
Dominant and Sensitive Control of Oxidative Flux by the ATP-
ADP Carrier in Human Skeletal Muscle Mitochondria: Effect of 
Lysine Acetylation

WT Willis*, D Miranda-Grandjean, J Hudgens, EA Willis, J Finlayson, EA De Filippis, R 
Zapata Bustos, PR Langlais, C Mielke, LJ Mandarino

Abstract

The adenine nucleotide translocase (ANT) of the mitochondrial inner membrane exchanges ADP 

for ATP. Mitochondria were isolated from human vastus lateralis muscle (n=9). 

Carboxyatractyloside titration of O2 consumption rate (Jo) at clamped [ADP] of 21 μM gave ANT 

abundance of 0.97 ± 0.14 nmol ANT/mg and a flux control coefficient of 82% ± 6%. Flux control 

fell to 1% ± 1% at saturating (2 mM) [ADP]. The KmADP for Jo was 32.4 ± 1.8 μM. In terms of 

the free (−3) ADP anion this KmADP was 12.0 ± 0.7 μM. A novel luciferase-based assay for ATP 

production gave KmADP of 13.1 ± 1.9 in the absence of ATP competition. The free anion 

KmADP in this case was 2.0 ± 0.3 μM. Targeted proteomic analyses showed significant 

acetylation of ANT Lysine23 and that ANT1 was the most abundant isoform. Acetylation of 

Lysine23 correlated positively with KmADP, r = 0.74, P = 0.022. The findings underscore the 

central role played by ANT in the control of oxidative phosphorylation, particularly at the energy 

phosphate levels associated with low ATP demand. As predicted by molecular dynamic modeling, 

ANT Lysine23 acetylation decreased the apparent affinity of ADP for ANT binding.
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Introduction

The expansive aerobic scope of mammalian skeletal muscle operates across a narrow range 

of cytosolic free ADP concentration ([ADP]f) and free energy of ATP (ΔGATP) [1–6]. The 

matching of mitochondrial ATP synthesis to the rate of breakdown depends on a 

combination of feedback and feedforward (or parallel) mechanisms [4, 7]. Feedback control 

is important in skeletal muscle [8, 9] and depends on signals related to the products of ATP 

breakdown, ATP → ADP + Pi. These energy phosphates are, in turn, linked to the cellular 

creatine pool by the equilibrium maintained by the creatine kinase (CK) reaction, ATP + Cr 

⇆ ADP + PCr [10, 11] (the protons involved in these two reactions, which tend to cancel 

each other, are omitted here for simplicity). Two basic feedback models that describe the 

control of oxidative flux are based on the signals [ADP]f (also inorganic phosphate) and 

ΔGATP [12]. The ADP-based model describes the hyperbolic or sigmoidal relationship of 

oxidative flux against cytosolic [ADP]f:

v =
Vmax

1 +
KmADP

[ADP]cyto

nH (1)

where v is the rate of O2 consumption (Jo) or ATP production (Jp), Vmax is the maximum 

rate, KmADP is the [ADP]f at ½Vmax, and nH is the Hill coefficient. Obviously, when the 

Hill coefficient equals 1.0, Equation 1 is the Michaelis-Menten (MM) equation. Here ADP 

kinetics will be called “simple MM” when nH equals 1.0 or nearly so. Sigmoidal character in 

the relationship emerges as nH exceeds unity and will be referred to as “higher order” 

control [9].

ATP free energy based control models describe the near-linear relationship between 

oxidative flux and ΔGATP according to non-equilibrium thermodynamics (NET) [4, 7, 13–

15]:

ν = (ΔΔGATP)(conductance) (2)

in which oxidative flux, ν, rises linearly according to the product of the fall (“relaxation”) in 

ATP free energy and a phenomenological proportionality constant, the “conductance” of the 

oxidative pathway, which also includes the stoichiometry of the transduction [7]. Due to the 

near equilibrium maintained at CK, at constant pH these two feedback models are 

fundamentally related to each other [12].

Non-invasive measurement of intact skeletal muscle energy phosphates using 31P-MRS 

yields estimates of apparent KmADP in the range of 20–40 μM. Earlier studies suggested 

simple MM ADP kinetics [8], but more recently higher order control by ADP, with Hill 

coefficients (nH) approaching or exceeding 2.0, has been consistently observed in human 

[16, 17] and rodent [18] skeletal muscle. Across most of the dynamic control region, these 

same data sets also conform well to the NET model [4, 9, 19].
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In vitro studies of isolated skeletal muscle mitochondria report KmADP values similar to 

that of 31P-MRS, 20–40 μM [7, 20–22]. However, unlike intact muscle, in this case simple 

MM kinetics provide an adequate fit to the data. When ATP is also included in the 

polarography incubation medium and ΔGATP is determined, a near linear flow-force 

relationship is observed [7, 15, 23, 24].

In marked contrast, in vitro experiments using permeabilized muscle fibers often report 

apparent KmADP values well into the triple digit micromolar range [25]; KmADP values as 

high as 1500–2000 μM have been published [26].

The adenine nucleotide translocase (ANT) carries out a 1:1 exchange of ADP for ATP across 

the mitochondrial inner membrane [27, 28]. Importantly, ATP4− and ADP3− are the only 

ionic forms that bind and undergo translocation [29]. ANT KdADP3− values from roughly 2 

μM to 10 μM have been measured in both intact mitochondria and also when ANT is 

incorporated into liposomes possessing a phospholipid composition similar to the 

mitochondrial inner membrane [30–32]. This range of KdADP3− is roughly equivalent to the 

KmADP range observed in vivo and in isolated mitochondria when pH and Mg binding are 

taken into account [33], which suggests that ANT is a central locus of oxidative flux control. 

ANT flux control strength has not been previously evaluated in human skeletal muscle 

mitochondria at a constant submaximal [ADP]f and this determination was a major objective 

of the present study. ANT flux control and turnover were also assessed under saturating 

[ADP] (2 mM) conditions, when the pathway approaches its maximum rate.

Recently, Mielke et al. [34] used molecular dynamic modeling to show ADP binding to an 

ANT1 crystal structure with a KdADP3− of 3.7 μM, and further indicated that ADP3− 

binding strongly depended upon the positive charge of Lysine23 of ANT1, located near the 

bottom of the adenylate binding pocket in the c-form. Acetylation of this lysine, which 

removes the positive charge involved in the electrostatic bonding with ADP3−, increased the 

KdADP3− by roughly 20-fold [34]. ANT lysine acetylation and its functional consequences 

on mitochondrial ADP sensitivity may have particular importance in altered nutritional 

states and in metabolic diseases. The overall acetylation of mitochondrial proteins correlates 

with muscle insulin resistance, and the extent of deacetylation of Lysine23 of ANT1 after 

acute exercise is also related to insulin sensitivity [34].

In the current study, lean healthy (n=9) volunteers underwent percutaneous biopsies of the 

vastus lateralis muscle to accomplish two objectives. The first was to use mitochondria 

isolated from the skeletal muscle to determine ANT abundance, turnover, flux control 

strength, and ADP kinetics for both O2 consumption and ATP synthesis. The second 

objective was to analyze the relationship between ADP kinetics and the acetylation of ANT 

Lysine23.

Materials and Methods

Ethical Approval

Human Subjects. A total of 9 normoglycemic volunteers took part in this study, which was 

approved by the Institutional Review Boards of Arizona State University and the Mayo 
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Clinic. All studies were conducted at the Clinical Studies Infusion Unit at the Mayo Clinic 

in Arizona. Informed, written consent was obtained from all participants.

In Vivo Methods

All of the participants were sedentary, and they did not report a change in body weight for at 

least 6 months before participation. Participants were instructed to not exercise for 48 hours 

before study and to maintain their usual diet. A medical history, physical examination, 12-

lead electrocardiogram, and chemistry panel were obtained, and a 75-g oral glucose 

tolerance test was performed. No one was taking any medication known to affect glucose 

metabolism.

After completing screening studies, volunteers returned to the Clinical Studies Infusion Unit 

at about 7 AM after an overnight fast. Euglycemic clamps and muscle biopsies were 

performed as described [35]. A stable isotope ([6,6-2H] glucose) was used to trace glucose 

metabolism, and steady state equations were used to calculate rates of glucose appearance 

and disposal.

After a 10-h overnight fast, a percutaneous biopsy of the vastus lateralis muscle was 

obtained with a Bergstrom cannula under local anesthesia one hour before the start of insulin 

infusion (80 mU m−2 min−1). Biopsied muscle, about 100–150 mg, was promptly cleaned of 

visible fat and connective tissue and placed into a pre-weighed 10 ml beaker containing 2.0 

ml of ice-cold modified Chappell-Perry buffer (Solution I; mM): 100 KCl, 40 Tris-HCl, 10 

Tris-Base, 5 MgCl2, 1 EDTA, 1 ATP, pH 7.5. The wet mass of biopsied muscle was obtained 

by reweighing and transferred into a clean 5 ml tube containing 9.0 volumes of Solution I 

(10% w/v muscle tissue suspension). Mitochondrial isolation was then carried out as 

described below. A separate approximately 50 mg portion of the muscle biopsy was 

promptly frozen and stored in liquid nitrogen for mass spectrometry analysis at a later date.

Isolation of Mitochondria

The following description of the mitochondrial isolation procedure is based on a 

hypothetical wet muscle mass of 100 mg, which would be suspended in 900 μl Solution I. 

Every step of the isolation was carried out on ice or at 273 – 277 K and all centrifugations 

were 10 min in duration (Eppendorf Model 5415R). The muscle tissue 10% suspension was 

minced with scissors. Nagarse (bacterial proteinase Type XXIV, Sigma, P-8038) was then 

added (0.5 mg per 100 mg muscle) and the mince was incubated 7.0 min. Digestion was 

terminated by adding an equal volume of Solution I (1.0 ml), and the 2.0 ml of diluted digest 

was gently homogenized by hand with 5 passes in a ground glass-to-glass Potter-Elvehjem 

homogenizer. The homogenate was transferred into two 1.5 ml tubes and centrifuged at 1000 

× g. Supernatants were transferred to clean tubes and centrifuged at 14,000 × g to obtain 

mitochondrial pellets. The supernatants were then discarded and each mitochondrial pellet 

resuspended in 500 μl Solution II (mM): 100 KCl, 40 Tris-HCl, 10 Tris-Base, 5 MgCl2, 1 

EDTA, 0.2 ATP, and 1.5% BSA, pH 7.5. Following centrifugation at 7000 × g, the 

supernatants were discarded and the mitochondrial pellets were resuspended and combined 

in a total of 500 μl of Solution III (identical to Solution II, but without BSA). After the final 

centrifugation at 4000 × g and removal of supernatant, the final mitochondrial pellet was 
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resuspended in mannitol sucrose (M-S) buffer (mM) 220 Mannitol, 70 Sucrose, 10 Tris-HCl, 

1 EGTA, pH 7.40, 1 μl M-S per mg of original wet muscle (thus, 100 μl M-S in this 

example). The protein concentration of the final mitochondrial suspension was determined 

with the Lowry assay [36].

Polarography

Mitochondrial O2 consumption (Jo) was measured (Oxygraph, Hansatech Instruments, UK) 

at 310 K as described previously [22]. On average about 25 μg of mitochondrial protein 

were incubated in 500 μl respiration buffer (referred to as “buffer” below) containing (in 

mM) 100 KCl, 50 MOPS, 20 glucose, 10 K·P04, 5 MgCl2, 1 EGTA, and 0.2% w/v BSA, pH 

7.0. Oxidative fuel was provided to mitochondria as succinate + glutamate (S+G), each at a 

final concentration of 10 mM.

Conventional indices of the structural and functional integrity of mitochondria were assessed 

[37]. After the addition of mitochondria and S+G to 500 μl respiration medium, Jo was 

followed continuously (see Figure 1). After S+G addition stimulated state 2 Jo (proton leak 

Jo), State 3 (maximal) Jo was elicited with a bolus addition of 250 nmol ADP (500 μM 

final). Mitochondria returned to resting (state 4) Jo following ADP phosphorylation. The 

total O2 consumed during State 3 was determined to calculate the phosphorylation ratio 

(ADP/O) and the respiratory control ratio (RCR) was calculated (RCR = State 3Jo/State 4Jo).

Kinetics of Respiratory Control

In the same experimental run, the kinetics of ADP control of respiration were assessed by 

incubating the mitochondria at fixed [ADP]f established with a progressive creatine kinase 

(CK) energetic clamp [7]. At the conclusion of the conventional indices assessment, the cap 

of the respiration chamber was removed and the medium allowed to re-oxygenate (see 

Figure 1).

While the cap was off the CK clamp was primed by adding to the medium 4.5 mM ATP 

(combined with the previous ADP bolus yields a final total adenylate concentration of 5.0 

mM), 2.5 mM phosphocreatine (PCr), and 5.0 mM creatine (Cr). The cap was then 

repositioned to seal the chamber and Jo was recorded for several minutes to ensure steady 

state conditions. Following the measurement of steady state Jo, excess CK (40 units) was 

added to bring the buffer energy phosphate pool into equilibrium. At the free magnesium 

under these conditions, calculated to be 1.1 mM [33], and pH = 7.0, the equilibrium constant 

of the CK reaction, Kck, has a value of 177 [38]:

Kck = [Cr][ATP]
[PCr][ADP] (3)

Rearranging gives the free ADP concentration after CK addition:

[ADP]f = 1/177 ∗ [ATP] ∗ [Cr]/[PCr] (4)

The Gibbs free energy of ATP hydrolysis (ΔGATP) was calculated as:
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ΔGATP = RTln Γ
KATP

(5)

where R is the gas constant (8.314 J K−1 mol−1), T is 310 K, and gamma (Γ) is the mass 

action ratio of the ATP hydrolysis reaction:

Γ = [ADP][Pi]
[ATP] (6)

Under these conditions the equilibrium constant, KATP, of the ATP hydrolysis reaction is 

219,000 [38]. After measuring the steady state Jo in the presence of CK, PCr was added 

stepwise at ~3 minute intervals, giving the following [ADP]f (μM): 107, 75, 55, 35, and 21 

(Figure 2). Steady state Jo was measured at each of these ADP levels. The corresponding 

ATP free energies (ΔGATP in kJ/mol) were: −53.54, −54.66, −55.71, −56.75, and −57.70, 

respectively.

The [ADP]f:Jo data were analyzed according to Equation 1 using non-linear regression 

(Solver, Excel, Microsoft Corp, USA) to determine the parameter values KmADP and nH 

(Vmax was a known parameter in these analyses, obtained from the measurement of state 3 

Jo). Kinetic parameters in terms of the ADP3− ion were determined by taking into account 

free [Mg2+] [33].

The same data were also analyzed using the Eadie-Hofstee transform of the MM equation, 

by plotting Jo against Jo/[ADP]f. Finally, Jo was also plotted against ΔGATP to obtain the 

NET flow-force relationship [7].

Flux Control Analysis and Determination of ANT Abundance

As illustrated in Figure 2, the CK clamp was followed by stepwise additions of CAT, a high 

affinity inhibitor (Kd ~ 1 nM) of ANT [39]. CAT titration of Jo reveals the extent to which 

ANT controls the entire pathway of mitochondrial O2 consumption. The endpoint of the 

titration reflects the abundance of the protein. The flux control coefficient of an enzyme, CJ, 

is defined as the fractional change in flux (ΔJ/J) that results from a fractional change in 

functional enzyme abundance (ΔE/E) [40, 41]:

CJ = ΔJ /J
ΔE /E (7)

The first two CAT additions were delivered in amounts predicted to each match 

approximately 5% of the ANT dimers present in the respiring mitochondria. CAT titrations 

were performed under two conditions: 1) As shown in Figure 2, in which the 

extramitochondrial [ADP]f was fixed by the CK clamp at 21 μM, and 2) also in the presence 

of saturating, 2.0 mM, ADP (not shown). The kinetic response to CAT addition was 

analyzed using the nonlinear model of Gellerich et al. [39], which evaluates both the flux 

control located at ANT (CJ
ANT, which spans from zero to 1.0) and ANT abundance (nmol 

ANT/mg mitochondrial protein).
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Luciferase ADP Kinetic Assay

Oxidative phosphorylation rate (Jp) was measured at 8 levels of [ADP]: 0, 1.5, 3.0, 6.0, 12.5, 

25, 50, and 125 μM, in a microplate based assay (Tecan, Genios, Switzerland) using a firefly 

luciferase/luciferin luminescence system (Molecular Probes, USA) to monitor the 

accumulation of pmol quantities of ATP. Mitochondria, roughly 0.25 μg protein, were 

assayed at 298 K for up to 10 min in a final volume of 200 μl of respiration buffer after the 

addition of G+S to start the reaction. All assay progress curves were linear with time (R2 ≥ 

0.99) and ATP standard curves, up to 1000 pmol (5 μM), were linear with ATP addition (R2 

≥ 0.99). Pilot experiments showed that, because assays also contained 20 μM diadenosine 

pentaphosphate, background ATP production from adenylate kinase was abolished [42].

Mass spectrometry

Whole muscle lysates were processed as previously described [35]. Muscle lysate proteins 

were resolved by one-dimensional SDS-PAGE. The band corresponding to the molecular 

weight of ANT1 was excised and used for analysis. HPLC-ESI-MS/MS was performed in 

positive ion mode on a Thermo Scientific Orbitrap Elite Velos Pro hybrid mass spectrometer 

fitted with an EASY-Spray Source (Thermo Scientific, San Jose, CA). NanoLC was 

performed using a Thermo Scientific UltiMate 3000 RSLCnano System with an EASY 

Spray C18 LC column (Thermo Scientific, 50cm × 75 μm inner diameter, packed with 

PepMap RSLC C18 material, 2 μm, cat. # ES803). All solvents were liquid chromatography 

mass spectrometry grade. Spectra were acquired using XCalibur, version 2.1.0 (Thermo 

Scientific). A “top 15” data-dependent MS/MS analysis was performed (acquisition of a full 

scan spectrum followed by collision-induced dissociation mass spectra of the 15 most 

abundant ions in the survey scan). Tandem mass spectra were extracted from Xcalibur 

‘RAW’ files and charge states were assigned using the ProteoWizard 2.1.x msConvert script 

using the default parameters. The fragment mass spectra were then searched against the 

human SwissProt database using Mascot (Matrix Science, London, UK; version 2.5.0) with 

the default probability cut-off score. The search variables used were 10 ppm mass tolerance 

for precursor ion masses and 0.5 Da for product ion masses; digestion with trypsin; a 

maximum of two missed tryptic cleavages; variable modifications of oxidation of 

methionine and phosphorylation of serine, threonine, and tyrosine. Cross-correlation of 

Mascot search results with X! Tandem was accomplished with Scaffold (version 

Scaffold_4.4.0; Proteome Software, Portland, OR, USA).

To determine linearity and reproducibility of spectral counting for relative quantification of 

ANT, a single, pooled lysate of human skeletal muscle was processed as described above. 

The resulting solution of tryptic peptides underwent mass spectrometry analysis using 3 

separate aliquots each of 1, 2, and 4 μl of purified peptide solution (total of 9 runs). Data 

were expressed as spectral counts normalized to the individual total sample spectra 

(normalized spectral counts). To obtain a measure of ANT acetylation relative to total ANT, 

spectra for acetylated ANT were divided by all ANT spectra (acetylated and unacetylated). 

We termed this the ANT acetylation index. Because of differences in the behavior of various 

peptide ions derived from ANT in this analysis, spectrum counts are a measure of relative 

and not absolute abundance. We previously showed a strong relationship between spectrum 

counts and protein abundance [35]. Therefore, although this acetylation index may not 
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reflect precise stoichiometric relationships, the index is highly likely to be directly related to 

stoichiometry of acetylation.

Data Analysis and Statistics

Data are given as means ± SE. Kinetic parameter values were evaluated for each individual 

mitochondrial preparation by minimizing residual differences using the Excel Solver tool. 

Regression analysis was used to determine the correlation between KmADP and Lysine23 

acetylation. In all statistical assessments, significance was accepted at p<.05.

Results

Human Participants

Characteristics of the participants are given in Table 1.

All participants had healthy [43] values for body mass index, percent body fat, total 

cholesterol level, fasting plasma insulin concentration, basal and insulin-stimulated rates of 

glucose disposal, and insulin-mediated suppression of endogenous glucose production 

(Table 1).

Functional Integrity of Isolated Mitochondria

Figure 1 illustrates how conventional functional parameters were measured. These data 

indicate the isolated mitochondria had high functional integrity and are reported in Table 2. 

Maximal (State 3) oxidative phosphorylation rate, Jp, was calculated as 2*(ADP/O)*(State 3 

Jo).

Appreciable variability was evident in State 3 Jo and Jp values; the percent coefficient of 

variation (CV), calculated as 100*(SE/mean), was 15.4%. Biological differences 

undoubtedly account for some of this variability, but experimental issues might also 

contribute. Rates normalized to mg of isolated protein are, of course, influenced by the 

extent to which non-mitochondrial protein contaminates the final mitochondrial suspension 

[44]. When normalized to adenine nucleotide translocase (ANT) abundance, determined 

from the titration of Jo with CAT (see Table 3 below), state 3 Jo was 385 ± 16.6 nmol O2 min
−1 nmol ANT−1, which substantially reduced the CV to 4.3%.

Control of Oxidative Flux and Determination of ANT Abundance

Flux control analysis for ANT was carried out while [ADP]f was clamped at 21 μM and also 

at 2.0 mM (saturating) ADP. The results of these titrations are shown, respectively, in panels 

A and B of Figure 3.

Figure 3A clearly shows decreasing steady state Jo with each CAT addition when [ADP] is 

clamped at 21 μM. This result reflects the dominant flux control (82%, see Table 3) located 

at ANT under this condition. In dramatic contrast, with saturating extramitochondrial [ADP] 

of 2.0 mM as shown in Figure 3B, flux control at ANT is essentially zero; in fact, roughly 

50% of ANT sites must be occupied before any appreciable change in Jo occurs. With 

[ADP] clamped at 21 μM, the endpoint of the CAT titration indicated an ANT abundance of 
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0.97 ± 0.14 nmol/mg protein (Note: This ANT nmol/mg mitochondrial abundance should be 

doubled if we assume ANT functionally operates as a dimer). Because flux control at ANT 

was so high when [ADP] was clamped at 21 μM, essentially identical estimates of ANT 

abundance were obtained from the CAT titration endpoint (“graphical analysis”) and the 

nonlinear regression model of Gellerich et al. [39]. From the linear portion of the CAT 

titration curves the ANT dimer turnover rate can be estimated. These values are reported in 

Table 3. Interestingly, both the ANT abundance and the ANT turnover under saturating ADP 

conditions are similar to rat skeletal muscle mitochondria [45].

Thermodynamic Flow-Force

The progressive fall in Jo with each PCr addition shown in Figure 2 above can also be 

viewed as a response to rising “ATP backpressure” (more negative ATP free energy) 

opposing oxidative flux [7, 15, 46]. The resulting “flow:force” relationship between Jo and 

ATP free energy is shown in Figure 4.

As described in Methods, the CK clamp was designed to establish 5 levels of ΔGATP 

spanning roughly −53.5 to −57.7 kJ/mol, which was chosen because this range lies within 

the near-linear region in the ΔGATP:Jp relationship observed in vivo with 31P-MRS [4, 19, 

47].

Apparent KmADP for Oxidative Flux

The same CK clamp data set is used to plot the [ADP]f:Jo relationship shown in Figure 5A. 

Both the Eadie-Hofstee transform of the MM equation and nonlinear regression were used to 

evaluate kinetic parameters. The Eadie-Hofstee transform:

Jo = ( − Km)(Jo/[ADP]) + Vmax (8)

is shown in Figure 5B.

As can be seen in Figure 5B, Eadie-Hofstee analysis provided an excellent fit to mean data. 

These same data are shown in Figures 5C and 5D in flux units relative to Vmax and again 

with error bars in both dimensions. Kinetic parameters from Eadie-Hofstee analysis 

performed for each individual mitochondrial preparation are reported in Table 4.

The KmADP for respiration was 32.4 ± 1.8 μM, determined in the presence of 5 mM ATP 

and 1.1 mM free Mg2+. As can be seen in Figure 5 panel B, the Eadie-Hofstee plot of mean 

data resulted in a y-intercept value that was almost identical to State 3 Jo measured 

separately with saturating ADP (value from Table 2 repeated here in Table 4). Table 4 also 

shows that kinetic assessment based on the concentration of ADP3−, the ionic form of ADP 

that binds to ANT, gave an apparent KmADP3− of 12.0 ± 0.7 μM, again in the presence of 5 

mM ATP, which under these conditions converts to an ATP4− concentration range of 320–

340 μM.

During the course of this study a luciferase-based assay to determine ADP kinetics of 

oxidative phosphorylation rate was developed. Six of the nine mitochondrial preparations 

were assayed using this procedure at several ADP concentrations below and above the 
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KmADP and in the absence of ATP competition for ANT binding (Figure 6). Under these 

conditions the KmADP was much lower, 13.1 ± 1.9 μM. Further, because this assay was also 

carried out with a buffer [Mg2+] of 5.0 mM, but with essentially zero ATP, the free [Mg+2] 

was calculated to be 3.95 mM. Thus, in the absence of ATP competition and taking Mg 

binding to ADP into account, the KmADP3− was 2.0 ± 0.3 μM (Table 4 and Figure 6C). 

Nonlinear kinetic analysis indicated a Hill coefficient value of 1.05 ± 0.02, consistent with 

simple MM kinetics and the excellent fit of the Eadie-Hofstee transform to mean data shown 

in Figure 6B.

Mitochondrial Creatine Kinase

As illustrated in Figure 2, in the presence of buffer concentrations of 5 mM ATP, 2.5 mM 

PCr, and 5.0 mM Cr, but prior to the addition of 40 units of CK (80 μmol min−1 ml−1), the 

incubated mitochondria respired at a steady state Jo that was about four-fold higher than 

state 4 Jo (Table 5). After CK was added and brought the buffer PCr, Cr, ATP, and ADP into 

equilibrium, Jo promptly increased to a steady state value of 297 ± 49.9 nmol O2 min−1 mg
−1, a delta Jo of 135 ± 39.9 nmol O2 min−1 mg−1. The PCr additions that followed caused 

stepwise reductions in buffer [ADP]f and Jo fell with the MM kinetics reported in Table 4. 

Although we do not know the buffer [ADP]f prior to the addition of CK, we can use the 

kinetic parameters of Table 4 and Equation 9 to infer the “effective” [ADP]f that 

mitochondrial CK and diffusional restrictions of the outer membrane were making available 

to ANT in the intermembrane space:

[ADP]f = (Jo)(KmADP)/(Vmax − Jo) (9)

As reported in Table 5, prior to the addition of CK to the respiration buffer, mitochondria 

respired at 161 ± 21.8 nmol O2 min−1 mg−1, which is about 41% of Vmax and the Jo 

corresponding to a buffer [ADP]f of 26.4 μM (Table 5). Promptly after CK addition, 

respiration jumped to the steady state Jo of 296.7 ± 49.9 nmol O2 min−1 mg−1, about 78% of 

Vmax and corresponding to a buffer [ADP]f of 108.6 μM. The addition of CK activity to the 

buffer therefore apparently increased the effective steady state [ADP]f by over four-fold, 

increasing it by 82.2 ± 2.6 μM (Table 5).

Proteomic Analysis of ANT

Proteomic analysis indicated that ANT1 was the predominant isoform. Table 6 reports the 

analysis of a typical experiment.

We assessed acetylation of ANT1 using mass spectrometry-based proteomics techniques. 

Based on normalized spectral counts, relative quantification of ANT1 was linear across 

about a four-fold range of abundance. As expected, spectral counts were approximately 

equivalent when normalized to the total spectral count in the samples (Figure 7), indicating 

the ability of spectrum counting techniques to accurately reflect relative changes in protein 

and peptide abundance. The coefficient of variation across the nine separate determinations 

of normalized spectral counts was approximately 6%.
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The ANT1 Lysine23 acetylation index varied across a range of roughly 1–4%. Figure 8 

shows that ANT Lysine23 acetylation positively correlated with KmADP (r = 0.74, P = 

0.022).

Discussion

Skeletal muscle cells routinely vary their rates of ATP turnover over a wide range. Optimal 

myocyte function requires mitochondria with high sensitivity to feedback signals so that 

large changes in oxidative phosphorylation rate are achieved with small changes in cytosolic 

[ADP] and ΔGATP [15, 48]. This steep “flow:force” near-linear relationship is shown in 

Figure 4, which indicates that the energetic performance of our isolated mitochondria was 

similar to human vastus muscle mitochondria in vivo [9]. The “static head” ΔGATP, found 

from the extrapolation of the ΔGATP:Jo relation to the zero flux of the x-intercept, was 

−62.070 ± 0.207 kJ/mol. In addition, the relative flow-force slope of 0.091 i.e., a 1.0 kJ/mol 

change in ΔGATP was associated with a 9% change in flux relative to maximum, is almost 

identical to intact muscle [9].

Three major observations about the control of metabolic flux in human skeletal muscle 

mitochondria were made in these studies. First, one single process, the exchange of ADP3− 

for ATP4− by ANT, accounted for over 80% of flux control when [ADP]f was clamped at 21 

μM, a concentration associated with mild contractile activity [49]. However, at high, 

saturating [ADP] (2.0 mM), associated with maximum oxidative flux, control at ANT fell to 

essentially zero. Second, simple MM kinetics adequately described the relationship of 

[ADP] to oxidative flux, which is in marked contrast to the higher order kinetics observed in 

intact muscle using 31P-MRS [18, 49]. Third, acetylation of ANT Lysine23 reduced the 

sensitivity of mitochondria to the ADP3− signal.

Control of Oxidative Flux at ANT

At low [ADP] ANT accounted for 82% of the flux control of the entire oxidative pathway. 

Dominant control at one step is highly unusual in a long metabolic pathway [50] and 

emphatically identifies ANT as a major regulatory site of muscle oxidative metabolism. 

Such focused control implies that a decreased ANT-ADP binding affinity, due for example 

to lysine acetylation, would necessitate higher cytosolic [ADP] to achieve a given rate of 

ATP synthesis. In turn, the higher cytosolic [ADP] would be linked via the creatine kinase 

and adenylate kinase reactions to increased inorganic phosphate and AMP concentrations 

[10], which are strong positive modulators of glycolytic pathway [51] and AMP Kinase [52] 

activity.

It is important to emphasize that our experimental approach assesses flux control intrinsic to 
the mitochondrion. Conceptually similar studies of rabbit heart mitiochondria by 

Kholodenko et al. [53] found that ANT accounted for up to 60% of the control of oxidative 

flux (CJ
ANT = 0.60), across a span of ATP turnover rates from about 20% to 50% of the 

aerobic capacity. In rat liver mitochondria respiring at about 50% of maximum O2 

consumption rate, essentially exclusive flux control at ANT was reported by Davis and 

Davis Van-Thienen [54].
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The evaluation of flux control strength critically depends on the dimensions of the system 

under investigation; clarity on this issue was a major objective of the present study. For 

example, much lower ANT flux control coefficients have been reported [39, 55]. In these 

studies mitochondrial flux (Jo) was established by adding to the incubation medium an ATP-

hydrolyzing system. If this reaction has very little sensitivity to the buffer ATP/ADP ratio, 

which is the case for glucose + yeast hexokinase (a commonly used ATP breakdown 

reaction), then inhibition of ANT by CAT addition simply initiates a transient in which 

buffer [ADP] accumulates until it stimulates the recovery of ANT activity (and 

mitochondrial Jo) toward the pre-CAT rate. “Elastic recoil” was the term Davis and Davis 

Van-Thienen used to describe this phenomenon [54]. In contrast, the CK clamp is based on 

the conceptual framework of “top-down” metabolic control analysis [56]. The creatine 

kinase reaction acts as the “ATPase module” of the ATP-ADP loop and establishes complete 

concentration control. As a consequence, the incubated mitochondria, the “ATP-producing 

module” of the loop, account for all flux control [24]. Under these experimental conditions, 

any change in flux in response to the addition of a mitochondrial inhibitor unequivocally 

reflects intrinsic mitochondrial control of flux at the inhibited step. Our observations with 

human skeletal muscle mitochondria using the CK clamp, therefore, align with previous 

studies showing that, within the mitochondrion itself, ANT is a dominant site of flux control 

[53, 54] at mild to moderate rates of ATP turnover. On the other hand, ANT accounted for 

essentially zero flux control at the [ADP] associated with near-maximum ATP production. 

Thus, as ATP demand rises, mitochondrial control of oxidative flux is redistributed from 

ANT to other loci, such as transmembrane substrate transport, citric acid cycle enzymes, the 

electron transport chain (ETC), and Complex V [57].

KmADP and ANT Lysine Acetylation

The apparent KmADP determined here, 32.4 ± 1.8 μM, is similar to our previous findings in 

mammalian skeletal muscle mitochondria [7, 21, 22], which were also assessed in the 

presence of 5 mM ATP. These ADP and ATP concentrations represent all ionic forms 

(ΣADP and ΣATP). After adjusting for Mg2+ binding and pH [33], the corresponding 

KmADP3− was 12 μM, measured in the presence of roughly 320 – 340 μM ATP4−, which 

competes for ANT binding [27, 28]. In contrast, in the luciferase assay ATP competition is 

absent, and the measured KmADP3− was 2.0 μM. Thus, collectively our experimental 

outcomes provide a noteworthy agreement: High ANT flux control in the lower region of 

[ADP] was observed along with a KmADP3− fairly similar to the KdADP3− measured in 

purified ANT in vitro [28] and crystallized ANT in silico [34]. Moreover, acetylation of 

ANT Lysine23, a post-translational modification that molecular dynamic modeling has 

shown decreases ANT-ADP3− binding affinity by about 20-fold [34], correlated positively 

with apparent KmADP, even though the observed ranges of the two variables were not 

broad. The agreement is striking when we consider the multiple factors that influence the 

ANT exchange rate of ADP3− for ATP4− [48], including intermembrane space and matrix 

adenylate concentrations and ΔΨ [27, 28]. These factors, in turn, depend on multiple 

upstream processes including substrate oxidation, proton pumping, and matrix ATP 

synthesis [48]. Interestingly, a review by Klingenberg [28] describes data from his own and 

other [58] laboratories, which supports the concept that mitochondria possess two 
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populations of ANT with KmADP that differ by an order of magnitude (below this point is 

further discussed in the context of computational modeling).

A few methodological caveats merit brief discussion. The acetylation index was calculated 

as the ratio of peptides in ANT1 containing acetylated Lysine23 divided by the sum of 

unacetylated plus acetylated Lysine23 containing peptides, which were measured using 

spectrum counting. This index is not equivalent to the percentage of ANT1 molecules that 

are acetylated at Lysine23, due to potentially differing behaviors of ions representing 

acetylated and unacetylated peptides during mass spectrometry analysis. However, we have 

previously shown a strong relationship between spectrum counts and protein abundance 

[35]. Therefore, although this acetylation index may not reflect a precise stoichiometric 

relationship, it is likely to be directly related to that acetylation stoichiometry. An additional 

caveat is that acetylation status was determined in muscle that was promptly frozen in liquid 

nitrogen after biopsy, while KmADP was assessed about 1.5 hr later in isolated 

mitochondria. Because our isolation buffers lack oxidative substrates, the mitochondria 

would be expected, if anything, to be less acetylated than the proteomic analysis indicated. 

Nevertheless, a significant relationship between acetylation index and apparent KmADP was 

observed in Figure 8, albeit lacking in homoscedasticity. We can say with greater confidence 

that the acetylation status would likely remain stable once the mitochondria were added to 

the incubation because respiration was fueled by succinate plus glutamate. This substrate 

combination delivers strong reducing power into both Complex I and Complex II, what 

Gnaiger [59] has termed “convergent electron flow,” and is capable of supporting both high 

maximum flux [60], as well as a highly reduced matrix during controlled respiration (thus 

depriving the SIRT3 de-acetylation reaction of its NAD+ substrate). This substrate 

combination also circumvents matrix Acetyl-CoA production, a major source of the acetate 

carbon for non-enzymatic lysine acetylation. With these important caveats in mind, the 

results shown in Figure 8 imply that ANT Lysine23 acetylation increases skeletal muscle 

KmADP.

ADP Kinetics Assessed with 31P-MRS, Isolated Mitochondria, and Permeabilized Fibers
31P-MRS assessment of intact mammalian muscle yields apparent KmADP for oxidative 

metabolism similar to isolated mitochondria, 20 – 40 μM [61]. But ADP kinetics in vivo are 

markedly sigmoidal [16–18], while our data and previous reports indicate that MM kinetics 

adequately describe isolated mitochondria [4, 28]. Important regulatory factors such as the 

cytosolic concentrations of phosphate, calcium, and oxidative substrate change with ATP 

turnover rate in vivo and likely account for at least some of this difference [7, 24, 62–64]. 

Additionally, structural changes caused by the processes of mitochondrial isolation and 

incubation might also be expected to alter kinetic behavior [65, 66], in particular, issues 

related to the intermembrane space, outer mitochondrial membrane, and interactions with 

the extramitochondrial environment [66]. Obviously, ADP binds to ANT in the 

intermembrane space, while “KmADP” refers to the extramitochondrial (cytosolic) 

concentration. A diffusional limitation to ADP across the outer membrane mediated by the 

voltage dependent anion channel (VDAC) would be particularly evident at low 

extramitochondrial [ADP] [67] and might therefore confer sigmoidal kinetic character to the 

overall apparent ADP kinetics. Gellerich and coworkers have shown that isolated rat heart 
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mitochondria incubated in buffers supplemented with macromolecules to simulate cytosolic 

oncotic pressure concomitantly exhibit a contracted intermembrane space, decreased outer 

membrane ADP permeability, and increased apparent KmADP, a phenomenon they term 

dynamic compartmentation [67, 68]. Although they analyzed their data with simple MM 

kinetics, their graphed data, for example Figure 5 of [68], strongly suggest sigmoidal 

kinetics might provide a better fit.

The permeabilized muscle fiber technique maintains mitochondria more closely to their 

native cellular structural configuration [69], including proposed linkages among VDAC, 

mitochondrial creatine kinase (miCK), and ANT [66]. Much higher, sometimes triple-digit 

micromolar, estimates of KmADP [70] are reported as a simple MM parameter, although 

proteolytic treatment to remove putative linkages between VDAC and the cytoskeleton 

reduces KmADP into the double-digit micromolar range, as does the addition of 20 mM 

creatine [66, 71, 72]. However, diffusional issues related not to mitochondria but rather to 

the experimental conditions may be confounding the interpretations of this experimental 

approach [73]. As a technical note it is worth pointing out that permeabilized fiber 

preparations maintain very high bound CK activity [74], which is largely accounted for by a 

myofibrillar CK activity that is about 24 times higher than the CK in the mitochondrial 

intermembrane space [75, 76]. Thus, ADP added to an assay containing millimolar 

concentrations of both PCr and Cr [26, 77] will be rapidly phosphorylated to ATP at 

myofibrillar CK, as the reaction advances toward equilibrium (i.e., the thermodynamic basis 

of the CK clamp used in the present study). Accordingly, previous studies reporting KmADP 

in excess of 1500 μM [26] in the presence of “resting levels” of 12 mM Cr and 24 mM PCr 

must be viewed with caution.

We explored the potential regulatory role of the creatine pool and mitochondrial creatine 

kinase by adding ATP, PCr, and Cr to isolated mitochondria. In this condition, a steady state 

mitochondrial Jo ~ 4-fold higher than State 4 reflected the delivery of ADP to ANT via CK 

activity in the IMS. However, the subsequent addition of excess CK to the buffer promptly 

increased Jo by another 2-fold (illustrated in Figures 1 and 2). From the CK clamp 

determined [ADP]:Jo kinetic assessment we could back-calculate (Equation 9) that the 

respiration rate prior to CK addition corresponded to a buffer [ADP] of 26.4 ± 2.6 μM, 

which was 82.2 ± 2.6 μM away from the equilibrium [ADP] that ensued after excess CK was 

added. In the terms of ATP free energy, mitochondria not provided extramitochondrial CK 

failed to achieve energy phosphate equilibrium by about 5 kJ/mol, equivalent to almost half 

of the entire ΔGATP span of respiratory control. These findings in mitochondria isolated 

from human skeletal muscle incubated in respiration buffer lacking oncotic pressure are 

consistent with the previous work of Gellerich and coworkers [67, 68, 78], which showed 

that the diffusional characteristics of the outer membrane significantly influence the extent 

to which mitochondrial CK is catalytically competent to maintain equilibrium between the 

creatine and adenylate pools in the intermembrane space. An additional interpretation of 

these findings is that mitochondria depend on cytosolic CK to maintain what appears to be 

the near-equilibrium condition of the energy phosphate network as assessed with 31P-MRS 

[11].
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In any case, the resting condition of skeletal muscle in vivo readily exposes gaps in our 

understanding of the kinetics of respiratory control. Assuming a reasonable dynamic range 

of resting VO2 equal to 4 ml O2 min−1 kg−1 [1, 2] and maximum VO2 equal to 250 ml O2 

min−1 kg−1 [79], a KmADP of 30 μM with a Hill coefficient as high as 2.0 still predicts a 

resting cytosolic [ADP]f of less than 4 μM, well below the ~14 μM that 31P-MRS 

measurements suggest [4]. Computational models of mitochondrial metabolism offer insight 

into the mechanisms underlying this complex control [27, 80], but valid models must, of 

course, include parameter values which reflect our best estimates of binding affinity. 

Unfortunately, in what may be considered the best ANT kinetic model currently available 

[27, 81], the KdADP3− parameter (~50 μM) was obtained from a study [32] in which the 

authors suggested that unusual phospholipid composition of the liposomes may have inflated 

the value by roughly 10-fold. When this error is rectified, and a thermokinetic rate 

expression [82] of ANT, which includes acetylated and unacetylated forms, is incorporated 

into a modified computational model published by Wu et al. [80], the simulation output 

agrees with the data of the present study with outstanding fidelity (unpublished 

observations). Going forward greater care to express ADP kinetics in terms of the ADP3− 

ion and to consider whether binding competition from ATP is present might help achieve 

better clarity and consensus. Finally, VDAC permeability modulated by dimeric tubulin 

binding is a promising additional factor to consider, perhaps especially in the resting 

condition [71, 72].

Summary

In summary, the adenine nucleotide translocase plays a central and critical role in the control 

of ATP production rate by mitochondria isolated from human skeletal muscle. It was found 

that ANT dominates oxidative flux control particularly at the energy phosphate levels 

associated with low ATP demand. Acetylation of ANT at Lys23 was shown here to predict 

rising KmADP, thus decreasing the sensitivity of skeletal muscle mitochondria to the ADP 

respiratory signal.
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ANT adenine nucleotide translocase

CAT carboxyatractyloside

CK creatine kinase

Cr creatine
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Jo rate of oxygen consumption

Jp rate of ATP production

MM Michaelis-Menten

nH Hill coefficient

NET nonequilibrium thermodynamics

PCr phosphocreatine
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Figure 1. 
Representative experimental record from the O2 electrode during an assay for conventional 

indices of mitochondrial function, ADP kinetics using a CK energetic clamp, and flux 

control and abundance determinations of the adenine nucleotide translocase (ANT) by 

titrating out Jo with additions of carboxyatractyloside (CAT).
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Figure 2. 
The CK clamp and CAT titration region of Figure 1 is shown in greater detail.
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Figure 3. 
Respiration rate at 310 K is titrated out with stepwise additions of carboxyatractyloside 

(CAT) at a clamped [ADP]f of 21 μM (Panel A) and at saturating (2 mM) ADP (Panel B). In 

Panel A the regression equation of the broken line is: y = 1.00 – 1.04x, R2 = 0.994. In Panel 

B, the apparent breakpoint at about 0.5 total ANT was arbitrarily used to evaluate two 

regression equations, the first nearly flat and a second steep slope reflecting maximal ANT 

turnover. On the ordinates “Ji” is Jo remaining after maximum CAT inhibition and “Jmax” is 

Jo prior to the first CAT addition. In both panels, each point is the mean ± SE with both x- 

and y-error bars of 6–9 values.

Willis et al. Page 23

Arch Biochem Biophys. Author manuscript; available in PMC 2019 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Thermodynamic flow-force relationship, both absolute and relative to Vmax. The regression 

equations are for Panel A: y = 2130 + 34.18x, R2 = 0.998 and for Panel B: y = 5.66 

+ 0.091x, R2 = 0.999. All y error bars are shown; some lie within the dimensions of the 

symbol.
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Figure 5. 
Panel A shows mean values of respiration rate (Jo) at various [ADP]f of the respiration 

medium, established with the CK clamp. These data are then graphed as an Eadie-Hofstee 

plot in Panel B. The equation of the line in Panel B is: y = −34.1x + 380, R2=0.999. Each 

point is the mean ± SE (both x- and y-error bars) of 9 values. Panels A and B data are 

replotted in Panels C and D, respectively, in units relative to Vmax on the ordinate, also with 

x and y error bars, which often lie within the symbol.
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Figure 6. 
Luciferase assay to evaluate ADP and ADP3− kinetics of oxidative phosphorylation rate (Jp). 

Filled symbols, all n=6, show mean ± SE (error bars in both x and y dimensions). In panels 

A and C, open symbols and dashed lines show nonlinear fit of Equation 1 to the data. Panel 

A: Analyzed kinetic parameters were KmADP = 13.1 ± 1.9 μM and Hill coefficient, nH = 

1.05 ± 0.02. Panel B: Eadie-Hofstee plot of the same data shown in Panel A. The equation of 

the line for mean data was: y = −12.6x + 1.01, R2 = 0.993. Panel C: Analyzed kinetic 

parameters in terms of the ADP3− ion were: KmADP3− = 2.0 ± 0.3 μM and Hill coefficient, 

nH = 1.05 ± 0.02. Rates are expressed in units relative to Vmax.
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Figure 7. 
In mass spectrometry-based proteomic assessments, the relative abundance of ANT1 was 

independent of the sample volume analyzed across a four-fold range with a coefficient of 

variation of approximately 6%.

Willis et al. Page 27

Arch Biochem Biophys. Author manuscript; available in PMC 2019 December 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. 
Correlation between the relative acetylation of ANT Lysine23 and the apparent KmADP 

determined from mitochondrial O2 consumption rates at experimentally established buffer 

[ADP] levels using the CK clamp. r = 0.74, P = 0.022
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Table 1

Participant characteristics. Mean ± SE, n=9 (3 females and 6 males).

Variable Unit Mean SE n

Age yr 26.9 1.8 9

Body Mass Index kg/m2 21.9 0.7 9

Body Fat % 21.5 1.5 9

Total Cholesterol mg/dL 153 9 9

HDL Cholesterol mg/dL 55 5 9

HbA1c % 5.11 0.10 9

Fasting Plasma Glucose mg/dL 83.8 2.2 9

Clamp Plasma Glucose mg/dL 92.3 2.8 9

Fasting Plasma Insulin μU/ml 5.06 1.92 9

Clamp Plasma Insulin μU/ml 146 11 9

Basal Glucose Disposal mg·min−1·kg−1 2.46 0.10 9

Clamp Glucose Disposal mg·min−1·kg−1 10.3 1.23 9

Clamp Endogenous Glucose Production mg·min−1·kg−1 0.32 0.21 9
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Table 6

ANT isoform abundance of a typical muscle biopsy.

ANT Isoform Unique exclusive peptides Unique exclusive spectra Total spectra

ANT1 52 79 546

ANT2 3 3 9

ANT3 3 5 5
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