written 

consent was obtained from all participants. Mouse tissues were acquired in accordance with the 

guidelines regarding the care and use of animals by the Institutional Animal Care and Use 

Committee at the University of Arizona. 

Mitochondrial isolation buffer solutions. Human skeletal muscle biopsies were obtained from 

the vastus lateralis. Mitochondria were isolated as described [60]. Mouse liver and kidney 

mitochondria isolation involved only one buffer, a mannitol + sucrose (M-S) solution comprised 

of (mM): 220 mannitol, 70 sucrose, 10 Tris-HCl, and 1 EDTA, that was pH adjusted to 7.4 at 

4 °C. Heart and skeletal muscle mitochondria isolation used three buffer solutions, all pH 

adjusted to 7.5 at 4 °C. Solution I was (mM): 100 KCl, 40 Tris-HCl, 10 Tris-Base, 5 MgCl2, 1 

EDTA, and 1 ATP; Solution II: 100 KCl, 40 Tris-HCl, 10 Tris-Base, 5 MgCl2, 1 EDTA, 0.2 

ATP, and 1.5% BSA (fatty acid free). Solution III contained no BSA but was otherwise identical 

to Solution II. 

C57BL/6 J male mice, 12 to 24 weeks of age on standard chow diet and water ad libitum, were 

used. On the day of the experiment mice were euthanized by CO2 inhalation; tissues were then 

rapidly removed and placed on an inverted petri dish on ice previously primed with M-S 

solution. Tissue was cleaned of all visible fat and connective tissue. Liver and kidney 

mitochondria were isolated by a modification [45] of the procedure of Lardy and coworkers [76]. 

Heart and skeletal muscle (rodent and human) mitochondria were isolated as described in [20]. 

All final mitochondrial pellets were resuspended in M-S buffer. Protein concentrations (mg/ml) 

of final suspensions in rodent tissues were (mean ± SE) liver 15.1 ± 1.2, kidney 14.3 ± 0.8, heart 

5.9 ± 0.8, and skeletal muscle 5.6 ± 0.4, and in human skeletal muscle 5.7 ± 1.1, as determined 

with the Lowry assay [77] using BSA as standard. Dilutions of these suspensions for 

the luciferase assay were also made in M-S buffer. 

Biochemicals and ATP determination kit. Biochemicals were purchased from Sigma-Aldrich. 

ATP determination kits (Invitrogen Catalog #A22066) included D-luciferin, recombinant firefly 

luciferase enzyme (temperature optimum 28 °C), dithiothreitol, and ATP standard. The kit assay 

buffer was not used. Below in Results the basic features of the assay and assay components are 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/institutional-animal-care-and-use-committee
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/institutional-animal-care-and-use-committee
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/mannitol
https://www.sciencedirect.com/science/article/pii/S0005272821000633?via%3Dihub#bb0100
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/luciferase
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/dithiothreitol
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described. In addition, Supplement Table S-1A and S-1B provide a description of assay reaction 

mix preparation. 

ADP kinetics assays. Assays were carried out at 25 °C in opaque-bottom 96-well plates using a 

Tecan Genios instrument. In all kinetic assays and standard curves, the final assay volume in 

each well was 200 μl. In kinetic assays additions to the well included 165 μl reaction mixture 

(RM), sufficient distilled H2O to give a final assay volume of 200 μl, 5 μl of ADP, 10 μl of 

mitochondria diluted in M-S, inhibitors if any, and 10 μl of substrate mix to start the reaction. In 

the final 200 μl volume the RM components had the following concentrations in mM: 100 KCl, 

50 MOPS, 20 Glucose, 1 EGTA, 5 MgCl2, 10 K.PO4, 1.0 dithiothreitol, 0.54 D-luciferin, 

luciferase, and 0.2 g% BSA, pH 7.0 at 25 °C. Table S-1B contains further details. Luminescence 

in relative light units (RLU) was measured at one-minute intervals over 7–10 min assay 

durations. All ADP kinetic assays were done at least in duplicate. 

ATP standard curves at 25 °C were run by adding 5 μl of ATP stock (μM): 0, 20, 50, 100, 150, 

or 200 to give a range of ATP masses from 0 to 1000 pmol (0–5 μM). All kinetic assay 

components were checked for influence on the slope and stability of the ATP standard curve. 

ATP standard curves are shown in Supplemental Figs. S-1 and S-2. 

Kinetic assays measured the rate of ATP accumulation by following light emitted by luciferase. 

Assays at 25 °C were run at eight levels of [ADP] (μM): 0, 1.563, 3.125, 6.25, 12.5, 25, 50, and 

125 final concentrations, in a column of a 96-well plate. Unless stated otherwise, 

all OxPhos and CK assays contained 20 μM diadenosine pentaphosphate (AP5A) to 

inhibit AK activity. Mitochondria given ADP and AP5A did not produce measurable ATP unless 

either oxidative substrate or phosphocreatine (PCr) were added (see Results and Supplementary 

Fig. 8a, 8b). OxPhos and CK assays were started by adding either oxidative substrate or 10 mM 

PCr. In the AK assays ADP served as the substrate and AP5A was not included. 

Oxidative substrate final concentrations. Ten different oxidative substrates, some with 

inhibitors, were used in these studies. In most OxPhos experiments mitochondria oxidized 

10 mM glutamate +10 mM succinate (GS), which invariably gave the highest OxPhos rate of all 

substrate combinations in all mouse tissues, as well as human skeletal muscle. Other 

combinations were 10 mM glutamate +2 mM malate (GM), 5 mM ascorbate +1 mM TMPD 

(AT), 10 mM 2-oxoglutarate (2OG), 10 mM glutamate +2 mM malate +2 mM arsenite, an 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/oxidative-phosphorylation
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/creatine-kinase
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/adenylate-kinase
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inhibitor of 2-oxoglutarate dehydrogenase (GMA), 30 mM pyruvate +5 mM malate (PM), 20 μM 

palmitoyl-L-carnitine +1 mM malate (PCM), 5 mM acetyl-carnitine +1 mM malate (AcCM), 

10 mM succinate +5 μM rotenone (SR), and 10 mM glycerol-3-phosphate (G3P). 

Analysis of ADP kinetic assays. Linear regression was used to determine the slope (RLU/min) 

of kinetic assay progress curves. Next, this slope was converted to ATP production rate (JATP) in 

units of pmol ATP/min using the slope of the ATP standard curve (RLU/pmol ATP). The kinetic 

parameters of the [ADP]: JATP relationship were then evaluated using the Excel Solver tool to 

minimize the residuals of a Michaelis-Menten nonlinear model with both [ADP] and the 

K0.5ADP parameter raised to a Hill exponent (see Eq. (1) above). 

Metabolic flux control assays. The flux control strength of the adenine nucleotide translocase 

(ANT) over OxPhos was measured in human skeletal muscle mitochondria oxidizing glutamate 

+ succinate. Carboxyatractyloside (CAT), a high affinity inhibitor of ANT, was added at eight 

levels to titrate OxPhos measured with luciferase. Inhibitor titrations were performed at least in 

duplicate at three ADP concentrations, 6.25, 12.5, and 25 μM, a range which spans the K0.5ADP 

for OxPhos. Into eight wells of reaction mix with 20 μM AP5A were added mitochondria, one 

concentration of ADP, and one of eight levels of CAT (nM), 0, 0.25, 0.50, 1.0, 1.5, 1.875, 2.5, 

and 5.0. After 5 min of incubation to ensure equilibrium ANT-CAT binding, assays were 

initiated by the addition of glutamate + succinate. 

Analysis of ANT flux control assays. The flux control strength (CJ) of an enzyme in a 

metabolic pathway is defined [23,24,39] as the fractional change in pathway flux divided by the 

fractional change in enzyme abundance (or maximum activity): 

 CJ= (dJ/J) / (dE/E) 

The fractional change in OxPhos flux at each CAT concentration was directly measured with the 

luciferase assay. The fraction of ANT occupied and inhibited by CAT was determined using the 

Easson-Steadman (E-S) equation [40] to estimate both the dissociation constant (Kd) of ANT-

CAT binding and the concentration of ANT in the assay. The assumptions of the E-S equation 

and the evaluation of flux control strength are described in Results. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/rotenone
https://www.sciencedirect.com/science/article/pii/S0005272821000633?via%3Dihub#fo0005
https://www.sciencedirect.com/science/article/pii/S0005272821000633?via%3Dihub#bb0115
https://www.sciencedirect.com/science/article/pii/S0005272821000633?via%3Dihub#bb0120
https://www.sciencedirect.com/science/article/pii/S0005272821000633?via%3Dihub#bb0195
https://www.sciencedirect.com/science/article/pii/S0005272821000633?via%3Dihub#bb0200
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/dissociation-constant
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Statistics. Slopes and goodness of fit were assessed with linear regression. Differences between 

two mean values were determined using unpaired t-tests. Significance was accepted at p < 0.05. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/goodness-of-fit-test
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Results 

ATP standard curves. ATP standard curves are shown in Figures S-1 and S-2. Standard curves 

were linear with ATP addition, R2 = 0.9993 ± 0.0001, n = 42. ATP signals were stable across 

time (Figures S-1 and S-2) indicating the absence of inhibitory product accumulation. ATP 

standard signal stability was also not affected by the addition of mitochondria and AP5A either 

in the presence or absence of oligomycin. Standard curve slopes can be affected by assay 

components such as oxidative substrates and inhibitors. This must be accounted for by running 

ATP standards under the appropriate conditions; an example is shown in Figure S-2. It should be 

noted that inorganic phosphate (Pi) is a potent inhibitor of most luciferases [56]. In the present 

studies, 10 mM Pi was included in all assays and the appropriate volume of luciferase stock to 

add to the reaction mix was empirically determined. Thus, high but constant Pi concentration in 

the assay is not an issue. However, we were initially interested in using this assay to evaluate 

phosphate kinetic parameters, but this phosphate inhibition feature rendered that application 

impractical. 

ADP kinetic assays. Excellent linearity with time, at every level of ADP, was consistently 

observed in kinetic assays of 7–10 min duration. A representative example is shown in Figure 1. 

The extreme sensitivity of luciferase-based ATP monitoring [56] enables the assay of very small 

quantities of mitochondrial protein. For example, in Fig. 1 only 0.16 μg protein of mouse skeletal 

muscle mitochondria was added to each well. High sensitivity also minimizes net utilization of 

buffer constituents and accumulation of product (e.g., ATP), ensuring nearly steady state 

conditions. Consequently, assay progress curves were consistently linear across time with 

R2 values approaching or equaling 0.99. 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/oligomycin
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/luciferase
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https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/mitochondrial-protein
https://www.sciencedirect.com/science/article/pii/S0005272821000633?via%3Dihub#f0005
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Figure 1. Progress curves of kinetic assays. OxPhos of mouse skeletal muscle mitochondria oxidizing 

glutamate + succinate (10 mM + 10 mM). Adenylate kinase was inhibited with 20 μM 

AP5A. Mitochondrial protein added to each well was 0.160 μg. 

 

Although most commercially prepared ADP contains small amounts of contaminating ATP, this 

was not an issue of concern. Figure S-3 shows that in our hands ATP contamination of stock 

ADP solutions was 1.27%. Further, the linearity of this plot (R2 = 0.999) up to an ADP 

concentration of 250 μM also indicates that an ADP level twice that of the highest used in our 

assays had no inhibitory effect on the ATP signal. We found it was unnecessary to remove ATP 

contamination from our ADP stocks, likely because the ATP levels are well below the KMATP 

of potential ATP-utilizing reactions, for example, the F1-ATPase activity of damaged 

mitochondria. In fact, as seen on the ordinate of Fig. 1, the small but progressively higher initial 

RLU values resulting from this ATP contamination provided a helpful check that correct ADP 

stocks had been added to each well. 

The progress curve slopes of Figure 1 (RLU/min) were converted to ATP production rates using 

an ATP standard curve (shown in Fig. S-1) and the kinetic parameters of Eq. (1) were then 

evaluated with nonlinear regression analysis to give results such as shown in Figure 2. An 

example of the analysis is given in Fig. S-4. Examples of CK and AK analysis are provided in 

Figure S-5 and Figure S-6, respectively. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/oxidative-phosphorylation
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/adenylate-kinase
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https://www.sciencedirect.com/science/article/pii/S0005272821000633?via%3Dihub#f0005
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Figure 2. Progress curves of Figure 1 converted to ATP production rates (JATP) and evaluated for kinetic 

parameters. Data are shown as unfilled circles and the solid line is the data fit to Eq. (1). 

K0.5ADP = 11.9 μM, nH = 1.28, and Vmax = 103.7 pmol ATP/min (648 nmol min−1 mg−1). 

 

Assay dose-response linearity and coefficient of variation. Proportionality between ATP 

production rate and mitochondrial protein added was observed and the assay ADP concentration 

had no effect on dose-response linearity (Figure S-7). The assay coefficient of variation (CV%) 

was calculated using 91 duplicate measurements collated from 13 mitochondrial preparations 

each assayed at 7 concentrations of ADP from 1.5 to 125 μM (Eq. (3)): 

 

where d is the difference between two paired measurements, m is the mean of the pair, and n in 

this case is 91 pairs. The coefficient of variation of the 91 duplicates was 5.03%. 

 

https://www.sciencedirect.com/science/article/pii/S0005272821000633?via%3Dihub#f0005
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ADP kinetics of ATP production in mouse tissues. The ADP kinetic parameters for all three 

mitochondrial ATP production pathways in the four mouse tissues are given in Table 1. The 

control of oxidative ATP production was the primary focus of this study, but we additionally 

measured mitochondrial ATP production by adenylate kinase (AK) and creatine kinase (CK), 

which are both located in the intermembrane space. 

 

 

Table 1. ADP kinetic parameters for three pathways of ATP production by mitochondria isolated from 

the mouse tissues shown. The oxidative substrates were glutamate + succinate (10 mM + 10 mM). The 

substrate for creatine kinase (CK) was 10 mM phosphocreatine. For both OxPhos and CK 20 μM AP5A 

was added to inhibit adenylate kinase (AK). AK phosphorylated the ADP added and AP5A was not 

included. Units are μM for K0.5ADP and nmol ATP min−1 mg−1 for Vmax. nH is unitless. Assay temperature 

was 25 °C, pH 7.0, 10 mM inorganic phosphate, and total Mg2+ of 5 mM. 

The parameter values in Table 1 were used to construct the kinetic curves shown in Figure 3. 

https://www.sciencedirect.com/science/article/pii/S0005272821000633?via%3Dihub#t0005
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/intermembrane-space
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Figure 3. ATP production by OxPhos, AK, and CK in mouse mitochondria isolated from liver (panel A), 

kidney (panel B), heart (panel C), and skeletal muscle (panel D). Curves were constructed using the 

kinetic parameter values in Table 1. 

 

In liver mitochondria CK activity was not detectable, in agreement with Saks and coworkers 

[80]. Liver mitochondria had very high AK Vmax relative to OxPhos. AK kinetics were markedly 

sigmoidal, reflecting the cooperative ADP binding of the enzyme. 

From a methodological standpoint, the liver results emphasize the need to inhibit AK with 

diadenosine pentaphosphate (AP5A) when the experimental objective is to assess OxPhos or CK 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/oxidative-phosphorylation
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/adenylate-kinase
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/creatine-kinase
https://www.sciencedirect.com/science/article/pii/S0005272821000633?via%3Dihub#t0005
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/oxidative-phosphorylation
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kinetics. As shown in Figure S-8a and Figure S-8b, AK activity was not detectable when AP5A 

was present at 20 μM. It should be noted that the absence of ATP production when only ADP 

and AP5A are added also indicates that mitochondria did not contain measurable endogenous 

oxidative substrate. This is consistent with the fact we are adding sub-microgram quantities of 

mitochondrial protein, which translates to less than 1.0 nl of matrix space, into 200 μl of reaction 

mix, a dilution factor exceeding 200,000. 

In marked contrast to the liver, heart and skeletal muscle mitochondria exhibited low AK 

activity, particularly relative to OxPhos and CK. In heart (Figure 3C) and, especially, skeletal 

muscle (Figure 3D), mitochondrial ATP production via CK was highest. In kidney mitochondria 

(Figure 3B) the pattern of the three pathways was intermediate to that of liver and the striated 

muscle tissues. 

In all tissue types the substrate combination eliciting the highest OxPhos rate was glutamate + 

succinate (GS), as shown for skeletal muscle in Figure 4, heart in Figure S-11, and liver Figure 

S-12 (kidney not shown). Thus, glutamate + succinate was the oxidative substrate combination 

used in the comparison of ADP kinetic parameters across tissues shown in Table 1 and Figure 3, 

and in the determination of ANT flux control strength (Table 3). 
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Figure 4. ADP kinetic assessment in mouse skeletal muscle mitochondria provided 10 different oxidative 

substrate combinations. Panel A shows how the substrate-dependent 7-fold range of 

maximum OxPhos rate linearly relates to the measured K0.5ADP, y = 11.24x + 0.62, R2 = 0.963. Panel B 

shows that as Vmax and K0.5ADP rise, the Hill exponent, nH, concomitantly falls toward 1.0 i.e., the 

kinetics become more like a simple Michaelis-Menten model. Equation of the line in panel B: 

y = −0.636x + 1.791, R2 = 0.607. Both panels illustrate the same 32 complete kinetic assessments carried 

out on 8 separate mitochondrial preparations. The substrates and inhibitors used were Glutamate (G), 

Succinate (S), Malate (M), Ascorbate+TMPD (AT), 2-oxoglutarate (2OG), Arsenite (A), Pyruvate (P), 

PalmitoyL-Carnitine (PC), Acetyl-Carnitine (AcC), Succinate + Rotenone (SR), and Glycerol-3-

Phosphate (G3P). The final assay concentrations of each substrate combination and the inhibitors are 

listed in Materials and Methods. 

Liver K0.5ADP for OxPhos was almost twofold higher than the other three tissues, p < 0.01, 

which were not different from each other. Skeletal muscle had the least sigmoidicity in its 

OxPhos kinetic response (lowest nH exponent), p < 0.01 and the highest OxPhos Vmax per mg 

mitochondrial protein, p < 0.01. 
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ADP and ATP bind to cations with variable affinity. All ADP concentrations mentioned to this 

point, for example the K0.5ADP values in Table 1, have been the sum of all ionic forms, which 

can be symbolized ΣADP [81]. However, the adenine nucleotide translocase (ANT) binds ADP 

and ATP only in their free ion forms, ADP3− and ATP4− [66]. Magnesium is a major chelator of 

ADP (and ATP to an even greater extent) and the Mg2+ concentration in the respiration medium 

may vary substantially in different laboratories reporting kinetic assessments such as these. This 

is one reason it is helpful to express the K0.5ADP in free ADP terms (K0.5ADP3−). We have used 

the procedures of Chinopoulos and coworkers [82] to calculate the free [Mg2+] and [ADP−3] at 

each level of added ADP. In these experiments with total [Mg2+] of 5 mM, 10 mM [Pi], and pH. 

7.0, this adjustment gives an [ADP3−] which roughly equals the [ΣADP] divided by 6.4. Thus, 

the K0.5ADP3− (μM) for OxPhos in mouse liver, kidney, heart, and skeletal muscle determined 

here are, respectively, 3.5, 1.9, 1.9, and 1.9. 

Related to the above, the absence of physiologically meaningful ATP ([ΣATP] < 5 μM) in these 

luciferase assays has two important, and counteracting, consequences on ADP kinetics. At 

physiological concentrations, ATP4− competes with ADP3− for binding to ANT [66,83,84] and its 

absence should therefore decrease K0.5ADP. On the other hand, ATP binds to Mg+2 almost 10 

times more avidly than ADP [82,33]. In this case, low [ATP] exposes ADP to roughly 3-fold 

higher free [Mg2+], thus substantially decreasing the fraction of the ΣADP pool available for 

ANT binding i.e., ADP3−. We directly compared estimates of OxPhos K0.5ADP in both ΣADP 

and ADP3− terms in the presence and absence of 5 mM ΣATP. The kinetics of ADP were 

simultaneously assessed in the same five preparations of mouse skeletal muscle mitochondria 

both polarographically, using a creatine kinase clamp [71,85], and with the luciferase-based 

assay. In the polarographic creatine kinase clamp procedure O2 consumption rate is continuously 

measured while the medium ADP concentration is clamped across a range of steady state values 

by adjusting the phosphocreatine to creatine ratio in the presence of 5 mM ATP and saturating 

creatine kinase [59,60]. As reported in Table 2, polarography and luciferase gave similar 

K0.5ADP values, 13.1 ± 1.3 and 11.9 ± 0.6 μM, respectively, when all ionic forms of ADP are 

considered (ΣADP). However, when expressed in terms of ADP3−, the clamp estimated a 

K0.5ADP3− over twofold higher than luciferase, 4.4 ± 0.4 vs 1.9 ± 0.1 μM, p = 0.003. Notably, the 

PCr clamp reconstitutes a more physiological assay environment than luciferase by providing 

closer to equilibrium conditions at the ADP:ATP exchange step [59] and ATP4− competition 

https://www.sciencedirect.com/science/article/pii/S0005272821000633?via%3Dihub#t0005
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with ADP3− for binding to ANT [27]. Again, the buffer [ΣATP] in the luciferase assay never 

exceeds 5 μM, while in the clamp the buffer 5 mM ΣATP corresponds to [ATP4−] of roughly 

320–340 μM [20]. 

 

 

 

Table 2. ADP kinetic parameters determined with either polarography (and the “creatine kinase 

clamp”) at 37 °C or the luciferase-based procedure at 25 °C. Glutamate + Succinate 

(10 mM + 10 mM) were the oxidative substrates. The K0.5 parameter is expressed in terms of all 

ionic forms of ADP (ΣADP), as well as the ionic form that binds to ANT (ADP3−). *p = 0.003 vs 

polarography. 

 

ANT control of OxPhos flux. As described in Materials and Methods, the flux control an 

enzyme exerts over a pathway can be estimated by measuring the fractional change in pathway 

flux divided by the fractional change in the abundance (or activity) of the enzyme. We measured 

ANT flux control strength over OxPhos in human skeletal muscle mitochondria oxidizing 

glutamate + succinate. ATP production was measured at eight levels of carboxyatractyloside 

(CAT). These inhibitor titrations were carried out at three ΣADP concentrations, 6.25, 12.5, and 

25 μM, a range which spans the K0.5ADP of 11.1 ± 0.8 μM (Table 3). The change in flux caused 

by each CAT level was directly measured with the luciferase assay. However, the denominator, 

the fraction of ANT bound and inactivated by CAT, had to account for the sub-microgram 

mitochondrial protein per assay; the concentration of ANT in the assay (Figure S-9a) 

approximated the Kd of CAT binding [86]. To calculate the fraction of ANT bound to CAT we 

https://www.sciencedirect.com/science/article/pii/S0005272821000633?via%3Dihub#bb0135
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used the ligand conservation equation of Easson and Stedman [79,87] (E-S equation), which 

provides estimates of both the ANT-CAT Kd and the concentration of ANT. Specifically applied 

to the present study the E-S equation is: 

 

 

 

 

 

 

Table 3. ADP kinetic parameters and ANT flux control strength (CJ) assessed in human skeletal muscle 

mitochondria. ADP kinetics were evaluated as before. ANT flux control over OxPhos at three [ADP] 

(μM) was measured by titrating OxPhos with carboxyatractyloside. In all assays the oxidative substrates 

were glutamate + succinate and 20 μM AP5A was added to inhibit adenylate kinase. One flux control 

assessment at 6.25 μM ADP was lost due to methodological problems. *p = 0.035 vs 12.5 μM ADP. 

 

where [CAT], [ANT], and Kd have the meanings described above and i is the relative inhibition 

of OxPhos caused by each CAT concentration. The results of each assay were analyzed using 

Eq. (4) to estimate ANT concentration and the ANT-CAT Kd. However, it should be noted that 

the derivation of the E-S equation [79] assumes that the enzyme being studied has complete 

control of flux i.e., CJ = 1.0. Fortunately, in every mitochondrial preparation we assessed at low 

[ADP] (6.25 and/or 12.5 μM), the plots of (1-i)−1 vs [CAT]/i were approximately linear, thus 

[ANT] and the ANT-CAT Kd could be estimated (see Figure S-9a for an example of the 

analysis). Further, consistent CAT-ANT Kd values were observed, 0.048 ± 0.002 nM (n = 27). 

The y-intercept values ([ANT] in nM) were, as expected, more variable since they depend on the 
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protein (mg/L) added to the assay and the ANT abundance (nmol/mg) of the mitochondrial 

sample. Flux control coefficients, CJ, were evaluated by measuring the fractional changes in flux 

and CAT-occupied ANT, (dJ/J)/(dANT/ANT), caused by the first CAT addition; an example is 

shown in Figure S-9b. Additionally, the entire titration of [CAT] and corresponding fluxes (JATP) 

were analyzed using the equation of Gellerich et al. [48] and nonlinear regression analysis; these 

estimates of control strength agreed with the simple procedure shown in Figure S-9b. Flux 

control results are reported in Table 3. 

The (ΣADP) K0.5ADP of 11.1 ± 0.8 μM for human skeletal muscle mitochondria oxidizing 

glutamate + succinate is similar (p = 0.39) to our previous human skeletal muscle data [20]. In 

that same study [20] the conventional polarographic procedure estimated the ANT flux control 

coefficient to be 0.82 at [ADP] close to the K0.5ADP, also confirmed here. However, at [ADP] 

over twice the K0.5ADP, 25 μM, ANT control strength fell substantially to 0.51 (Table 3). 

Finally, the ANT abundance of roughly 1 nmol/mg estimated with the luciferase assay and E-S 

analysis was also similar to the range reported for skeletal muscle [60,88] and heart [64,34] 

measured using polarography. 

Effect of substrate supply on ADP kinetic parameters. The influence of substrate availability 

on the OxPhos ADP kinetics of mouse hindlimb skeletal muscle is shown in Figure 4. In 32 

complete kinetic assessments carried out on 8 mitochondrial preparations, ten different substrate 

combinations were used. Figure 4A shows the linear relationship, R2 = 0.963, between K0.5ADP 

and Vmax, which nearly regresses through the origin. Panel B of Figure 4 shows the Hill 

exponent, nH, falls toward unity as flux and K0.5ADP rise. Thus, high flux substrate combinations 

result in kinetics more similar to a simple Michaelis-Menten model. Essentially identical patterns 

were observed in human skeletal muscle mitochondria, albeit with fewer substrate combinations, 

as shown in Figure 5A and B. These are the same human mitochondrial preparations described 

in Table 3. 
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Figure 5. Relationship between OxPhos Vmax and K0.5ADP (Panel A) and the Hill exponent, nH, (Panel B) 

in 6 preparations of human skeletal muscle mitochondria oxidizing 4 different substrate combinations: 

GS, Glutamate + Succinate (10 mM + 10 mM), GM, Glutamate + Malate (10 mM + 2 mM), PM, 

Pyruvate + Malate (30 mM + 5 mM), and PCM, Palmitoyl-l-Carnitine + Malate (20 μM + 1 mM). 

Equations of the lines relating these mean values are in Panel A: y = 11.25x − 0.70, R2 = 0.960 and in 

Panel B: y = 0.806x + 1.93, R2 = 0.982. Scatterplots (n = 20 data points) of these relationships are shown 

in Fig. S-14. In that case the equations of the lines are for Panel A: y = 10.92x − 0.39, R2 = 0.893 and 

Panel B: y = −0.722× + 1.86, R2 = 0.530. 

Mitochondria isolated from several other sources gave similar results. These experiments are 

reported in Supplemental Data: Mouse heart (Fig. S-11), mouse liver (Fig. S-12), and L6 

myotubes, which are differentiated rat skeletal muscle cells in culture (Fig. S-13). Also shown 

(Fig. S-10), are polarography data of linearly related state 3 O2 consumption vs K0.5ADP in 

mitochondria isolated from rat hindlimb muscle and avian flight muscle oxidizing 8 different 

substrate combinations from our previous work [58]. 
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Discussion 

Luciferase assay to evaluate ADP kinetics and flux control. The K0.5ADP for OxPhos is a 

kinetic parameter widely used to assess both mitochondrial dysfunction in disease [51] and 

enhanced function due to exercise training [50,52,53]. We describe a convenient, reliable, and 

fast luciferase-based procedure capable of assessing mitochondrial ADP kinetics and flux 

control. With most research applications the extreme sensitivity offers practically no lower limit 

of detection; mitochondria isolated from cultured cells, for example the L6 cells used here, 

provide sufficient protein for hundreds of assays. Assays for ADP kinetics and flux control were 

routinely performed in duplicate by one individual in less than 2 h. Polarography, by 

comparison, can assess additional fluxes of interest such as basal proton leak and uncoupled vs. 

coupled maximum ETC flux, but the assays require much more time and effort, in addition to 

orders of magnitude more mitochondrial protein. Further, if OxPhos is the process of interest, 

additional measurements or assumptions regarding proton leak or ATP/O coupling are necessary 

in polarographic studies. 

Mitochondrial ATP production in mouse tissues. Two characteristics of ATP production by 

liver mitochondria were noteworthy, AK activity and the K0.5ADP for OxPhos. Oxidative ATP 

production by liver mitochondria exceeded that of AK up to about 50 μM [ADP], a little over 

twice the K0.5ADP for OxPhos. Beyond that [ADP], ATP production by AK progressively 

outpaced OxPhos, up to a Vmax that was almost 3-fold higher. We note briefly that the AK 

reaction, ADP + ADP ➔ ATP + AMP, obviously cannot be viewed as a steady state source of 

ATP production. It can also be calculated (not shown) that hepatocyte metabolic rate, along with 

the mass of the cytosolic adenylate pool, preclude any meaningful AK contribution to metabolic 

capacitance during a transient rise in ATP demand [89]. The observed AK kinetics for the liver 

mitochondria exhibit a rapidly rising bi-directional catalytic competence as [ADP] rises (energy 

state falls) and oxidative phosphorylation becomes more competitive for ADP substrate. This 

pattern is consistent with the ability to maintain near-equilibrium in the AK reaction and an AMP 

signal proportional to the square of the [ADP]. Particularly in the liver, AMP activated protein 

kinase (AMPK) plays a central role in the maintenance of cellular energy homeostasis [90-93]. 

AMPK promotes oxidative substrate delivery, while it brakes ATP utilization [94]. Indeed, 

AMPK knockout in the liver impairs energy state defense [95]. 
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The control of OxPhos was our primary focus. In this regard, the most notable outcome of the 

mouse tissue mitochondria in Table 1, which all oxidized glutamate + succinate, was the almost 

twofold higher K0.5ADP observed in liver. The liver K0.5ADP for OxPhos (22.3 μM), converts to 

a K0.5ADP3− of roughly 3.5 μM. This value is similar to ANT-ADP binding affinity, KdADP3−, 

for which molecular dynamic modeling gives an estimate of 3.66 μM [32], in good agreement 

with experimental observations [67,96]. In marked contrast, the ~12 μM K0.5ADP of skeletal 

muscle, heart, and kidney converts to a K0.5ADP3− ~ 1.9 μM, about half the ANT KdADP3−. 

Below we will propose that low relative ANT abundance in liver mitochondria [34,97,98] 

underlies the closer match between K0.5ADP3− and KdADP3− in this tissue. For now, we point out 

that ANT isoforms cannot explain higher liver K0.5ADP. Two isoforms, ANT1 and ANT2, are 

found in mammalian liver, kidney, heart, and skeletal muscle mitochondria. Despite their 

different K0.5ADP, liver and kidney have similar ANT2 relative abundances: 75% and 65%, 

respectively [99]. Kidney, heart, and skeletal muscle have similar K0.5ADP, yet very different 

relative abundance in ANT1: 35%, 63%, and 81%, respectively [99]. Moreover, ANT isoforms 

have no obvious functional differences [100]. 

ANT ATP4−/ADP3− binding and exchange. ANT is an inner membrane carrier which 

exchanges ADP for ATP, binding these adenylates exclusively in their free ion forms, 

ADP3− and ATP4− [66] at a site located at about the midpoint of the bilayer [100]. Operating in 

the “forward” direction ANT in its c-state (open toward the cytosol) binds ADP3− in 

the intermembrane space, which changes the protein structure to the matrix-facing, m-state, in 

which ADP3− can be released into the matrix [100,101]. To complete one cycle of productive 

exchange, ATP4− binds in the matrix, the conformation reverts to the c-state, and ATP4− is 

released into the intermembrane space. ADP3− binds to three positively charged residues, 

arginine and lysine, fully neutralizing all charges [32]. In contrast, although ATP4− binds in the 

same location and with roughly similar affinity under deenergized conditions [67], one negative 

charge of bound ATP remains uncovered [84]. At physiological ratios of ATP/ADP, 

ATP4− competition with ADP3− increases the apparent KMADP of the transport process [102]. 

This competition was evident in Table 2, where the more physiological conditions of the creatine 

kinase clamp i.e., extramitochondrial [ATP4−] > 300 μM, resulted in K0.5ADP3− over two times 

higher than in the luciferase assay (buffer [ΣATP] < 5 μM). Due to the charge difference in the 

https://www.sciencedirect.com/science/article/pii/S0005272821000633?via%3Dihub#t0005
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exchange of cytosolic ADP3− for matrix ATP4−, net flux at ANT is thermodynamically driven by 

the membrane potential, ΔΨ [102,103]. 

ANT control of OxPhos flux. Previous studies that have taken care to assess only the flux 

control intrinsic to mitochondria themselves, thus excluding experimentally introduced rate-

controlling enzymes such as hexokinase, have identified ANT as the major locus of OxPhos 

control in mitochondria isolated from rat liver, rabbit heart, and both rat and human skeletal 

muscle [60,63,64 ,87]. Here we have confirmed the findings in human skeletal muscle and 

extended them to three concentrations of ADP, which span the K0.5ADP. Importantly, these 

mitochondria oxidized the highest flux substrate combination, glutamate + succinate [69]. 

Control strength at ANT was especially strong, roughly 90% and 80%, at [ADP] below and near 

the K0.5ADP, respectively. At 25 μM [ADP], over two times the K0.5ADP, ANT control strength 

fell significantly to just over 50%. Many polarography studies, including our own [60], have 

shown that saturating ADP (state 3 respiration) reduces ANT flux control in striated 

muscle mitochondria to nearly zero [34,63,88]. We can infer, therefore, that control strength 

would continue to fall progressively as the ADP concentration increased above 25 μM. The 

findings of Kholodenko et al. in rabbit heart mitochondria [64], as well as our own preliminary 

data (not shown), support this assumption. 

Effect of oxidative substrate on ADP kinetics. In conformity with in vivo 31P-MRS studies 

[37,57], we analyzed the ADP kinetics of OxPhos 

with a Michaelis-Menten type model with the K0.5ADP and [ADP] terms raised to a Hill 

exponent, nH (see Eq. (1)). We included a Hill exponent as an ad hoc parameter, simply to 

improve the estimate of K0.5ADP. That goal was achieved, but the analytical approach also 

revealed the unexpected outcomes shown in Fig. 4, Fig. 5. As Vmax and K0.5ADP rose, the Hill 

exponent concomitantly fell, approaching simple Michaelis-Menten kinetics. 

In this case, rather than reflecting higher order control by ADP [104], Hill 

coefficients appreciably in excess of 1.0 essentially described a near-linear 

[ADP]:JATP relationship abruptly transitioning to Vmax, as shown in Figure 6. Figure S-15 clearly 

illustrates this phenomenon, contrasting the kinetic curves of glutamate + succinate and glycerol-

3-phosphate, the highest and lowest Vmax substrates, respectively. 
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Figure 6. Kinetic responses of all 10 substrate combinations drawn using mean kinetic parameter values 

from the 8 separate mitochondrial preparations. ATP production rate is expressed relative to the Vmax of 

Glutamate+Succinate (GS). Other substrates shown: G + Malate (GM), Ascorbate + TMPD (AscTMPD), 

2-Oxoglutarate (OG), G + M + Arsenite (GMA), Pyruvate+M (PM), Acetyl-Carnitine+M (AcCM), 

Palmitoyl-Carnitine+M (PCM), Succinate+Rotenone (SR), and Glycerol-3-Phosphate (G3P). 

Top-down metabolic control analysis (MCA). The K0.5ADP of OxPhos describes the response 

of the entire oxidative pathway. If all flux control were located at ANT up to Vmax, then this 

K0.5ADP would specifically reflect ANT kinetics. In this hypothetical case, since ADP binds to 

ANT as ADP3−, we would expect the values of K0.5ADP3− and ANT KdADP3− to be similar. 

This, in fact, is essentially the case for liver mitochondria oxidizing glutamate + succinate (this is 

discussed below). In contrast, the K0.5ADP3− for skeletal muscle mitochondria oxidizing 

glutamate + succinate was roughly half the KdADP3− and lower Vmax substrates resulted in 

proportionally lower K0.5ADP3− values. We propose that augmented substrate oxidative capacity 

increases K0.5ADP3− toward the Kd of ANT-ADP3− binding because flux control strength at ANT 

rises with the capacity to generate the protonmotive force (Δp). This interpretation is based on 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/arsenite
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/proton-motive-force
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top-down, or modular, metabolic control analysis [105], which is conceptually illustrated 

in Figure 7. 

 

 

 

 

 

Figure 7. Top-down (modular) metabolic control analysis applied to the OxPhos pathway in 

the luciferase assay. The mitochondrion is conceptually viewed as comprised of two modules, Δp-

producer and Δp-user with a common intermediate, Δp. Ten different oxidative substrate combinations 

were used to adjust, over a 7-fold range, the maximum rate of proton pumping by the Δp-producer 

module. The Δp generated by all 10 substrate combinations was utilized by the same Δp-user module. 

ADP acts as an external effector, which binds to, and activates, the Δp-user module, thus decreasing the 

rate control it exerts over the Δp-producer module. See text for further description. DH, substrate 

dehydrogenases; CAC, citric acid cycle; ETC, electron transport chain; C V, complex V; ANT, adenine 

nucleotide translocase. 

 

Mitochondria are viewed as comprised of two modules, Δp-producer and Δp-user linked by their 

common intermediate, Δp [106]. The Δp-producer module contains all mitochondrial steps 

involved in substrate membrane transport and oxidation by dehydrogenases, as well as electron 

transport coupled to proton pumping. The Δp-user module contains the phosphate transporter, 

Complex V, and ANT. In top-down MCA terminology, the relationship between module activity 

and Δp is called elasticity, ε [48]; the Δp-producer module has negative elasticity to Δp (Δp 

“pushes back” against proton pumping by the producer module), while the Δp-user elasticity is 

positive (the electrophoretic effect of ΔΨ advancing ANT flux, for example). Our experimental 

intervention was to modify the Δp-producer module elasticity over a roughly 7-fold range with 

ten different oxidative substrate combinations. Importantly, all ten of these widely different Δp-

producer elasticities interacted with the same Δp-user module responding to the same range of 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/metabolic-control-analysis
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added ADP. The summation theorem of MCA states that the flux control coefficients of the two 

modules sum to 1.0 [49]: 

  

The connectivity property (Eq. (6)) describes the mutual dependence of the two modules on the 

common intermediate, Δp: 

 

 

Eqs. (5), (6) can be rearranged to give both flux control coefficients in terms of the elasticities 

(Eqs. (7), (8)) [69]: 

 

 

As the buffer [ADP] rises, flux control at ANT falls (see Table 3), which means that control has 

been transferred to the Δp-producer module (Eq. (5)). Eq. (7) describes this pattern. Rising 

[ADP] activates the Δp-user module, which increases its elasticity to Δp and transfers flux 

control to the Δp-producing module. Redistribution of control occurs regardless of the substrate 

supply, but the extent of the transfer is marginally greater if the elasticity of the Δp-producer is 

small, as it is with low Vmax substrates. Eq. (8) shows that higher substrate oxidative capacity i.e., 

more negative producer module elasticity, ε∆p
prod, increases flux control strength at the user 

module, as predicted by Brand and coworkers 30 years ago [106]. Stated simply, an addition of 

ADP cannot increase OxPhos flux if the (Δp-user) module it activates has zero control of flux. 

For example, as shown in Figure S-15, when the oxidative substrate is Glycerol-3-Phosphate an 

increase in [ADP] from 12.5 μM to 25 μM increases OxPhos flux by less than 4%. In contrast, 

with Glutamate + Succinate, the same change in [ADP] increases ATP production by about 43%. 

In both cases the same Δp-user module was exposed to the same added increment in [ADP]. 
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Thus, the extent to which ADP influences flux depends on the combination of Δp-user module 

flux control strength and its elasticity to ADP, which is described by another MCA concept, the 

partitioned response. 

The partitioned response coefficient. In Figure7 ADP is viewed as an external effector on 

pathway flux. The effect of an ADP addition on flux is described by the partitioned response 

coefficient, RJ [49]. 

 

 

where eff, the external effector, is ADP and ε is the elasticity of each module to ADP. The 

response of pathway flux to added ADP therefore depends on the control coefficient of each 

module and its elasticity to ADP. 

Eq. (9) summarizes the discussion above. High Δp-producer elasticity (high Vmax substrates) 

relative to that of the Δp-user, gives ANT more control over a broader range of [ADP] (Eq. (8)). 

In this case the OxPhos K0.5ADP3− primarily reflects ANT kinetics. It is important to note this 

interpretation generalizes beyond the substrates supplied to the Δp-producer module; it also 

applies to the module itself. Because linear thermodynamic force-flow relationships operate 

down the entire oxidative pathway: Substrate → ΔGredox → Δp → ΔGATP [59], greater relative 

abundance in substrate dehydrogenases, citrate cycle, and/or ETC proteins would increase the 

capacity to generate Δp relative to the capacity of the Δp users to utilize it. In this case, enhanced 

defense of Δp thus, flux control at the user module, would allow K0.5ADP3− to approach 

KdADP3−. As stated above, in liver mitochondria the measured OxPhos K0.5ADP3− and 

previously determined ANT KdADP3− (~4 μM) [32,67] were similar. Interestingly, liver 

mitochondria have low ANT abundance relative to striated muscle and kidney, both per mg 

protein and per nmol cyt a [34,97,98], characteristics consistent with strong control of flux in the 

Δp-user module hence more closely matched values of K0.5ADP and ANT KdADP. In fact, in rat 

liver mitochondria oxidizing glutamate + malate, ANT maintains essentially complete flux 

control at respiration rates of roughly 50% state 3 [63]. Even more compelling, a flux control 

coefficient of 0.66 has been reported for liver mitochondria maximally activated by saturating 

(250 μM) ADP [107], a pattern of control dramatically different from that of striated muscle 

mitochondria [34,60,64]. In contrast, low Vmax substrates result in the redistribution of control 
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away from the user module and toward the Δp-producer module at lower [ADP3−], which widens 

the gap between K0.5ADP3− and KdADP3−. 

We interpret these data to indicate that any factor which influences the capacity for Δp 

production relative to its utilization correspondingly affects ANT flux control strength and the 

matching of OxPhos K0.5ADP3− to ANT KdADP3−. Simulations in silico using a substantially 

modified version of Daniel Beard's computational model of mitochondrial metabolism [108] are 

consistent with this interpretation. The same computational model also reproduces our luciferase 

and polarography assay results with excellent fidelity (unpublished data). 
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Supplemental Data 

Table S-1a: Stock and Solution Preparation 

 1. 1.0 M K.PO4 pH 7.0 

 2. 0.5 M MgCl2 

 3. 2.0 mM Diadenosine pentaphosphate (AP5A) Sigma-Aldrich Cat # D4022 
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Table S-1b Reaction Mix Preparation 

   Reaction Mix for 100 Assays 

   no Adenylate Kinase inhibition                               + AP5A to inhibit AK 

 

The final addition to the Reaction Mix is luciferase enzyme from the Invitrogen™ kit. Luciferase 

in the final solution should give an RLU/min in the range 50,000 to 200,000 for highest ATP 

standard (1000 pmol). This typically requires an addition of 2-6 ml from the luciferase vial (red 

cap), but it will vary in different kits. 

Add all components into a 50 ml Falcon tube covered in aluminum foil on ice. Add luciferase 

last, cap, and gently rock/invert tube 20-30 times. Dispense 165 ml aliquots into 96 well plate 

with opaque bottom. Cover plate with opaque lid to protect from light. Aluminum foil taped to 

the top of a clear plastic lid will suffice. 
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ATP Standards 

Invitrogen™ Kit ATP stock is 5 mM (5 nmol/ml) Make 5 ATP concentrations: 20, 50, 100, 150, 

and 200 mM by diluting the kit 5 mM ATP stock in H2O. 

 

 

 

ADP Standards 

Prepare 5 ml of 10 mM ADP stock and pH to 7.0 Then make the following dilutions. 
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Figure S-1 Luciferase ATP Standard Curve and Stability 

 

 

ATP Standard Curve for Figures 1 and 2 in text. Regression equation: y = 133.6x + 7797, R2 = 

0.999 See Figure S-4 for further analysis. 
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Figure S-2: Some additions may affect the ATP Standard Curve. (it’s not typical, but assay 

components must be checked) 

 

                                 

 

                                        

In this example, Asc+TMPD ↓ slope 22.5% 
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Figure S-3: ATP Contamination in ADP Stocks 

 

The slope, 12.7 pmol ATP/nmol ADP, indicates 1.27% ATP contamination in ADP stock 

solutions. 
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Figure S-4:  Kinetic Analysis of OxPhos 
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Data of Figures 1 and 2 in text analyzed with nonlinear regression using Excel’s Solver tool. 

Observed JATP (unfilled circles) fit to Equation 1 model (solid line) gave the following 

parameter values: K0.5ADP = 11.9 mM, nH = 1.28, and Vmax = 103.7 pmol/min (648 pmol 

min-1 mg -1 ). Mouse skeletal muscle mitochondria, 0.16 mg/assay. Oxidative substrates were 

10 mM Glutamate + 10 mM Succinate. Note: The ATP standard curve of this experiment is 

shown in Figure S-1. 
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Figure S-5: Skeletal Muscle Mitochondrial Creatine Kinase 

 

 

 

Progress curves showing ATP accumulation after mouse muscle mitochondria, diluted 1:600 

(108 ng protein/assay), were given PCr (10 mM) to fuel mitochondrial creatine kinase. 

Incubation included 20 mM AP5A (diadenosinepentaphosphate) to inhibit adenylate kinase. 

Lines of linear regression shown; in every case R2 > 0.995. 
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Analysis of Muscle Mitochondrial Creatine Kinase Progress Curves 

 

Slope of ATP standard curve (121 RLU/pmol ATP, not shown) was used to convert progress 

curves (RLU/min) to ATP production rates in pmol ATP/min (JATP). 
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Eadie-Hofstee plot of mitochondrial ATP production from 10 mM PCr. Equation of the linear fit: 

y = -51.1x + 160.6, R2 = 0.973, indicates KMADP = 51.1 mM and Vmax = 160.6 pmol/min 

(1487 pmol min-1 mg -1). 
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Figure S-6: Adenylate Kinase Activity Measured and Analyzed 
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Mouse liver mitochondrial suspension diluted 1:400 (0.416 mg protein per assay) incubated with 

0 – 250 mM ADP; no AP5A was added. Progress curves in Panel A were converted to ATP 

production rates (JATP) and are shown in Panel B as unfilled circles. The solid line in Panel B is 

the data fit to Equation 1. Kinetic parameters were: K0.5ADP = 57.3 mM, Hill exponent (nH ) = 

2.07, and Vmax = 48.1 pmol ATP/min (115.6 pmol min-1 mg protein-1 ). 
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Figure S-7: Assay dose-response for mitochondrial protein added 
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Increasing the mitochondrial protein added to the assay gave proportional increases in ATP 

production rate. A mouse muscle mitochondrial suspension, 8.89 mg/ml, was diluted by 200- and 

400-fold, and 10 ml of each were assayed, 444 ng and 222 ng protein, respectively, at three 

levels of [ADP], 25, 50, and 125 mM. Open symbols and broken lines, 222 ng protein assayed, 

filled symbols and solid lines, 444 ng protein. Glutamate + succinate (10 mM + 10 mM) were the 

oxidative substrates and no AP5A was added. 
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Figure S-8a:  Diadenosinepentaphosphate (AP5A) Inhibits Adenylate Kinase 

 

 

ATP production rates (JATP) by mouse skeletal muscle mitochondria with and without 

glutamate + succinate (G+S, 10 mM + 10 mM) in the presence of 20 mM diadenosine 

pentaphosphate (AP5A) to inhibit adenylate kinase activity. In the ADP only assays 0.324 mg of 

protein was assayed, which was double the protein added to runs with G+S (0.162 mg assayed). 

OxPhos kinetic parameters were: K0.5ADP = 14.2 mM, Hill exponent (nH ) = 1.18, and Vmax = 

690 pmol min-1 mg protein-1 . 
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Figure S-8b: AP5A Inhibition of Adenylate Kinase in Kidney Mitochondria 

 

 

ATP production rates (JATP) by 0.688 mg mouse kidney mitochondria given 0 – 250 mM ADP 

in the absence and presence of 20 mM diadenosine pentaphosphate (DAPP or AP5A) to inhibit 

adenylate kinase activity. In the absence of AP5A the ADP kinetic parameters of adenylate 

kinase activity were: K0.5ADP = 77.1 mM, nH = 1.67, and Vmax = 171.1 pmol min-1 mg 

protein-1 
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Figure S-9a 
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Figure S-9a: Inhibitor titration analysis to determine mitochondrial ANT content (nmol/mg) and 

ANT flux control strength (CJ ). Mitochondria, 182 ng protein, were assayed in the presence of 

6.25 mM ADP, Glutamate + Succinate, and 20 mM AP5 . ANT was inhibited by adding one of 8 

levels of carboxyatractyloside (CAT): 0, 0.25, 0.50, 1.0, 1.25, 1.875, 2.5, or 5.0 nM. Luciferase 

assay progress curve slopes shown in Panel A were converted to ATP production rates 

(pmol/min) at each CAT level shown in Panel B. These data were then used to construct the 

Easson-Stedman plot shown in Panel C and linear regression gave: y = 0.051x + 0.743, R2 = 

0.999. This y-intercept and slope estimate the ANT concentration in the assay to be 0.743 nM 

and the Kd for ANT-CAT binding 0.051 nM. Since 0.91 mg of protein were assayed per liter 

(182 ng in 200 ml assay medium) mitochondrial ANT content is estimated to be 0.743/0.91 = 

0.82 nmol/m 
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Figure S-9b: Analysis of CAT Titration Part 2 

 

 

 

Figure S-9b Part 2: At each level of added CAT, free ANT (ANTf ) was calculated using total 

ANT and the Kd , both determined in the Easson-Stedman plot. In turn, the fraction of CAT-

occupied ANT (DANT/ANT) was calculated. The relative change in OxPhos flux (DJ/J) with the 

first CAT addition was divided by DANT/ANT to give the flux control strength (CJ ANT) 

exerted by ANT i.e., in the case a value of 0.98. 
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Figure S-10 

 

 

Substrates Used: P = Pyruvate (1 mM), M = Malate (1 mM), P-C = Palmitoyl-Carnitine (20 

mM), G = Glutamate (10 mM), A = Arsenite (2 mM) 

 

Correlation between K0.5ADP and Vmax in rat hindlimb and bird pectoral skeletal muscle 

mitochondria. Vmax is state 3 O2 consumption in nmol O2 min-1 mg protein-1 and was varied 

by the oxidative substrates added in combination, which were: Pyruvate (P), Malate (M), 

Glutamate (G), and Palmitoyl-l-Carnitine (PC). Arsenite (A) was added with GM to inhibit 2-

oxoglutarate dehydrogenase and reconstruct the malate-aspartate electron shuttle. Equation of the 

line for rat: y=0.0262x-5.4, R2=0.968 and for bird: y=0.1173x-23.9, R2=0.923. Curves were 

constructed using mean values reported in Kuzmiak-Glancy and Willis, J Exp Biol 217:1993-

2003, 2014. 
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Figure S-11: K0.5ADP Relationship in Mouse Heart Mitochondria 

 

 

Relationship between OxPhos K0.5ADP and Vmax in 3 preparations of mouse heart 

mitochondria. Substrate combinations were glutamate + succinate (3 points in far upper right), 

glutamate + malate (middle 3 points), and glutamate + malate + arsenite (lower left 3 points). 

Equation of the line: y= 10.84x + 1.36, R2=0.979. 
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Figure S-12. Linear Vmax: K0.5ADP Relationship in Mouse Liver Mitochondria 

 

 

Relationship between OxPhos K0.5ADP and Vmax in two preparations of mouse liver 

mitochondria. Substrate combinations were glutamate + succinate (GS), ascorbate + TMPD 

(AT), glutamate + malate (GM), acetyl-carnitine + malate (ACM), and glutamate + malate + 

arsenite (GMA). Equation of the line: y= 25.0x – 2.0, R2=0.877. 
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Figure S-13. Mitochondria Isolated from L6 Cell Myotubes 
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L6 cells (immortalized rat skeletal muscle myoblasts) were differentiated into myotubes and 

mitochondria were isolated with the procedure used for skeletal muscle. Substrate combinations: 

GS, Glutamate + Succinate (10 mM + 10 mM), GM, Glutamate + Malate (10 mM + 2 mM), 

Ascorbate + TMPD (5 mM + 1 mM), and Succinate + rotenone (10 mM + 5 mM). Equations of 

the lines are: Panel A: y= 6.14x + 1.58, R2=0.963 and Panel B: y = -0.64 + 1.86, R2 = 0.756. 

Kinetic parameters for G+S were K0.5ADP = 7.8 mM, nH = 1.31, and Vmax = 291.0 pmol min-

1 mg protein-1 

 

 

Figure S-14. Human Skeletal Muscle Mitochondria: Effects of Oxidative Substrates on 

ADP Kinetics 
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Scatterplots of OxPhos Vmax vs K0.5ADP (Panel A) and vs Hill exponent, nH, (Panel B) in 6 

preparations of human skeletal muscle mitochondria oxidizing 4 different substrate 

combinations. These mitochondria had G+S K0.5ADP of 11.1±0.7 mM, which did not differ 

(p=0.35) from Willis et al. Arch Biochem Biophys 647:93–103, 2018. Equations of the lines are: 

Panel A: y= 10.92x – 0.39, R2=0.893 and Panel B: y = -0.722 + 1.86, R2 = 0.530. 
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Figure S-15. A high Hill exponent, nH, reflects a near linear region of ADP control, 

which abruptly bends to the right as the substrate Vmax is approached 
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Results from mouse skeletal muscle mitochondria illustrate the influence of substrate oxidative 

capacity on ADP kinetics. Panel A: Glutamate + Succinate kinetics are K0.5ADP = 14.2 mM, 

Vmax = 690 pmol ATP min-1 mg-1, nH = 1.18. Panel B: Glycerol-3-Phosphate (G3P) kinetics 

are K0.5ADP = 2.4 mM, Vmax = 80.2 pmol ATP min-1 mg-1, nH = 1.78. Unfilled circles are 

observed data, solid lines are data fit to Equation 1. The arrow at left points to the G3P Vmax, 

which occurs well within the near-linear region of the G+S curve. 
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Chapter 2 

Acetylation of Adenine Nucleotide Translocase, fuel Selection, and 

metabolic flexibility in human skeletal muscle 
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Introduction 

Healthy skeletal muscle at rest prefers to oxidize lipid [9,10,109,110,111], but when muscle is 

exposed to insulin, carbohydrate becomes preferred [112]. In contrast, insulin resistant skeletal 

muscle is characterized by a preference to oxidize carbohydrate over lipid, and exposure to 

insulin modestly at best raises carbohydrate oxidation [9,109,110,111]. The inability to alter fuel 

use by insulin resistant muscle is called metabolic inflexibility. The mechanisms responsible for 

this are poorly understood [113]. 

Mitochondrial ATP production and fuel selection are linked [58]. Skeletal muscle mitochondria 

are exquisitely sensitive to the respiratory signal of [ADP] to ensure demand for ATP is met.  

[ADP] is a signal that coordinates ATP production and fuel selection. In resting muscle, ATP 

turnover is a small fraction of maximum ATP production. [ADP] and [AMP] are very low, and 

the ATP/ADP ratio is high. When energy demand rises during muscle contraction, [ADP] rises, 

activating oxidative phosphorylation to match energy demand. Due to near-equilibrium 

conditions in the creatine and adenylate kinase reactions [114], elevated [ADP] is linked to 

higher [AMP] and inorganic phosphate (Pi), two strong positive modulators of glycolysis, raising 

carbon flux to pyruvate [36,37]. ADP and pyruvate also lower the activity of PDH kinase, 

activating PDH, raising the flux of pyruvate into the Krebs Cycle [38,39]. Moreover, the higher 

[AMP] positively modulates AMPK [40,41]. These factors favor activation of PDH and AMPK, 

as has been observed in insulin resistant muscle [40,41,109]. The overall impact of higher [ADP] 

would be increased pyruvate flux and higher carbohydrate fuel availability, despite any potential 

effects of AMPK on lipid oxidation. Thus, whatever factors lead to higher [ADP] will result in 

changes that gear muscle to oxidize carbohydrate. 

The mitochondrial inner membrane protein Adenine Nucleotide Translocase (ANT) is the major 

site of flux control at low [ADP] [35]. At low rates of ATP turnover, sensitivity of mitochondria 

to [ADP] depends on the cellular content of mitochondria, ANT abundance relative to 

mitochondrial content, and the binding affinity of ANT for ADP. Because [AMP] and [Pi] are 

linked to [ADP], mitochondrial capacity and the affinity of ANT for ADP will influence the 

balance of carbohydrate and fat oxidized. Greater mitochondrial content and higher 

mitochondrial sensitivity to ADP is predicted to lead to a preference for lipid oxidation. Factors 

that decrease mitochondrial abundance or lower sensitivity of mitochondria to [ADP] would shift 

fuel preference to carbohydrate. 
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ANT1, the predominant isoform of ANT in human skeletal muscle [35], is acetylated at lysine 

residues 10, 23, and 92 [88].  Lysine 23 resides in the ADP/ATP binding pocket and contributes 

to a region of net positive charge that binds negatively charged ADP and ATP [14,33]. 

Acetylation of lysine 23 removes this positive charge, and modeling indicates this would lower 

the overall positive charge of this region of ANT1 and reduce the binding affinity of ADP, 

raising Kd from around 3.5 to 80 M ADP (free ion ADP3-) [88]. Under physiologic conditions, 

80 M translates to cytosolic [ADP] greater than 200 M, which 31P-MRS studies show exceeds 

resting [ADP] by at least 20-fold [115,116]. Thus, acetylated ANT1 molecules can be viewed as 

much less active than unacetylated ANT1 and nearly non-functional under resting conditions. 

We also showed that acetylation of ANT1 at lysine 23 may be correlated with the apparent Km 

of ADP for respiration and ATP synthesis [35], and ANT accounts for over 80% of flux control 

for respiration at low [ADP] [35]. Acetylation of lysine 23 of ANT1 therefore would be 

predicted to lead to a higher requirement for [ADP] needed to meet the energy demands of the 

cell [35]. The entire pathway of oxidative phosphorylation exhibits linear or quasi-linear force-

flow thermodynamic control in vitro [117] and in vivo [118]. Therefore, if acetylation of ANT1 

increases resistance in the pathway, the result would be decreased free energy of ATP, increases 

in [ADP], [AMP], and [Pi], activation of glycolysis, and a greater contribution of carbohydrate to 

the supply of oxidative fuels. The present study was undertaken to determine whether acetylation 

of ANT1 at lysine 23 is related to the balance of oxidative fuels in human muscle at rest and 

during mild exercise in human muscle. 
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Material and methods 

Screening and euglycemic clamps (Figure 1, Visits 1 and 2). This study consisted of three visits 

to the University of Arizona Clinical and Translational Science Research Center, as shown in  

Figure 1. All studies were approved by the University of Arizona Institutional Review Board, and 

all participants gave written, informed consent. A total of 20 participants received a history and 

physical examination, screening laboratory measurements, measurement of blood pressure, body 

composition using bioimpedance, and a 75 g oral glucose tolerance test. All participants were 

between the ages of 21 and 55, male or female, with BMI between 21 and 49. Patients could have 

normal or impaired glucose tolerance tests but were not taking any medications known to affect 

glucose metabolism. Participants were otherwise healthy, with blood pressure, plasma lipid 

concentrations and liver enzyme activities within normal ranges. All participants had a normal 

EKG. Participants were instructed to maintain their usual diet throughout the study and not to 

engage in exercise 48 hours before any testing. 

All volunteers underwent a euglycemic, hyperinsulinemic clamp with indirect calorimetry and 

percutaneous muscle biopsies (Visit 2), starting at about 7-8 am after an overnight fast, as 

described [119]. Stable isotopically labeled glucose (6,6-dideuteroglucose, Cambridge 

Laboratories) was used to trace glucose metabolism [120], and steady state conditions were 

assumed for calculating the rates of glucose appearance and disposal. Participants underwent a 

percutaneous biopsy of the vastus lateralis muscle using a Bergstrom needle under basal conditions 

one hour before starting an insulin infusion at a rate of 80 mU•m-2•min-1. One half hour before 

starting the insulin infusion, indirect calorimetry was used to measure basal rates of oxygen 

consumption and carbon dioxide production. After starting the insulin infusion, plasma glucose 

was measured every 5-10 minutes and euglycemia was maintained using an infusion of 20% 

dextrose.  At 90 minutes after starting the insulin infusion, indirect calorimetry was again used to 

measure fuel oxidation rates for 30 minutes. At time 120 minutes a second muscle biopsy was 

performed, and the insulin infusion was discontinued. A portion of each biopsy was flash frozen 

in liquid nitrogen and saved for immunoblotting and proteomics analysis and a second portion was 

processed immediately for isolation of mitochondria and bioenergetic measurement [35,120,121]. 
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Figure 1. Design of the studies. Study visits were separated by about one week. IC, Indirect Calorimetry; 

Bx, muscle biopsy; W, Watts; VO2peak, peak oxygen consumption during exercise. For details see 
Methods. 
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Exercise testing (Figure 1, Visit 3). On another day, at least one week separated from the glucose 

clamp, gas exchange measurements were made at rest and during progressive cycle exercise. After 

catheter placement for blood sampling, subjects rested on the cycle for 6 minutes, then began 

cycling for six minutes periods each at aerobic exercise efforts of 15, 30, and 45 watts.  VO2 and 

VCO2 values at rest and during the three aerobic exercise periods were used to calculate  VO2 

and VCO2 during 15, 30, and 45 watts of exercise.  The delta values were used to calculate a 

Respiratory Exchange Ratio due to working muscle (RERm = VCO2/VO2). RERm reflects the 

oxidative metabolism of skeletal muscle performing mild exercise [122]. Blood was collected for 

measurement of lactate concentrations during this period to confirm stable acid-base status and the 

validity of using gas exchange at the mouth to calculate fuel oxidation. This was followed without 

interruption by a ramp protocol to determine VO2peak. One subject could not adequately complete 

the exercise protocol due to anxiety and one subject had resting blood lactate levels greater than 2 

mM, so exercise data for those participants were not used (total n = 18 for moderate exercise). 

Muscle biopsy processing. Frozen portions of the muscle biopsies were stored in liquid nitrogen 

until they were homogenized for preparation of lysates for immunoblots and measurement of 

ANT1 acetylation at lysine 23 and ANT1 content. Lysates were prepared as described [119]. 

Mitochondria isolation and bioenergetics assays. Mitochondria were isolated using differential 

centrifugation as described [35,120,121] and protein concentrations were measured by Lowry 

assay. The ADP kinetic parameters of mitochondrial ATP production from oxidative 

phosphorylation were determined using a luciferase-based assay [35,121]. Maximum rates of 

oxidative phosphorylation were measured using a combination of glutamate and succinate (both 

10 mM). The flux control strength of ANT over ATP synthesis was determined at three 

concentrations of [ADP] by metabolic flux control analysis, as described, using titration with 

carboxyatractyloside (CAT) [121]. Biopsies from 14 participants were used for isolation of 

mitochondria. 

ANT1 acetylation analysis. ANT is one of the most abundant mitochondrial proteins [123]. The 

high abundance of mitochondria in skeletal muscle therefore makes it feasible to quantify ANT 

using either lysates of whole muscle or isolated mitochondria. We previously reported that 

ANT1 was the sole identifiable ANT isoform in human skeletal muscle[35], so that allowed 

simplification of the quantification approach. ANT1 acetylation (%) and abundance were 

estimated using 13C and 15N-labeled synthetic peptides surrounding the acetylation site (lysine 
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23) as internal standards, as described previously [124]. The abundance of unacetylated ANT1 is 

referred to here as “functional” ANT1 in light of the dramatically lower Kd ADP for the 

acetylated form. These synthetic heavy-labeled peptides were designed to have the same amino 

acid sequences as the tryptic peptides surrounding Lys23 that are observed in mass spectrometry 

experiments [88].  

Immunoblot analysis. Lysates of muscle biopsies were used for immunoblot analysis of 

phosphorylation and abundance of pyruvate dehydrogenase (PDH) and AMP-dependent protein 

kinase (AMPK) as described previously. Antibodies directed against phospho-PDH, phospho-

AMPK, and total PDH protein were from MilliporeSigma (Burlington, MA), and antibodies 

against AMPK protein were from Cell Signaling Technology (Danvers, MA). 

Analytical assays. Enrichment of deuterated glucose was determined by LC-MS, as described 

[125]. Insulin was assayed in plasma samples using an ELISA (Alpco, Salem, NH). Blood lactate 

was measured using either Analox (Analox Instruments, Lunenberg, MA) or YSI (YSI, Yellow 

Springs Instruments) lactate analyzers. 

Calculations and statistics. Rates of glucose turnover were calculated using steady state 

equations [126]. Carbohydrate and lipid oxidation rates were calculated using the equations of 

Frayn [127]. Statistical comparisons between or among means were performed using t-tests or 

analysis of variance, as appropriate. Pearson’s correlation coefficient was used to assess 

relationships between two variables. The relationships among the fraction of carbohydrate 

oxidized in response to insulin, insulin sensitivity (change in glucose disposal from basal to 

clamp values, Rd), ANT acetylation and ANT content (whole body indirect calorimetry) were 

analyzed using multiple regression (regress procedure, Stata software, StataCorp, College 

Station, Texas).The effects of aerobic exercise on blood lactate concentrations and whole body 

RER were determined using repeated measures analysis of variance (anova procedure, Stata). 

The relationships among RERm at three submaximal workloads, ANT1 content, ANT1 

acetylation, and insulin sensitivity (Rd) were analyzed using a mixed linear model approach 

(xtmixed procedure, Stata). 
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Results 

Participant characteristics (Table 1). Participants (n = 20) were slightly overweight (BMI = 

27.1  1.3 kg/m2), with a large range of adiposity (BMI 20.4 – 47.0). Fasting plasma glucose and 

insulin averaged 89  0.1 mg/dl and 5.8  0.7  U/ml; HbA1c varied between 4.9 - 6.0%. 

Recruitment over this range was intentional, to represent a broad range of insulin sensitivity and 

detect effects of ANT1 acetylation over the continuum of glucose metabolism.  

 

Table 1. Characteristics of volunteers. 

 Mean SEM Range 

Age (years) 31.2 2.3 21 – 59  

Sex (F/M) 13/7   

Weight (Kg) 76.7 3.9 54.1 – 120.3 

BMI (Kg/m2) 26.7 1.3 21.6 – 47.0 

Fat Body Weight (Kg) 23.8 2.3 13.7 – 57.0 

Lean Body Weight (Kg) 52.9 2.5 35.4 – 79.7 

Body Fat (%) 30.5 1.7 15.8 – 47.9 

Hb A1c (%) 5.3 0.1 4.9 – 6.0 

Glucose (mg/dL) 88.9 2.3 60 – 106 

Fasting Serum Insulin (mU/L) 5.8 0.7 1.4 – 13.7 

HDL (mg/dL) 51.6 2.6 38 – 91  

LDL (mg/dL) 89.5 5.1 59 – 148  

VLDL (mg/dL) 19.0 1.7 8 – 43  

Total Cholesterol (mg/dL) 160.0 5.7 124 – 224  

Triglycerides (mg/dL) 94.5 8.7 39 – 215  

Resting heart rate (BPM) 67.3 2.5 43 – 94  

Systolic blood pressure (mm Hg) 125.2 4.0 99 - 170 

Diastolic blood pressure (mm Hg) 73.8 2.4 59 – 99  

Waist/Hip Ratio  0.85 0.02 0.69 – 1.08 

Characteristics of volunteers who participated in the study. Data are given as Means ± SEM. 
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Glucose metabolism and insulin action (Figure 2). Responses to 75g oral glucose varied. By 

OGTT criteria (28), three participants had type 2 diabetes mellitus, although all three patients 

had HbA1c between 5.7 and 6.0%, nondiabetic fasting plasma glucose, and were not being 

treated with diabetes medications. Insulin infusion raised serum insulin to 109  7 U/ml. Basal 

rates of glucose disposal and appearance, relative to fat free mass (FFM), were approximately 

3.5 mg•Kg-FFM-1.min-1. Insulin infusion suppressed endogenous glucose production and raised 

glucose disposal to over 9 mg•Kg-FFM-1.min-1 (Figure 1C). Rates of insulin-stimulated glucose 

disposal varied from 3.0 - 17.8 mg•Kg-FFM-1.min-1. Carbohydrate and fat oxidation were 

estimated using indirect calorimetry (Figure 1D). Fat oxidation fell during hyperinsulinemia, but 

carbohydrate oxidation rose from about 1 to nearly 4 mg•Kg-FFM-1.min-1 (range 2.2 - 6.7 

mg•Kg-FFM-1.min-1). Basally, 78  3% of energy expenditure was from lipid, falling to 34  4% 

during hyperinsulinemia. 

 

Figure 2. Glucose metabolism and insulin action. Plasma glucose (A) and insulin (B) responses to a 75 g 

oral glucose load; (C) Basal and insulin-stimulated (clamp) rates of glucose disposal (open bars) and 

endogenous glucose appearance (closed bars) determined using infusion of 6,6-dideuteroglucose, 

expressed as mg per Kg fat free mass (FFM); (D) Basal and insulin-stimulated rates of carbohydrate 
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(closed bars) and lipid (open bars) oxidation determined using indirect calorimetry, expressed as 

mg per Kg FFM. **P < 0.01 vs. basal rates. 

Effect of exercise on fuel selection (Figure 3). Volunteers underwent an exercise study with 

whole-body gas exchange at rest and during moderate steady state exercise of 15, 30, and 45 

watts, followed by a ramp protocol to VO2peak. Changes in VO2 and VCO2, between rest and 

exercise are attributable to fuel oxidation in exercising muscle (see  Supplemental Material).  We 

refer to VCO2/VO2 as the respiratory exchange ratio due to muscle, or RERm [124,125). 

Results supporting the validity of this approach are given in the Online Supplemental 

Information.  

The percent maximum effort at 15, 30, and 45 watts is shown in Figure 2A. These relative efforts 

represented about 10, 20, and 30 percent of maximum work rates achieved at VO2peak. RERm 

is shown in Figure 2B. Repeated measures analysis of variance shows a rise in RERm with 

increasing effort (F = 11.33, df = 2, P = 0.002).  Following steady state exercise, a ramped 

exercise protocol was used to estimate VO2peak. VO2peak averaged 34.7 ml•Kg-FFm-1 (range 21.7 

- 54.5 ml•Kg-FFM-1) and was a significant predictor of insulin stimulated glucose disposal (r = 

0.55, P < 0.01, Figure 2C). 
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Figure 3. Relative work rates, RERm at 15, 30, and 45 watts, and relationship between VO2peak and 

insulin sensitivity. (A); Absolute work rates of 15, 30, and 45 watts represent about 10, 20, and 30% of 

maximum effort; (B) Respiratory Exchange Ratio in working muscle (RERm) during 6-minute periods of 

aerobic cycle exercise at 15, 30, and 45 Watts; (C) Maximal exercise capacity vs. insulin sensitivity. *P < 

0.05 vs rest. 

 

ANT1 acetylation in whole muscle lysates. Acetylation of lysine 23 of ANT1 in lysates of 

muscle biopsies averaged 10.5  1.1% (range of 0.6 to 21.2%). ANT1 content was 7.07  0.42 

nmoles/gram muscle wet weight (range 2.66-11.2 nmoles/gram wet weight). Based on the 
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difference in predicted affinities of acetylated and unacetylated ANT1 for ADP, we defined the 

unacetylated fraction of ANT1 as “functional ANT1” (nmol/g). Functional ANT1 was 6.29  

0.37 nmoles/gram wet weight (range 2.33 - 9.94 nmoles per gram). 

Relationships among fuel selection during insulin infusion or exercise and insulin 

sensitivity, ANT1 acetylation, and ANT1 content. We used multiple linear regression analysis 

to determine whether the choice of carbohydrate as an oxidative fuel was related to insulin-

stimulated glucose disposal, ANT1 acetylation, or functional ANT1 content. The overall 

regression model was statistically significant (F (4,15) = 6.08, P < 0.004). This was driven by a 

positive, independent relationship between glucose disposal and carbohydrate oxidation ( = 

0.042, t = 4.68, P < 0.001, Figure 4). Insulin-stimulated carbohydrate oxidation was related to 

neither ANT1 acetylation nor functional ANT1 content. Mixed model regression analysis was 

used to assess whether insulin-stimulated glucose disposal, ANT1 acetylation, or functional 

ANT1 content were independent predictors of RERm during moderate cycling exercise effort. 

The overall model was highly significant (P<0.0001). Effort level (= 0.00249, z = 4.72, P < 

0.001) and functional ANT1 content (= -0.2267, z = -2.19, P = 0.028) were significant 

independent predictors of muscle fuel use. The negative  for functional ANT1 content indicates 

that greater functional ANT1 content predicts lower RERm, or greater fat oxidation. 

 

 

Figure 4. Relationship between insulin sensitivity and the fraction of fuel attributable to carbohydrate. P 

< 0.01). 
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Mitochondrial bioenergetics (Table 2). A luciferase-based assay was used to measure JATP over 

a range of [ADP]. Maximum JATP, K0.5 ADP, and the Hill coefficient were evaluated by fitting 

rates to a modified Michaelis-Menten equation (26). JATP in response to glutamate plus succinate 

was 305  33 nmoles•min-1•mg protein-1. Flux control at ANT and ANT content were estimated 

using carboxyatractyloside (CAT) titration at [ADP] ranging from 6.25 to 25 M. At 6.25 M 

ADP, about 90% of flux control resided at ANT (80% flux control at 25 M ADP). ANT1 

acetylation was lower in isolated mitochondria than in whole muscle (4.2 ± 0.9 vs. 10.3 ± 1.2%, 

P < 0.01) and the two variables were not correlated. Total ANT content determined using CAT 

titration was significantly higher than ANT1 content determined by mass spectrometry (1.34 ± 

0.16 vs. 0.61 ± 0.06 nmoles/mg mitochondrial protein, P < 0.01). 

Maximum JATP was not correlated with insulin stimulated glucose disposal (r = 0.19), BMI (r = 

0.08), or insulin-stimulated rates of carbohydrate oxidation (r = -0.16). JATP at an [ADP] of 6.25 

 M, closer to the KdADP, showed a trend for an inverse correlation with RERm at 45 watts of 

exercise, suggesting that a higher rate of ATP synthesis near the KdADP may be associated with 

higher lipid oxidation (r = -0.42, P = 0.07). We performed a mixed model regression of RERm at 

all three moderate work rates with KdADP, maximum JATP, effort level (15, 30, 45 watts), ANT 

acetylation, and functional ANT content in isolated mitochondria. The overall model was 

significant (P < 0.001), driven mainly by effort level (= 0.00306, z = 6.40, P < 0.001), the 

positive  indicating higher effort resulted in higher carbohydrate oxidation. ANT content 

assayed in isolated mitochondria was a marginal contributor to RERm ( = -0.177, z = -1.81, P = 

0.071). 

  

Table 2. Mitochondrial bioenergetics experiments. 

  Mean SEM 

Vmax (nmoles/min.mg)  305 33 

K0.5 ADP (micromolar)  9.67 0.84 

Hill coefficient  1.25 0.06 

ANT content from CAT titration (nmoles/mg)  1.34 0.16 

ANT1 content from mass spectrometry 

(nmoles/mg) 
 0.61 0.06 
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ANT1 acetylation (percent) 4.49 0.88 

Results from experiments using isolated mitochondria. Data are Means ± SEM. A 

luciferase-based assay was used to estimate apparent Km ADP and Hill coefficients using 

glutamate plus succinate fuel. ANT content was determined using titration with 

carboxyatractyloside. Specific ANT1 content and acetylation were determined using mass 

spectrometry-based proteomics analysis. Please see Methods. 

 

Phosphorylation of pyruvate dehydrogenase (PDH) is regulated by insulin (Figure 5). PDH 

activity is regulated by phosphorylation at serine 232 of the E1 subunit. Infusion of insulin 

lowered phosphorylation of PDH relative to total PDH protein from 1.21  0.12 to 1.07  0.12 (P 

< 0.01, one-tailed paired t-test). The change in phosphorylation of PDH was significantly 

correlated with the change in insulin-stimulated glucose disposal (r = 0.66, P < 0.01). Insulin had 

no effect on AMPK phosphorylation (0.26  0.05 basally vs. 0.24  0.04 after insulin infusion); 

any change in AMPK phosphorylation with insulin was unrelated to insulin-stimulated glucose 

disposal (r = -0.04, NS). 
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 Figure 5. Effect of insulin on phosphorylation of PDH. (A) Representative immunoblot of 

phosphorylated PDH (pPDH) and PDH protein (PDH) as indicated (Bas = Basal, Ins = Insulin infusion in 

euglycemic clamp). (B) Ratio of phosphorylated PDH to PDH protein in lysates of muscle biopsies taken 

before and during an insulin infusion; (B) Relationship between PDH phosphorylation and insulin 

stimulated glucose disposal during the clamp (r = 0.66, P < 0.01). *P < 0.05. 
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Discussion 

The concept of metabolic flexibility [11,113,126,127] grew from work of Sir Philip Randle, 

describing what became the “Randle Cycle” [128-131]. Healthy resting skeletal muscle prefers 

to oxidize lipid and responds to insulin by switching fuel preference to carbohydrate [10,112]. 

Metabolic inflexibility refers to a reduced ability of skeletal muscle of insulin resistant obese and 

type 2 diabetic patients to appropriately select oxidative fuels. Insulin resistant muscle under 

basal, resting conditions prefers to oxidize carbohydrate [9,109,110]. With dietary caloric 

oversupply and reduced caloric expenditure, lipid accumulates ectopically in muscle and likely 

contributes to insulin resistance [113]. The biochemical and molecular mechanisms underlying 

fuel selection abnormalities are poorly understood. 

One candidate mechanism for the preference of insulin resistant muscle to oxidize carbohydrate 

is reduced sensitivity of mitochondria to the signal linking energy demand to the rate of ATP 

turnover. The concentration of ADP in the cytoplasm, [ADP], is one such signal. If mitochondria 

in insulin resistant muscle required higher [ADP] to achieve a given rate of ATP flux, the rise in 

[ADP], via adenylate kinase and creatine kinase activities [114] would lead to higher [AMP] and 

[Pi]. These changes and a fall in ATP/ADP would activate glycolysis [36,37]. Increased 

[pyruvate] would activate PDH and raise flux of carbohydrate-derived acetyl-CoA into the Krebs 

Cycle [38,39]. Earlier studies finding skeletal muscle from insulin resistant humans to prefer 

carbohydrate also showed that insulin resistant muscle had higher basal glycogenolysis and 

glycolysis [109]. Those studies also found PDH to be activated in insulin resistant muscle under 

basal conditions [109]. Such findings are consistent with the notion that lower sensitivity of 

mitochondria to ADP could result in the preference of insulin resistant muscle for carbohydrate.  

Adenine Nucleotide Translocase (ANT) is the major site of flux control for oxidative 

phosphorylation at low [ADP] [35]. Using a luciferase-based assay for ATP and titration with the 

ANT inhibitor carboxyatractyloside, we confirmed the previous finding in isolated human 

skeletal muscle mitochondria that ANT is responsible for 80-90% of control over ATP flux at 

physiologic [ADP] [121]. Because ADP must bind to ANT to enter the mitochondrial matrix, 

ANT likely is part of the sensing mechanism by which mitochondria respond to changes in 

energy demand. If a modification of ANT increases its KdADP, the sensitivity of oxidative 

phosphorylation and ATP flux to the ADP signal would fall, requiring higher [ADP] to meet 

energy demand. Higher [ADP] and its consequences in turn could then lead to a greater 
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preference for carbohydrate oxidation, as described above. Modeling showed that acetylation of 

lysine 23 in human ANT1, the predominant isoform in human skeletal muscle [35], could lower 

the affinity of the protein for ADP sufficiently to render an acetylated ANT1 molecule nearly 

inactive at low [ADP] [88]. Acetylation of lysine 10 and 92 did not have a similar effect [88]. 

The present study was undertaken to explore the potential link between acetylation of the ANT1 

at lysine 23 and the greater preference for carbohydrate oxidation in insulin resistant human 

muscle. The participants in this study were chosen to span a wide range of insulin sensitivity and 

glucose metabolism. Similarly, a proteomics-based absolute quantification assay using heavy-

labeled standard peptides showed there was a broad range of acetylation of lysine 23 of ANT1, 

ranging from less than 1% to greater than 20% of ANT1 existing in the acetylated form, 

averaging about 10%. This implies that in some individuals, up to 20% or more of ANT1 

molecules could be nearly inactive at resting, physiologic [ADP] concentrations.  

During hyperinsulinemia, glucose disposal and carbohydrate oxidation rose variably, depending 

on the participant’s sensitivity to insulin. The rises in carbohydrate oxidation and glucose during 

an insulin infusion are attributable primarily to skeletal muscle [132]. Multiple regression 

analysis was used to determine the relationship of insulin stimulated carbohydrate oxidation with 

insulin stimulated glucose disposal, ANT1 acetylation, and ANT1 content. Insulin sensitivity 

was an independent predictor of the rise in insulin-stimulated carbohydrate oxidation, consistent 

with the concept of metabolic flexibility. Neither ANT1 acetylation nor ANT1 content in whole 

muscle were significant predictors of the rise in carbohydrate oxidation stimulated by insulin. 

“Functional” ANT1 was calculated as the percentage of unacetylated ANT1, although analysis 

using total ANT1 content yielded the same results. This analysis implies that neither ANT 

abundance nor acetylation are directly involved in fuel selection with this range of ANT 

acetylation. During insulin stimulation, changes in fuel availability are caused in varying degrees 

by increased glucose uptake and decreased lipid supply. These changes may dominate fuel 

selection during hyperinsulinemia compared to effects of changes in mitochondrial sensitivity to 

respiratory signals. We note that this approach only allows this conclusion to be made in insulin 

stimulated muscle and does not apply to resting muscle in the postabsorptive state, where fuel 

selection abnormalities also are found in insulin resistance. 

Another condition during which [ADP] is low and where mitochondrial sensitivity to respiratory 

signals may be involved in fuel selection is during low intensity muscle contraction. Under these 
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conditions, it is possible that ANT acetylation could alter sensitivity of mitochondria to the ADP 

signal by raising the apparent Km ADP for oxidative phosphorylation. To examine these 

relationships, volunteers underwent cycling exercise at 15, 30, and 45 watts, which represented 

relative efforts of about 10, 20, and 30% of maximum. We showed that these modest levels of 

exercise resulted in only small changes in blood lactate levels, which were stable at each level, 

and resulted in expected values for the O2 cost of cycling and cycling efficiency [133]. Thus, the 

RER measured during these periods is a good estimation of the RER of working skeletal muscle 

(RERm). A general linear regression model with repeated measures across cycling effort levels 

showed that, as expected, the level of effort was a significant predictor of rising RERm, that is, 

higher effort levels raised carbohydrate oxidation. This analysis also showed that ANT1 content 

of muscle is a significant independent predictor of RERm, and that higher ANT1 content is 

associated with lower RERm, or higher fat oxidation. Neither ANT1 acetylation nor insulin 

sensitivity were significant predictors of skeletal muscle fuel oxidation. Therefore, ANT1 

abundance may be related to fuel selection during mild exercise in the absence of an effect of 

ANT acetylation. This could be the case if ANT1 abundance were a surrogate for mitochondrial 

content or if there were higher ANT abundance per unit of mitochondria. 

Regarding the former, evidence indicates that maximum oxidative capacity influences metabolic 

signals controlling oxidative phosphorylation [134,135]. For example, in rat muscle with higher 

mitochondrial content resulting from exercise training or lower content produced by 

hypothyroidism, sensitivity to [ADP] was higher in trained than untrained muscle and lower in 

skeletal muscle from hypothyroid rats [136]. The same phenomenon may be operating here, and 

the relationship between ANT content and fuel selection may be due to muscle with greater 

mitochondrial content preferring lipid as an oxidative fuel during mild exercise.  

Regarding the possibility that variability in ANT content per mitochondrial mass could explain 

this relationship, the results of experiments performed using isolated mitochondria may have 

provided some insight.  By using a luciferase-based assay for ATP production, we determined 

maximum JATP, apparent Km ADP for ATP flux using a range of low [ADP], and the extent of 

control of ATP flux at the ANT step by titration with carboxyatractyloside (CAT) at low ADP 

levels. Titration with CAT also allowed estimation of total ANT content per unit of 

mitochondrial protein. The maximum rate of ATP synthesis determined in isolated mitochondria 

was not correlated with insulin stimulated glucose disposal, BMI, or insulin stimulated 
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carbohydrate oxidation. However, there were trends in this smaller group of participants to 

suggest relationships among some of these parameters and in vivo metabolic events. Multiple 

regression analysis showed that ANT content was a moderate predictor of RERm or fuel 

selection during moderate exercise. Since this measure of ANT1 was expressed per unit of 

mitochondrial mass, it is possible that greater ANT1 content per mitochondrial mass can raise 

the sensitivity of mitochondria to the [ADP] signal. Further studies will be required to 

distinguish between these possibilities. 

There were differences between ANT1 acetylation and content determined independently using 

mass spectrometry in lysates of whole muscle or mitochondria isolated from the same muscle 

biopsies. Acetylation of ANT1 at lysine 23 was significantly lower in isolated mitochondria than 

in whole muscle lysates, and the two values were not correlated. The reasons for this discrepancy 

are not clear. It is possible that acetylation of ANT1 may be lost during isolation of 

mitochondria. The mechanism of acetylation and deacetylation of ANT1 is not known so it is not 

clear why this might happen. Nevertheless, the K0.5ADP of about 10 M for oxidative 

phosphorylation in human skeletal muscle mitochondria oxidizing glutamate plus succinate 

measured here is similar to our previous measurements in human [35,121] and mouse [35]. In the 

luciferase assay respiration medium, the absence of ATP and presence of 5 mM Mg2+ would 

convert this value to a K0.5ADP3- of slightly under 2 M [121], which is about half the KdADP3- 

of unacetylated ANT [81,88]. 

Taken together these results do not provide evidence that the extent of lysine 23 acetylation of 

ANT1 is a predictor of fuel selection in human skeletal muscle at low [ADP]. However, we 

developed a revised version (unpublished) of a mitochondrial computational model [137]. 

Simulations of polarographic and luciferase assays assessing K0.5ADP, and ANT flux control 

strength at several [ADP] give output similar to the present experimental data and previous 

findings [35,121] in isolated human muscle mitochondria. We performed simulations with two 

populations of ANT (unacetylated and acetylated) having 4 M and 80 M KdADP3-, summing 

to the default condition ANT Vmax. K0.5ADP rose modestly at low fractions of acetylated ANT, 

but sharply inflected upward as acetylation exceeded about 25%. For example, completely 

unacetylated ANT predicted a K0.5ADP of 12 M, which rose to 16.3 M at 25% acetylation and 

24.4 M at 50% acetylation. This indicates that changes in the apparent Km for ADP would only 

become detectable and physiologically relevant if ANT acetylation approached about 20-25%, 
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the upper limit of what we found to occur and higher than the average of 10%. It is not known 

how well these modeling results would compare with experiments where ANT acetylation was a 

controlled variable. The participants in the present study had either normal or moderately 

abnormal glucose metabolism, as indicated by glucose tolerance test data. It is conceivable that 

patients with more poorly controlled type 2 diabetes more severe impairments in muscle fuel 

selection could have higher ANT acetylation. 

Immunoblot analysis was used to assess the extent of phosphorylation of PDH and AMPK, as a 

surrogate for their activities. The present results did not find associations between the extent of 

basal phosphorylation of PDH or AMPK and any in vivo parameters that were measured. The use 

of immunoblot analysis therefore did not confirm earlier results using activity assays [40,109]. 

The lack of sensitivity and precision of immunoblots relative to quantitative activity assays could 

explain these differences. However, insulin stimulation of dephosphorylation, and presumably 

activation, of PDH was seen and was related to insulin sensitivity, similar to earlier results using 

activity assays [138].  

In conclusion, the present findings confirm that insulin sensitive muscle is more metabolically 

flexible regarding fuel selection. Acetylation of lysine 23 of ANT1, the primary skeletal muscle 

isoform in humans, is abundant and variable but perhaps too low to discernibly affect the 

sensitivity of mitochondria to the respiratory signal provided by [ADP] during conditions of 

insulin stimulation or mild muscle contraction. The results also suggest, however, that during 

mild exercise, the abundance of ANT1 is related to the extent to which mitochondria select 

carbohydrate or lipid fuel, with higher ANT content being related to a greater preference for 

lipid. These data are consistent either with a scenario in which ANT serves as a surrogate for 

mitochondrial content or with the possibility that a greater ANT content per unit of 

mitochondrial mass could raise sensitivity of mitochondria to respiratory signals. 
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Supplemental Material and Results 

 Validation of moderate exercise protocol. The validity of this approach was tested by examining 

whole body RER, blood lactate measurements, the linearity and slope of the relationship between 

VO2 and power output, and mechanical efficiency of cycling (Supplemental Figure 1 A-D). 

Whole body RER rose from a resting value of 0.81 to 0.86 at 45 watts of exercise (Supplemental 

Figure 1A) Blood lactate rose modestly from about 0.85 at rest to about 1.40 mM at 45 watts of 

exercise (Supplemental Figure 1B). Lactate concentrations were stable during the final 3 minutes 

of each 6-minute period of exercise at 15, 30, or 45 watts (coincident with gas exchange data). 

The relationship between oxygen consumption rate and power output was linear, with an O2 cost 

of approximately 11.8 ml O2/min per watt power (Supplemental Figure 1C). The relationship 

between power output and whole-body energy expenditure rate also was linear (Supplemental 

Figure 1D), with a slope indicating a net cycling efficiency of about 24%. Therefore, considering 

these expected values and the stability in lactate concentrations, this approach allows us to use 

the ratio of changes in O2 production and O2 consumption to estimate RERm, which represents 

the RER of active muscle. Under these conditions, RERm can be thought of as RQ and used to 

estimate fuel oxidation of exercising muscle. 
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 Figure S1: Validity of aerobic exercise protocol to estimate muscle fuel selection. (A) Respiratory 

Exchange Ratio (RER) basally and during 6-minute periods of aerobic cycle exercise at 15, 30, and 45 

Watts; (B) Blood lactate concentrations during aerobic exercise; (C) Oxygen cost of mild cycling 

exercise; (D) Mechanical efficiency of mild cycle exercise. *P < 0.05 vs rest 
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Chapter 3 

 

Deletion of the positive charge at Lysine 23 of human Adenine 

Nucleotide Translocase 1 (ANT1) decreases the apparent affinity for 

ADP and alters ADP kinetics 
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Introduction 

The inner mitochondrial protein Adenine Nucleotide Translocase (ANT) allows for exchange of 

ADP and ATP across the inner mitochondrial membrane [14,81]. ANT1 is the primary isoform 

of this protein in skeletal muscle [35]. Three positively charged amino acid residues located in 

the binding pocket of ANT1 associate with the negatively charged phosphates of adenine 

nucleotides to facilitate their translocation [14,33]. Abundant evidence suggests that acetylation 

of one of these positively charged residues, namely lysine 23 lowers the binding affinity of 

ANT1 for ADP by removing one of the positive charges [34]. Modeling experiments show that 

the affinity of unacetylated ANT1 for ADP is 3-4 micromolar [34]. In contrast, ANT1 acetylated 

at lysine 23 has a KdADP of about 80 micromolar [ADP3-], which is substantially higher than 

[ADP3-] in resting or moderately working skeletal muscle [43,115]. Because of the creatine 

kinase reaction in skeletal muscle, the rise in [ADP] is linked to rising [AMP], lower ATP/ADP 

ratio, lower free energy of hydrolysis of ATP (GATP), and consequent stimulation of glycolysis, 

pyruvate dehydrogenase (PDH), and a rise in carbohydrate oxidation [36,37,38,39,114]. 

Therefore lysine 23 acetylation could result in a preference for resting and moderately working 

skeletal muscle to oxidize carbohydrate relative to lipid (a higher Respiratory Exchange Ratio, or 

RER). 

We have found that in human skeletal muscle, from 1-20% of ANT1 is acetylated at lysine 23, 

with the average being about 10% (See Chapter 2). We used a revised, unpublished version of a 

computational model of mitochondria [103] to simulate assays assessing K0.5ADP. These 

simulations produced output similar to our previous empirical findings [35,121] in isolated 

human muscle mitochondria. Simulations with two populations of ANT (unacetylated and 

acetylated) having 4 M and 80 M KdADP3-indicate that K0.5ADP would rise modestly at low 

percent acetylated ANT but would rise more sharply as acetylation exceeded 25%. These results 

indicate that changes in the apparent K0.5ADP might only become physiologically relevant if 

ANT acetylation approached 20-25%. However, greater ANT1 content, either as a marker of 

greater mitochondrial abundance or higher specific abundance of ANT1 per mitochondrial mass, 

also could result in changes in fuel selection by lowering the apparent K0.5ADP, driving skeletal 

muscle toward higher lipid oxidation. Therefore, either lower levels of ANT1 lysine 23 

acetylation or higher ANT1 abundance could produce changes in ADP kinetics that could lead to 

a greater preference for lipid oxidation. 
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To test experimentally whether loss of a positive charge at lysine 23 lowers the affinity of ANT1 

for ADP, we created mammalian expression vectors containing either wildtype human ANT1 

(hANT1) or human ANT1 with a lysine to alanine mutation at position 23 (hANT1K23A). 

Mutation of lysine to alanine removes a positive charge, potentially mimicking acetylation. We 

expressed hANT1 or hANT1K23A ectopically in C2C12 myoblasts and performed assays 

designed to assess ADP kinetics in mitochondria isolated from these cells as well as assays using 

a Seahorse metabolic analyzer to determine whether overexpression of these two forms of human 

ANT1 altered oxidative metabolism of the cells. 
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Materials and Methods 

Cell culture and transfection. C2C12 myoblasts were purchased from ATCC (CRL-1772) and 

cultured in Dulbecco's Modified Eagle Medium (Life Technologies #10569-010) supplemented 

with 10% fetal bovine serum (16000–044), 1% penicillin, and streptomycin (Gibco 15140–122). 

Transfections of cells were performed in either a 6-well plate or 100-mm culture dish using 

Lipofectamine 3000 (Invitrogen#L3000015) according to the manufacturer’s protocol. 

Cloning human ANT-1. Total RNA isolated from human vastus lateralis muscle according to 

the manufacturer’s instructions (RNeasy Mini Kit, QIAGEN, Valencia, CA). The RT–PCR 

approach converted mRNA into single-stranded cDNA using a kit the Long Range 2Step RT-

PCR Kit (QIAGEN, Valencia, CA). The total cDNA was used to amplify specific cDNA with 

specific primers by PCR, and the amplified cDNA was inserted into a vector. For cloning of 

human ANT-1 cDNA, the sense primer was 5’-gggctgcctgcgggctgagagcgtcgagctg-3’ and anti-

sense primer 5’-gaatagtctattaaaccacacaatggatctgtg-3’. Sequencing results revealed that the cloned 

ANT1 cDNA exactly matched NM_001151.3. 

 Plasmid constructs and mutants. Human ANT-1 cDNA (NM_001151.3) was subcloned and 

inserted into pCMV6-AC-HA plasmid (Origene, Rockville, MD) to generate the construct 

pCMV-ANT-1-HA (with HA tag at C terminus). The empty vector (pCMV-AC-HA) was used as 

control. Mutant pCMV-ANT-1(K23A) was made by using the QuickChange Site-Directed 

Mutagenesis Kit (Stratagene, La Jolla, CA) according to the manufacturer’s instructions. For 

K23A mutant, sense primer was 5’-gccgctgccgtctccGCgaccgcggtcgccccc-3’ and anti-sense 

primer 5’-gggggcgaccgcggtcGCggagacggcagcggcg-3’. All constructs and mutants were verified 

by DNA sequencing. 

Mitochondrial isolation. After 48 hours of transfection, mitochondria were isolated by 

modification of a previously published protocol [35]. To isolate mitochondria, we used three 

solutions, all pH adjusted to 7.5 at 4 ◦C. Solution I was (mM): 100 KCl, 40 Tris-HCl, 10 Tris-

Base, 5 MgCl2, 1 EDTA, and 1 ATP; Solution II: 100 KCl, 40 Tris-HCl, 10 Tris-Base, 5 MgCl2, 

1 EDTA, 0.2 ATP, and 1.5% BSA (fatty acid free). Solution III contained no BSA but was 

otherwise identical to Solution II. Cells were washed in Mg2
+ and Ca2

+-free phosphate buffered 

saline (PBS) and collected by scraping, then added solution I and disrupted using a glass Dounce 

homogenizer. The homogenized mixture was transferred into two 1.5 ml tubes and centrifuged at 

1000 × g for 10 min. Supernatants were transferred to clean tubes and centrifuged at 14,000 × g 
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for 10 min to obtain mitochondrial pellets. The supernatant constituted the cytosolic fraction, 

which was purified by 14,000 g centrifugation for 10 min. Each mitochondrial pellet was 

resuspended in 500 μl Solution II and centrifuged at 7000 × g for 10 min, the supernatants were 

discarded and the mitochondrial pellets were resuspended and combined in a total of 500 μl of 

Solution III. After the final centrifugation at 4000 × g and removal of supernatant, the final 

mitochondrial pellet was resuspended in mannitol sucrose (M-S) buffer (mM) 220 Mannitol, 70 

Sucrose, 10 Tris-HCl, 1 EGTA, pH 7.40, 1 μl M for measurements of protein concentrations by 

Lowry assay along with the cytosolic fraction. 

ADP Kinetics. The ADP kinetic parameters of mitochondrial ATP production from oxidative 

phosphorylation were determined using a luciferase-based assay [121]. Glutamate and succinate 

were used as an oxidative fuel. 

Immunoblot analysis. Cell lysates were obtained by scraping cells in lysis buffer (1M Hepes 

7.6, 10% Triton X-100, 5 M Na Cl, 0.1 M Na4-Pyrophosphate,1 M b-glycerophosphate, 0.5 M 

NaF, 0.2 M Na3VO4, 1 mg/ml Leupeptin,1 mg/ml Aprotinin,0.1 M PMSF). Prepared cytosolic 

fraction, mitochondria and cell lysates were analyzed for protein content using Lowry assay [45]. 

Proteins were separated by SDS-PAGE, transferred onto nitrocellulose membranes. Western blot 

was performed using antibodies for ANT-1 (Abcam # 180715), HA tag (Biolegend #901501), 

TOMM20 (Abcam # 186734) and Vinculin. Secondary antibodies conjugated with horseradish 

peroxidase were used for enhanced chemiluminescence reaction. 

 Fluorescence staining and microscopy. C2C12 cells were cultured on glass cover slips in 6-

well dishes for 24 hours. Cells were transfected with plasmid human-ANT1 with HA tag for 24 

hours. Mitochondrial staining was performed by incubating transfected cells with 50 nM 

MitoTracker™ Red (Invitrogen #M7512) for 30 min. Cells were rinsed with PBS, then fixed 

with 3% paraformaldehyde in PBS for 20 min, followed by two washes with PBS. For 

immunofluorescence staining, fixed cells were permeabilized with 0.5% triton X-100 in PBS for 

5 min and then quenched with 100 mM glycine in PBS for 20 min. The cells were blocked with 

1% BSA in PBS for one hour, exposed to HA tag primary antibodies in blocking solution 

(Biolegend #901501) for 2 hours at room temperature. After three washes, cells were incubated 

for one hour with goat anti-mouse coupled to Alexa Fluor 488 secondary antibodies (A32723, 

Invitrogen). Following three washes in PBS, coverslips were mounted on slides with 

VECTASHIELD® Antifade Mounting Medium, then dried in the dark overnight before imaging 
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on an inverted Zeiss LSM 880 confocal microscope equipped with a 63X oil immersion 

objective. 

Proteomics analysis. After 48 hours of transfection with control vector, h-ANT1 or h-

ANT1K23A, cells were lysed with lysis buffer. The proteins were separated by SDS-PAGE, and 

the gel section containing ANT1 and ANT2 was excised to quantify the amount of human ANT1 

and mouse ANT1 and ANT2. Proteomics analyses were conducted as described [122]. 

Quantitative rtPCR. After 48 hours of transfection, total mRNAs were isolated using PureLink 

RNA Mini Kit (cat.no.12183018A, Invitrogen) and then converted into cDNA. Q-rt-PCR was 

performed as described [140]. The primers that were used for RT-PCR are as follows; ANT1 

forward 5′- GACCCCAAGAATGTGCACAT -3′ and reverse 5′- 

TTGTGAGCTTGGGTATTACAC -3′, ANT2 forward 5′- AGCTGGATGATTGCACAGTC -

3′ and reverse 5′- ACAGACAAGCCCAGAGAATC -3′ β-actin forward 

5′- ACAGACAAGCCCAGAGAATC -3′ and reverse 5′- 

CAGTAACAGTCCGCCTAGAAGCAC -3′. The  mRNA levels relative to empty vector ANT1, 

normalized to beta actin, were calculated using the 2-Ct method. 

Seahorse assays of mitochondrial function. We transiently transfected C2C12 cells with vector 

control, human-ANT1 or human-ANT1-K23A. After 24 hours of transfection, cells were 

trypsinized and seeded in Seahorse cell culture microplates (Seahorse Bioscience catalog no. 

100777-004, 24-well plates), at a density of 20,000 cells/well. After 12 hours, mannitol and 

sucrose (MAS) Medium with 5mM Pyruvate K, 2.5 mM Malate K, and 10 mM Glutamate K was 

added and plasma membranes were permeabilized using perfringolysin. MAS medium contains 

140 mM sucrose, 440 mM Mannitol, 20 mM KH2PO4, 10 mM MgCl2, 4 mM HEPES, and 2 

mM EGTA (pH 7.0). 

After measurement of basal respiration, the following were added sequentially: 0.5 mM ADP to 

stimulate respiration, 2.0 μM oligomycin to inhibit Complex V, 2 μM FCCP to uncouple 

mitochondria, and 2.0 μM rotenone with 2.0 μM antimycin A to inhibit Complex I and Complex 

III, respectively. The sequential additions of oligomycin, FCCP, and the electron transport-chain 

(ETC) inhibitors rotenone and antimycin A enable the estimation of basal cellular respiration, the 

fractional contributions of proton leak and ATP-linked respiration, peak (FCCP-induced) 

respiration, and nonmitochondrial respiration [141,142,143]. The basal ATP turnover linked to 

oxidative phosphorylation of cells is estimated by the net decrease in oxygen consumption rate 
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(OCR) after addition of oligomycin (“basal phosphorylative respiration”). Proton leak was 

estimated as mitochondrial OCR remaining after addition of oligomycin to inhibit ATP synthase. 

All data were corrected for nonmitochondrial respiration estimated by inhibition of electron 

transport with antimycin A and rotenone. The OCR of each well were expressed as picomoles of 

oxygen consumed per minute. All bioenergetic assays followed Seahorse Bioscience protocols 

using an XFe24 Extracellular Flux Analyzer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



96 
 

Results 

Ectopically expressed hANT1 is targeted primarily to mitochondria and does not affect 

expression of endogenous mouse ANT1 or ANT2 isoforms. To visually assess transfection 

efficiency, we transfected C2C12 myoblasts with a range of amounts of pCMV-GFP (Green 

Fluorescent Protein) expression vector and monitored GFP expression with fluorescence 

microscopy (Figure 1A).  Maximum expression was achieved by using between 2.55 and 10 ug 

of the vector after 48 hours, when about 60-80% of cells were successfully transfected. To 

determine the optimum dose and duration of expression for the pCMV-hANT1-HA (wildtype) 

vector, C2C12 myoblasts were cultured in 6-well plates and transfected with 2.5-20 ug DNA for 

24 or 48 hours. Figure 1B shows, using immunoblot analysis with an anti-HA antibody, that 2.5-

10 ug DNA for 48 hours achieved maximal protein expression, so all subsequent transfections 

were performed using 2.5 ug vector in 6-well plates or 14 ug vector in 100 mm plates. 

C2C12 cells then were transfected with empty vector, wildtype (pCMV-hANT1-HA) or the 

lysine 23 to alanine mutant of ANT1 (pCMV-hANT1K23A-HA). Immunoblot analysis with an 

antibody directed against human ANT1 showed that both hANT1 and hANT1K23A were 

expressed similarly in C2C12 myoblasts (Figure 1C). We used immunofluorescence staining to 

determine the effectiveness of transfection and to test whether transfected ANT1 was targeted to 

mitochondria in C2C12 myoblasts. Figure 1D shows that HA-tagged hANT1 largely co-localized 

with mitochondria, which were visualized using MitoTracker Red. This was confirmed by 

isolating mitochondria from cells in which wildtype and K23A ANT1 had been expressed and 

using immunoblot analysis to localize ectopically expressed hANT1 to mitochondria or cytosol 

(Figure 1E). wildtype and K23A mutant hANT1, detected using anti-HA antibodies, were mainly 

present in mitochondrial fractions, which also stained strongly for TOMM20. By comparison, 

very little hANT1 protein was detected in cytosolic fractions, which contained vinculin as a 

marker. 

Quantitative rtPCR (Q-rtPCR) was used to determine whether ectopic expression of wildtype 

hANT1 or hANT1K23A altered expression of total ANT1 or ANT2, total of ectopically 

expressed hANT1/hANT1K23A plus endogenous mouse isoforms mANT1 or mANT2, using 

primers that recognize both isoforms to give an overall picture of ANT abundance. The results 

are shown in Figure 2A. In the control cells (empty vector), the expression of ANT2 was 

significantly lower than that of ANT1 (P < 0.01). Overexpression of hANT1 or hANT1-K23A 
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raised ANT1 expression by 2.1 ± 0.4 and 1.9 ± 0.2-fold (P < 0.01 vs. control). ANT2 expression 

remained low and was unaffected by ectopic expression of either of the human ANT1 vectors. 

Expression of human ANT1 isoforms did not change recovery of mitochondria isolated from the 

cells and did not change the amount of mitochondrial protein relative to total cell lysate protein 

(4.1 ± 0.3, 5.1 ± 1.0, and 4.1 ± 0.1 ratios of mitochondrial to cell lysate protein, empty vector, 

hANT1, and hANT1K23A, respectively). 

Proteomics analysis of ANT1 abundance was conducted to determine to what extent transfection 

with hANT1 and hANT1K23A effected the overall abundance of ANT1 in the C2C12 cells. A 

limitation of this analysis is the high (~95%) identity of mouse and human ANT1 and the high 

identity of ANT1 and ANT2 within a species (~90%), making precise quantification by 

assigning spectra to peptides challenging. Nevertheless, “unique” spectra assigned to ANT1 

(mouse and human) were expressed relative to total spectra for ATP synthase beta subunit and 

cytosolic actin, and the results are shown in Figure 2B. Regardless of how ANT1 abundance was 

normalized, transfection of either hANT1 or hANT1K23A increased ANT1 abundance by 2- to 

4-fold, consistent with the mRNA expression data. By adding the sequence of hANT1 

surrounding the region containing K23A to the search database, we also were able to observe 

expression of the mutant human protein. 
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Figure 1. Expression of human ANT1 and ANT1K23A in mouse C2C12 cells. A mammalian expression 

vector (pCMV) was used to ectopically express wildtype hANT1 and hANT1K23A mutant HA-tagged 

proteins (see Methods). (A) pCMV-GFP was transfected at indicated DNA amounts (ug) to determine 

efficiency of expression. (B) Efficiency of transfection of hANT1; vinculin was used as a loading control. 

(C) Comparison of ANT1 and ANTK23A expression levels in C2C12 myoblasts using immunoblotting 

with an antibody that recognizes mouse and human ANT1. (D) Confocal microscopy using MitoTracker 

Red and immunofluorescence staining for HA tag shows the expressed hANT1 primarily localizes to 

mitochondria. (E) Immunoblots of isolated mitochondria and cytoplasm from C2C12 cells overexpressing 

either hANT1-HA or hANT1K23A-HA confirm that ectopically expressed ANT1 is targeted to 

mitochondria. TOMM20 (translocase of outer mitochondrial membrane 20) was used as a marker for 

mitochondria. 
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Figure 2. Effect of human ANT1 and ANT1K23A expression on ANT1 and ANT2 mRNA expression and 

ANT1 protein abundance in mouse C2C12 myoblasts. Vector control, hANT1-HA, or hANT1K23A-HA 

were transfected into C2C12 myoblasts (see Methods). (A) mRNA levels were determined using Q-rt-

PCR with oligonucleotide primers that recognize both mouse and human mRNAs. mRNA levels relative 

to empty vector ANT1, normalized to beta actin, were calculated using the 2-Ct method. ANT1 (open 

bars), ANT2 (closed bars). (B) ANT1 protein abundance determined by mass spectrometry analysis of 

lysates of C2C12 myoblasts that had been transfected with empty vector, hANT1, or hANT1K23A. Open 

bars represent ANT1 protein normalized to ATP synthase beta subunit, closed bars are ANT1 protein 

normalized to cytosolic actin. 

 

Effect of hANT1 and hANT1K23A expression on ADP kinetics.  A luciferase-based assay for 

ATP was used over a range of [ADP] to obtain apparent KmADP, Vmax, and the Hill coefficient 

(nH) by fitting rates of ATP flux to a modified Michaelis-Menten equation. We compared 

mitochondria isolated from C2C12 myoblasts transfected with an empty vector (control) with 
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those isolated from cells that had been transfected with wildtype hANT1 or hANT1K23A. The 

results of those experiments (n = 4) are given in Table 1. Vmax  

was slightly but not significantly higher in mitochondria from cells overexpressing hANT1 and 

hANT1K23A. Although there was no significant difference in nH among the groups, 

mitochondria from cells overexpressing wildtype hANT1 had slightly higher nH than the other 

groups. In contrast, the apparent KmADP was significantly different among the groups, with the 

KmADP significantly higher in mitochondria from cells overexpressing hANT1K23A. 

 

 

Table 1. Effect of hANT1 expression on kinetic parameters of ADP. 

 Empty Vector Wildtype hANT1 hANT1K23A 

Vmax 40.0 ± 5.0 47.1 ± 9.2 53.0 ± 5.7 

Apparent KmADP 7.86 ± 0.24 6.95 ± 0.34 9.17 ± 0.45** 

nH 1.18 ± 0.053 1.24 ± 0.053 1.16 ± 0.049 

 

Table 1. ADP kinetic parameters determined using a luciferase-based ATP assay. Parameters were 

obtained by fitting data to a modified Michaelis-Menten equation. Vmax, maximal activity; apparent 

KmADP, concentration of ADP producing half-maximal activity; nH Hill coefficient. Data are given as 

Mean ± SEM. **P < 0.01 by analysis of variance. 

 

Effect of hANT1 and hANT1K23A on oxidative metabolism in permeabilized C2C12 

myoblasts. C2C12 myoblasts transfected with vector control, hANT1, or hANT1K23A were 

permeabilized with perfringolysin (PFO) and analyzed using a Seahorse FX24e metabolic 

analyzer to determine whether ANT1 overexpression or mutation of lysine 23 to alanine altered 

respiration in response to pyruvate (5 mM), glutamate (10 mM), and malate (2.5 mM) in 

mitochondria studied in situ. Typical rate of oxygen consumption is shown in Figure3. 

From oxygen consumption rates determined in the Seahorse, rates of oxygen consumption in 

permeabilized cells were calculated for basal conditions, during respiration with ADP, after 

inhibition of ATP synthase with oligomycin (oxidative phosphorylation), uncoupled respiration 

(using FCCP), and after inhibition with rotenone plus antimycin A (nonmitochondrial 

respiration). Using these measurements, basal respiration, respiration due to oxidative 

phosphorylation, uncoupled respiration, and proton leak were calculated by subtracting rates of 

nonmitochondrial respiration [142]. These data are given in Table 2. Transfection of neither 
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hANT1 nor hANT1K23A significantly altered respiration under any conditions, confirming that 

overexpression of hANT1 and hANT1K23A does not significantly alter maximum rates of 

respiration in addition to not raising maximum rates of ATP production. 

 

 

Figure 3. Effect of human ANT1 and ANT1K23A expression on rates of oxygen consumption in mouse 

C2C12 myoblasts. Vector control, hANT1-HA, or hANT1K23A-HA were transfected into C2C12 

myoblasts (see Methods). Cells were plated in SeaHorse XF24e 24-well plates at 200,000 cells per well. 

Plasma membranes were permeabilized using perfringolysin, and pyruvate, glutamate, and malate (see 

Methods) were added. After measurement of basal respiration, ADP (0.5 mM) was added to stimulate 

respiration. Oligomycin was then added to inhibit ATP synthase and allow assessment of rates of 

oxidative phosphorylation. This was followed by addition of FCCP to measure uncoupled respiration, and 

finally rotenone and antimycin A were added to inhibit all mitochondrial respiration. A typical 

experiment, using five measurements at each time point, is shown. 

 

 

 

 

 

 

 

 

0

100

200

300

400

500

0 10 20 30 40 50

O
x
y
g
e
n
C
o
n
s
u
m
p
ti
o
n

(p
m
o
le
s
/m
in
)

Time (min)

Vector hANT1 hANT1K23A

ADP Oligo FCCP Rot/AA



102 
 

 

Table 2. Wildtype (hANT1) or hANT1K23A were transfected into C2C12 myoblasts. Oxygen 

consumption was determined as described above in a Seahorse XF24E metabolic analyzer. Data are given 

as Means SEM, in units of pmoles of oxygen consumed per minute in 4 independent experiments. Please 

see Methods for experimental protocol and calculations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2. Effect of hANT1 or hANT1K23A on respiration in C2C12 myoblasts. 

Condition Vector hANT1 hANT1K23A 

Basal 

 
33.8 ± 16 42.9 ± 13 50.8 ± 14.2 

Oxidative Phosphorylation 

 
268.2 ± 25.8 239.1 ± 20.9 255.7 ± 32.1 

Uncoupled (FCCP) 

 
281.5 ± 63.0 291.7 ± 36.7 282.6 ± 45.8 

Proton Leak 

 
10.5 ± 4.4 10.7 ± 13.3 13.3 ± 4.4 

Non-Mitochondrial 24.4 ± 8.9 43.5 ± 12.7 27.9 ± 12.1 
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Discussion 

ANT1 in human mitochondria was previously identified as an acetylated protein [34]. Proteins 

involved in metabolic pathways are known to be more commonly acetylated than other proteins 

[139,144,145,146]. Lysines, 10, 23, and 92 of human ANT1 were noted to be acetylated in most, 

if not all, of preparations of mitochondria isolated from human skeletal muscle biopsies [35]. 

Lysine 23 contributes to a net overall positive charge in the nucleotide binding pocket of ANT1 

[14], and molecular dynamics modeling showed that acetylation of lysine 23 reduced the positive 

charge and lowered the affinity of hANT1 from about 3 to 80  M [ADP] (free ion), which is 

much higher than [ADP] in resting mammalian skeletal muscle [34]. Further modeling studies 

showed that if about 25% or higher of total ANT1 were acetylated, the apparent Km ADP for 

oxidative phosphorylation would be increased sufficiently to affect ANT1 function, with 

consequences for glycolysis and fuel selection [35,103,121]. Subsequently, a quantitative mass 

spectrometry-based assay for ANT1 content acetylation was developed [122]. Using this assay, it 

was found that hANT1 in biopsies of skeletal muscle from different individuals ranged from 1-

21 percent acetylated, and the content of ANT1 was directly related to the ability of muscle to 

oxidize lipid at low to moderate work rates (15-45 watts, which represented 10-30% of 

maximal). However, to date, findings regarding functional changes induced by lysine 23 

acetylation of hANT1 are from modeling experiments or are correlational relationships with in 

vivo data. The current study was undertaken to more directly test the hypothesis that hANT1 

acetylated at lysine 23 would alter the apparent Km ADP for oxidative phosphorylation in 

muscle cells. To test this hypothesis, we ectopically expressed wildtype hANT1 or an hANT1 

that had lysine 23 replaced with an alanine residue in C2C12 myoblasts Replacement of lysine 

with alanine was hypothesized to mimic acetylation by deleting the positive charge that is one of 

three positively charged residues that directly bind negatively charged phosphates of adenine 

nucleotides. 

The current results show that human ANT1 was successfully transfected into C2C12 myoblasts 

and mostly was targeted to mitochondria, as shown using confocal microscopy and cell 

fractionation techniques along with immunoblotting. Quantitative real time PCR (Q-rtPCR) 

using primers that recognized both mouse and human ANT1 mRNA showed that transfection 

resulted in approximately a two-fold rise in total ANT1 with either wild type or K23A ANT1. 

ANT2 mRNA, in contrast, was low in comparison to ANT1 expression, as we have shown in 
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human muscle using proteomics techniques [35]. Due to poor specificity of available mouse and 

human ANT antibodies, it was difficult to determine mouse vs. human ANT1 expression in these 

experiments. However, immunoblots with either an anti-HA antibody or an antibody directed 

against human ANT1 suggested that a two-fold rise in mRNA may have been translated into a 

similar increase in ANT1 protein abundance. We also used mass spectrometry-based proteomics 

techniques to obtain relative quantification of ANT1 that was ectopically expressed. Proteomics 

analysis was consistent with the Q-rtPCR results in that the transfected cells had 2-4 fold higher 

ANT1 protein abundance than cells transfected with an empty vector or untransfected cells. 

Because of the extremely high amino acid identity (90-95%) between ANT isoforms and species, 

dissecting human and mouse ANT1 and ANT2 abundance is fraught with difficulty using 

proteomics methods that search human and mouse databases to assign spectra to peptides and 

peptides to proteins. However, even with ambiguity in assigning spectra, it is clear that the 

transfections successfully introduced human cDNA into the cells. 

We isolated mitochondria from vector control, wildtype or K23A ANT1-transfected C2C12 

myoblasts to quantify ADP kinetics with respect to ATP synthesis using a sensitive and specific 

luciferase-based assay for ATP [121]. Such an assay allows the use of low, physiological [ADP] 

that does not result in high [ATP] that might interfere with these measurements. The present 

results show that, as expected, raising the abundance of ANT1 lowered the apparent KmADP 

and that expression of hANT1K23A raised the apparent KmADP compared to controls. These 

changes in KmADP are in precisely the predicted directions for the overexpressing wildtype or 

K23A hANT1. These data provide the first experimental evidence that ablating one of the three 

positively charged amino acid residues in ANT1 that bind ADP can lower the affinity of the 

protein for adenine nucleotides. 

Because experiments conducted in isolated mitochondria may not reflect results from 

experiments performed when mitochondria are in situ in a cell, we also used the Seahorse XF24e 

metabolic analyzer to conduct such experiments using permeabilized C2C12 myoblasts that had 

been transfected with wildtype or K23A mutant hANT1. In addition, this allowed us to assess the 

effects of overexpression of hANT1 and hANTK23A on respiration. Permeabilized cells were 

used to allow study of the effect of added ADP, to which the plasma membrane is impermeable. 

Using 500 M ADP, it was found that there was no effect of expression of wildtype or K23A 

hANT1 on the rate of oxidative phosphorylation fueled by pyruvate plus glutamate plus malate. 
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Because the apparent KmADP is much lower than 500 M, it would be expected that differences 

in Km would not be reflected in these experiments, which do confirm that Vmax for respiration 

is not affected by either an approximate doubling in ANT expression or mutation of lysine 23 to 

alanine. However, the kinetics of ADP for oxidative phosphorylation in situ differ from those in 

isolated mitochondria due to the greater complexity of the in situ system and a poorer 

understanding of the steps exerting control over the rate of oxidative phosphorylation under any 

given conditions. Further experiments will be needed to gain a clearer understanding of this 

complex system and regulation of flux by changes at individual steps in the pathway.  

Regardless, the results using the simpler system of isolated mitochondria to analyze ADP 

kinetics show that a decrease in the ability of ANT1 to bind ADP result in a higher apparent 

KmADP for ATP production. These studies provide the first experimental evidence that loss of 

the positive charge at lysine residue 23 in human ANT1 likely lowers the affinity of ANT1 for 

ADP, resulting in a higher apparent KmADP for ATP synthesis in isolated mitochondria. 

Because lysine 23 is conserved across most eukaryotes [14,33,34], acetylation of this amino acid 

residue may represent a common, widespread mechanism for regulating ANT function. 
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General Conclusion 

ANT1 in human mitochondria was previously identified as an acetylated protein and lysines 10, 

23, and 92 of human ANT1 were noted to be acetylated in most of preparations of mitochondria 

isolated from human skeletal muscle biopsies [34,35]. Lysine 23 contributes to a net overall 

positive charge in the nucleotide binding pocket of ANT1 [14], molecular dynamics modeling 

showed that acetylation of lysine 23 reduced the positive charge and lowered the affinity of 

hANT1 from about 3 to 80  M [ADP] [34]. Further computational modeling studies showed 

that if about 25% or higher of total ANT1 were acetylated, the apparent Km ADP for oxidative 

phosphorylation would be increased sufficiently to affect ANT1 function, with consequences for 

glycolysis and fuel selection [35,103,121]. 

Based on previous findings, we decided to evaluate the involvement of altered acetylation of 

ANT 1 at lysine 23 in regulation of fuel selection and mitochondrial bioenergetics.  

The first chapter describes a luciferase-based assay to evaluate the ADP kinetic parameters of 

mitochondrial ATP production and the extent of control that ANT has in this pathway. The high 

sensitivity, reproducibility of this assay enabled to assess ADP kinetic parameters and ANT flux 

control in isolated mitochondria from skeletal muscle. It is confirmed that under the conditions 

used to study isolated mitochondria, the majority of flux control over oxidative phosphorylation 

resides at ANT.  

The second chapter deals with the question of relationship between acetylation of ANT1 and 

ANT1 content with metabolic flexibility during insulin stimulation or mild exercise. The findings 

from human skeletal muscle do not provide evidence that the extent of lysine 23 acetylation of 

ANT1 is a predictor of fuel selection at low [ADP]. Acetylation of lysine 23 of ANT1 is abundant 

and variable but perhaps too low to discernibly affect the sensitivity of mitochondria to the 

respiratory signal provided by [ADP] during conditions of insulin stimulation or mild muscle 

contraction. However, greater ANT1 content, either as a marker of greater mitochondrial 

abundance or higher specific abundance of ANT1 per mitochondrial mass, could result in changes 

in fuel selection by lowering the apparent K0.5ADP, driving skeletal muscle toward higher lipid 

oxidation during mild exercise. 

The participants in this study had normal or moderately abnormal glucose metabolism. It is 

conceivable that patients with more poorly controlled type 2 diabetes and more severe impairments 
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in muscle fuel selection could have higher ANT acetylation. Consequently, it would be helpful to 

evaluate the extent and effect of ANT1 acetylation in this group. 

Finally, the last chapter provides actual experimental evidence whether loss of the positive 

charge at lysine 23 has any effect on the affinity of ANT for ADP. The cellular modeling 

experiments indicate that removing the positive charge of ANT1 at lysine 23 decreases the 

ability of ANT1 to bind ADP and result in a higher apparent KmADP for ATP production 

without changing the Vmax. Although it seems clear from modeling and simulation experiments 

that acetylation of lysine 23 of human ANT1 affects function, direct biochemical evidence is 

lacking regarding the extent of this effect. Experiments using ANT incorporated into artificial 

liposomes may help to answer this question. 

Taken together, because ANT makes a major contribution to control of ATP synthesis and 

respiration, acetylation of ANT at this site may provide a regulatory mechanism for ANT activity 

and likely has larger effects on cellular bioenergetics and fuel selection. A better understanding 

of regulation of ANT activity on a biochemical, mitochondrial, cellular, and whole muscle level 

will improve knowledge of insulin resistance and metabolic flexibility. 
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