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Long-chain fatty acids (LCFAs) play an important role in cellular energy metabolism acting 

both as an important energy source as well as signaling molecules1. LCFA-CoA esters 

promote their own oxidation by acting as allosteric inhibitors of acetyl-CoA carboxylase 

(ACC) which reduces the production of malonyl-coenzyme A and relieves inhibition of 

carnitine palmitoyl-transferase 1, thereby promoting LCFA-CoA transport into the 

mitochondria for beta-oxidation2-6. Here we report a new level of regulation wherein LCFA-

CoA esters themselves allosterically activate AMPK β1 containing isoforms to increase fatty 

acid oxidation through phosphorylation of ACC. Activation of AMPK by LCFA-CoA esters 

requires the ADaM (Allosteric Drug and Metabolite) site formed between the α subunit 

kinase domain and the β subunit. β1-subunit mutations that inhibit AMPK activation by the 

small molecule activator A-769662, that binds to the ADaM site, also inhibit activation by 

LCFA-CoAs. Thus, LCFA-CoA metabolites act as direct endogenous AMPK β1-selective 

activators and promote LCFA oxidation.

Acetyl-CoA carboxylase (ACC) exists as two distinct isoforms, ACC1 and ACC2, that are 

allosterically activated by citrate and inhibited by LCFA-CoAs5,6. In addition to allosteric 

regulation, ACC activity is inhibited by covalent modifications involving phosphorylation of 

ACC1 (Ser80 (Ser79 mice)) and ACC2 (Ser221 (Ser212 mice)) by the AMP-activated 

protein kinase (AMPK)7-9. AMPK is an evolutionarily conserved metabolic sensor that 

plays a vital role in regulating energy balance7,10,11. AMPK is expressed in all tissues as a 

heterotrimer composed of a catalytic α (isoforms 1 or 2) subunit, and β (1 or 2) and γ (1, 2, 

or 3) regulatory subunits. Canonical activation of AMPK is triggered by energy deficit that 

causes a rise in the intracellular AMP/ADP:ATP ratio to promote the exchange of ATP for 

AMP or ADP bound to the regulatory γ-subunit12-16. Binding of AMP and ADP increases 

kinase activity by inducing a conformational shift that results in enhanced Thr172 

phosphorylation within the α-catalytic subunit, while AMP binding additionally results in 

allosteric activation15,17-22. Evidence suggests that AMPK may also respond to variations in 

energy substrate availability, and while the mechanisms by which AMPK senses changes in 

carbohydrate availability have been intensely studied23-30, surprisingly only a few reports 

have indicated a potential role for lipid moieties to control enzyme activity and the potential 

mechanisms explaining these observations remain unclear9,31,32.

A structurally diverse class of small molecule synthetic AMPK activators, including 

A769662, salicylate, SC-4, 991 and PF-06409577 33-38 have been shown to activate AMPK 

through a distinct mechanism reliant on phosphorylation of Ser108 in the β1-subunit 

carbohydrate binding module (CBM)36,39. Co-crystallization of AMPK heterotrimers with 

activators 991 and A769662 derivatives revealed specific interactions with pSer108 and a 

large hydrophobic pocket created between the kinase domain and β1-CBM35,40. Binding of 

A769662 was shown to stabilize the interaction between these two subunits, resulting in 

allosteric activation and protection of AMPKα-pThr172 from dephosphorylation35,40,41. 

This drug binding site has been termed the ADaM (Allosteric Drug and Metabolite) site 

based on the speculation that it may also act as a binding site for natural metabolite(s)42.

We initiated our investigation into natural ADaM site ligands by assessing whether LCFAs 

or their respective metabolically activated CoA (LCFA-CoA) esters (Fig. 1a) directly 
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affected enzyme activity using a TR-FRET SAMS assay format. Studies measuring the 

activity of AMPKα1β1γ1 isolated from Sf9 cells in the presence of palmitate, palmitoyl-

CoA, myristate, or myristoyl-CoA (0.1 to 100 μM) showed that both acyl-CoA esters 

activated the kinase ~3-fold, whereas their respective unconjugated forms were inactive (Fig. 

1b). Importantly, activation was observed at physiological concentrations below the critical 

micelle concentration for LCFA-CoAs1 with an EC50 value of approximately 1 μM for both 

palmitoyl-CoA and myristoyl-CoA. To characterize the specificity of AMPK for LCFA-CoA 

ester chain length, we measured AMPK activity in the presence of acyl-CoAs ranging from 

C2 (acetyl-CoA) to C18 (oleoyl-CoA) and found that LCFA-CoAs ≥ C12 activated AMPK 

(Fig. 1c). Palmitoleoyl-CoA and oleoyl-CoA also increased AMPK activity to a similar 

magnitude, indicating that AMPK also responds to de-saturated forms of LCFA-CoAs (Fig. 

1c). We further tested the specificity of AMPK for LCFA-CoAs by showing that several 

other coenzymes, precursors, and vitamins that share structural features with CoA failed to 

allosterically activate AMPK (Extended Data Fig. 1a). Moreover, other metabolites involved 

in LCFA-CoA biosynthesis or catabolism such as malonyl-CoA, free CoA (CoASH), 

palmitoylcarnitine and pantothenic acid, also failed to stimulate the kinase (Fig. 1d), further 

illustrating the specificity of AMPK for LCFA-CoAs.

To establish whether the fatty acid or CoA moieties were individually sufficient to prevent 

activation by the acyl-CoA conjugate, we pre-incubated AMPKα1β1γ1 complexes with 10 

μM palmitoyl-CoA alone or in combination with increasing concentrations of free CoA or 

palmitate. Palmitoyl-CoA (10 μM) alone increased AMPK activity by ~3-fold but was 

unaffected by the addition of up to 100 μM free CoA (CoASH) or palmitate (Extended Data 

Fig. 1b), indicating that neither unconjugated free fatty acids nor free CoA prevented 

palmitoyl-CoA-dependent activation of AMPK. To determine whether palmitoyl-CoA was 

mimicking AMP, we measured AMPK activation by palmitoyl-CoA in combination with 

saturating concentrations of AMP. These studies showed that palmitoyl-CoA activated 

AMPK to a similar degree in the presence or absence of 100 μM AMP (Fig. 1e), suggesting 

a distinct mechanism.

To ensure that our observations were not due to artefactual effects specific to our 

experimental conditions (e.g. TR-FRET assay and Sf9 expressed AMPK) we also 

investigated palmitoyl-CoA stimulation of AMPK derived from alternate sources, using the 
32P radiolabel-based SAMS peptide substrate assay (32P SAMS). Freshly prepared 

palmitoyl-CoA stimulated the activity of AMPK α1β1γ1 and α2β1γ1 expressed in COS7 

mammalian cells and immunoprecipitated on anti-myc agarose via a C-terminal myc-tag on 

the β1 subunit (Fig. 1f). Interestingly, activation by palmitoyl-CoA, but not A769662 or 

AMP, was lost when AMPKα1β1γ1 was immobilized on anti-flag agarose or glutathione 

Sepharose via relevant N-terminal affinity tags on the α subunit (Extended Data Fig. 2a and 

b). One explanation is that immobilizing AMPK complexes through the α subunit 

suppresses palmitoyl-CoA binding or allosteric transduction. Activation was also lost when 

palmitoyl-CoA was prepared in HEPES buffer rather than water, which resulted in ligand 

aggregation (Extended Data Fig. 2c).

To assess whether palmitoyl-CoA required specific interactions with the γ-regulatory 

subunit, we treated active AMPK complexes flag-immunoprecipitated from COS7 cells 
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expressing wild type (WT) flag-α1β1γ1, nucleotide site mutants γ1-Asp90Ala (site 1) and 

γ1-Asp215Ala (site 3), or AMP-insensitive γ1-Arg299Gly mutant. Palmitoyl-CoA (10 μM) 

increased the activity of all four AMPK complexes, whereas AMP only activated WT 

AMPK (Fig. 1g). These findings indicate that LCFA-CoAs activate AMPK complexes 

independently of interactions with the γ-subunit AMP binding sites.

A key defining feature of synthetic ADaM site ligands such as A769662 is their selectivity 

for AMPK β1 compared to β2 containing complexes35,43. Similar to these pharmacological 

agents, palmitoyl-CoA was unable to stimulate activities of AMPK β2 complexes, expressed 

in either COS7 cells (Fig. 1h) or E. coli (Fig. 1i). These data indicate that AMPK activation 

by LCFA-CoAs occurs at physiologically relevant concentrations, is specific for AMPK β1 

containing heterotrimers, requires fatty acyl-CoA chains greater than C12 and is 

reproducible using distinct assay systems (32P SAMS and TR-FRET) and AMPK protein 

preparations from multiple sources (insect cell, bacterial and mammalian).

Since palmitoyl-CoA and A769662 share selectivity for β1-AMPK and activated AMPK 

independent of the γ-subunit AMP binding sites, we reasoned that palmitoyl-CoA might be 

a natural metabolite capable of activating AMPK via binding to the ADaM site. Consistent 

with this hypothesis, palmitoyl-CoA was unable to activate AMPK complexes in which the 

β1-subunit had been N-terminally truncated to remove the CBM (Δ145), a structural 

modification that disrupts the ADaM site (Fig. 2a). Several studies have indicated that within 

the ADaM site, Ser108 plays a critical role for allosteric activation36,39. Importantly, 

mutation of the drug-sensitizing phosphorylation site β1Ser108 to Ala in E. coli-expressed 

AMPKα1β1γ1 significantly ablated activation by 10 μM palmitoyl-CoA (WT: 2.46 fold 

activation; β1Ser108Ala: 1.41 fold activation) but not AMP (Fig. 2b), thus highlighting the 

specificity of the LCFA-CoA activation. Palmitoyl-CoA induced activation of COS7 cell-

expressed AMPKα1β1γ1 was also blunted by the β1Ser108Ala mutation (WT: 2.34 fold 

activation; β1Ser108Ala: 1.84 fold activation) (Fig. 2c), however the inhibitory effect of the 

mutation was smaller for palmitoyl-CoA compared to CoA esters with shorter acyl chain 

lengths (Extended Data Fig. 3a). Interestingly, although ADaM site drugs or AMP/ADP are 

able to prolong AMPK signaling by inducing conformational shifts that protect 

phosphorylated α-Thr172 from protein phosphatase-dependent dephosphorylation and 

enzyme deactivation35, palmitoyl-CoA did not attenuate PP2cα-dependent inhibition of 

AMPK activity (Extended Data Fig. 3b). These findings indicate that the palmitoyl-CoA 

binding site on AMPK is distinct from the γ-nucleotide binding sites and at least partially 

overlaps the ADaM site; however, the regulatory effects of its binding may differ from 

synthetic ligands.

In order to investigate the binding of LCFA-CoA to AMPK we conducted radioligand 

binding assays. These studies demonstrated that [3H]-palmitoyl-CoA readily bound to both 

AMPKα1β1γ1 and AMPKα1β2γ1 complexes, an effect that was blocked by the addition of 

unlabeled palmitoyl-CoA (Extended Data Fig. 3c and d). These findings suggest that 

although palmitoyl-CoA can effectively bind to both the β1 and β2 subunits, it is only 

capable of allosterically activating β1-containing complexes.
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To further interrogate the binding of LCFA-CoA to AMPK we carried out co-crystallization 

trials with bacterial AMPKα2β1γ1 in the presence of palmitoyl-CoA, but were unable to 

obtain diffractable crystals. The CBM in the AMPKα2β1γ1 structure makes extensive 

crystal contacts so that conformational changes to the CBM upon palmitoyl-CoA binding 

could inhibit crystallization. In the absence of a co-complex crystal structure we used in 
silico modelling to test the feasibility of palmitoyl-CoA:AMPKα2β1γ1 interactions at the 

ADaM site, focusing on potential LCFA-CoA binding pockets involving residues from both 

α2 and β1 subunits. Palmitoyl-CoA was flexibly docked into a hydrophobic channel at the 

α2:β1 subunit interface encompassing the ADaM site and a novel pocket located directly 

below the cyclodextrin binding groove in the β1-CBM (Extended Data Fig. 4). The top 30 

ranked palmitoyl-CoA poses were retained for analysis, however in every case the fatty-acyl 

chain of palmitoyl-CoA adopted a similar orientation to SC4 and A-769662 in the 

hydrophobic ADaM site and appeared to be optimal for spanning the length of the site (Fig. 

2d, Extended Data Fig. 4 and 5 and Supplementary Note). Consistent with the 

AMPKα1β1γ1 activation data (Fig. 1c), acyl chain lengths C12 – C18 (lauroyl-stearoyl) are 

able to span the ADaM site and make sufficient hydrophobic interactions to anchor the acyl 

chain of the LCFA-CoA esters. Acyl chain lengths < C12 are physically unable to span the 

ADaM site and would participate in fewer interactions than C12 – C18 acyl chains, which 

may be insufficient to anchor them in the ADaM site. In contrast, acyl chain lengths > C18 

would unlikely be accommodated within the hydrophobic ADaM site. While pSer108 makes 

no direct polar interactions with the acyl chain of palmitoyl-CoA, nor with ADaM site drugs, 

it does participate in an extensive polar interaction network with α2Thr21, α2Lys29, 

α2Lys31, β1His109, β1Asn110 and β1Asn111 thereby stabilizing the α2-subunit:β1-CBM 

interaction (Extended Data Fig. 4d). The majority of the docked poses placed the palmitoyl-

CoA adenine ring in various orientations within a hydrophobic pocket lying directly below 

the cyclodextrin binding groove in the β1-CBM (Fig. 2d and Extended Data Fig. 4a). This 

pocket is formed by β1 residues Phe82, Trp84, Thr85, Leu93, Tyr125, Phe127, Thr134, 

Asp136, Pro137, Ser138, Glu139, Asn151 and Ile153, with polar residues forming a border 

around the hydrophobic pocket interior. Although the di-phosphate moiety is largely solvent 

exposed it can form interactions with nearby β1-subunit residues Arg83, Thr85, Gly86, 

Asn111 and Ser138 and α2 subunit residues Asn48, Gln50 and Lys51 (Fig. 2d and 

Supplementary Note).

AMPK β1 and β2 isoforms share 71% sequence identity and the AMPK β1Ser108 residue is 

conserved in β2 (Extended Data Figure 6). To understand the β1-isoform functional 

selectivity displayed by LCFA-CoAs we identified non-conserved residues in close 

proximity (6.0 Å radius) to the general binding mode of palmitoyl-CoA in our in silico 
model (Fig. 2d). Sequence and structural alignments of the β-isoforms revealed the largely 

non-conserved β1 residues as Phe82 (β2Ile81) and Thr85 (β2Ser84) in the adenine ring 

binding pocket; Gly86 (β2Glu85 in all sequences except D. rerio (Gly) and G. gallus (Asp)) 

in the di-phosphate moiety binding region; and Thr106 (β2Ile106), Arg107 (β2Lys107) and 

Asn111 (β2Asp111) in the ADaM site. The side-chain characteristics of β1Phe82 and 

β1Thr85 are largely conserved in the analogous β2 residues, and only the backbone atoms of 

β1Thr106 and β1Arg107 contribute to the ADaM site, therefore these residues were 

considered unlikely to influence β1-isoform selectivity. The presence of negatively charged 
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β2 residues Glu85 and Asp111, however, may result in an unfavorable charge match (i.e. 
electronic repulsion) with the negatively charged di-phosphate moiety of palmitoyl-CoA, 

requiring either β2-AMPK or palmitoyl-CoA to adopt a conformation which prevents 

activation. Alternatively, activation may require conformational rearrangement of the β1-

isoform Thr85-Gly86-Gly87-Gly88 loop. Interactions between the side-chains of β2Glu85 

and β2Trp83 (hydrogen bond and charge-π interactions) restrict the mobility of the 

equivalent loop in the β2-isoform (Ser84-Glu85-Gly86-Gly87), potentially preventing 

activation. Consistent with these structural insights, exchange of β1Gly86 to the analogous 

β2 residue (Glu85) abolished AMPKα1β1γ1 and α2β1γ1 activation by palmitoyl-CoA 

(Fig. 2e). Conversely, reciprocal exchange of β2Glu85 to Gly was sufficient to render 

AMPKα1β2γ1 and α2β2γ1 sensitive to palmitoyl-CoA activation (Fig. 2f). Intriguingly, 

sensitivity to the β1-selective agonist A769662 followed a similar profile in response to β1/

β2 residue exchange at this position, with β1Gly86Glu significantly attenuating, and 

β2Glu85Gly significantly gaining, activation by A769662, respectively (Fig. 2e and f). 

Exchange of β1Asn111 to Ala or the analogous β2 residue (Asp111) had no significant 

effect on AMPKα1β1γ1 activation by palmitoyl-CoA (Extended Data Fig. 7). These data 

reveal that Ser108 and Gly86 play vital roles in determining the β1-isoform specificity of 

allosteric activation of AMPK by LCFA-CoAs.

To investigate the potential physiological importance of this regulation we incubated primary 

mouse hepatocytes (a cell type which expresses predominately AMPK β1) with palmitate 

and found that within the physiological range of exposures palmitate increased the 

phosphorylation of ACC S79/212 without altering phosphorylation of AMPK Thr172 (Fig 

3a). To directly evaluate the importance of the Co-A derivative in mediating these effects we 

subsequently treated primary hepatocytes with palmitate (which is taken up, activated to 

palmitoyl-CoA and metabolized), bromo-palmitate (which is taken up and activated to 

palmitoyl—CoA but not metabolized) or methyl-palmitate (which is taken up but not 

activated to palmitoyl-CoA). Consistent with in vitro studies indicating a direct role for 

palmitoyl-CoA but not palmitate in activating AMPK we found that bromo but not methyl-

palmitate increased the phosphorylation of ACC similar to palmitate (Fig 3b). These data 

support the hypothesis that palmitoyl-CoA is an allosteric activator of AMPK in 

hepatocytes.

In response to synthetic AMPK activators, AMPK regulates fatty acid metabolism in 

hepatocytes through phosphorylation and inhibition of ACC8,44,45. Therefore, to further 

characterize the specificity of the response to fatty acids in vivo we treated mice lacking 

AMPK inhibitory phosphorylation sites on ACC1 (S79A KI) and ACC2 (S212A KI) (ACC 

DKI mice)8 with vehicle or Intralipid®. ACC DKI mice were resistant to the effects of 

Intralipid® to enhance fatty acid oxidation (Fig 3c and d). There were no changes in the 

intake of food (Fig 3e) or physical activity (Fig 3f). These findings indicate a critical role for 

AMPK phosphorylation of ACC in enhancing fatty acid oxidation in response to acute 

exposure to long chain fatty acids.

In the present study we demonstrate that LCFA-CoA esters are allosteric activators of 

AMPK. Our investigations have uncovered a novel mechanism by which LCFA-CoAs 

directly activate AMPK in a β1 regulatory subunit specific manner. Similar to the synthetic 
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activator A769662, we show that activation by palmitoyl-CoA is attenuated in β2-containing 

complexes, or by single knock-in mutations of either Ser108 or Gly86 within the β1-CBM. 

We establish that this interaction is specific for LCFA-CoAs by showing that short-, 

medium-, and very long-chain acyl-CoAs, free fatty acids or free CoA (CoASH) do not 

activate AMPK complexes. While the precise molecular binding mode of palmitoyl-CoA 

remains unknown, the S108A data strongly suggest palmitoyl-CoA is an ADaM site 

allosteric activator. The importance of Ser108 phosphorylation in maintaining the potency of 

the ADaM site has been well documented for synthetic ADaM site activators46. In this case 

we suggest that Ser108 phosphorylation behaves like an ion-pairing reagent for basic 

residues in the ADaM site, stabilizing the α subunit N lobe/β1-CBM interaction and 

strengthening the palmitoyl-CoA acyl chain interaction in the binding pocket. In addition, 

we have identified the non-conserved residue β1Gly86 as a critical palmitoyl-CoA activation 

determinant.

These studies provide the first evidence that LCFA-CoAs are natural ligands for AMPK, 

stimulating ACC phosphorylation to promote fatty acid oxidation. Although the functional 

relationship between adenine nucleotides and LCFA-CoAs, and the consequence of these 

interactions on structure/function should be further explored, these findings indicate an 

additional level of regulation in which AMPK senses not only adenine nucleotides, but 

integrates these signals with changes in the concentration of high-energy LCFA-CoAs to 

match substrate utilization with availability. Given the AMPK β1 selectivity of the response, 

it would be anticipated that cell types/tissues where AMPK β1 predominate such as white 

adipocytes, hepatocytes, the hypothalamus and macrophages would be most affected47,48. In 

hepatocytes and white adipocytes, it would be expected that fasting or a meal high in lipids, 

would enhance fatty acid oxidation and suppress fatty acid and cholesterol synthesis through 

phosphorylation of ACC and HMG-CoA reductase9. In the hypothalamus, fasting induced 

increases in AMPK activity and ACC phosphorylation are important for stimulating 

appetite49 and while this effect has been linked to reductions in plasma glucose50, glucose 

levels are relatively stable compared to the 3–4-fold increase in free fatty acids that occurs 

with fasting. This suggests that fasting-induced activation of AMPK occurs through LCFA-

CoAs and may be vital for increasing appetite; a concept supported by observations that the 

hypothalamic infusion of fatty acids increases appetite and stimulates hepatic glucose 

production51. Lastly, in macrophages AMPK is activated by fatty acids and suppresses 

inflammation48, a finding consistent with observations that fasting induces anti-

inflammatory (F4/80+CD11c–) adipose tissue macrophages52. Future studies extending 

these findings to other metabolic processes known to be regulated by both LCFA-CoAs and 

AMPK, such as mitochondrial biogenesis and autophagy, are warranted.

Materials and Methods

Dulbecco’s Modified Eagle Media (DMEM), non-essential amino acids, HEPES, phosphate 

buffered saline (PBS), sodium pyruvate and penicillin/streptomycin were obtained from 

Invitrogen® (Logon, Utah). Fetal bovine serum (FBS) was obtained from Hyclone® (Grand 

Island, New York). Br-Palmitate (2-bromohexadecanoic acid, Sigma: 21604), Me-Palmitate 

(Sigma: P5177–5G) and Na-palmitate (Sigma: P9767–5G) were conjugated to bovine serum 

albumin (fatty acid free, low endotoxin (Sigma: A8806–1G)). Adenosine monophosphate 
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(AMP), adenosine triphosphate (ATP), acyl-CoA lithium salts, high-performance liquid 

chromatography (HPLC) grade reagents and solvents, and Sf9 insect cell expressed human, 

active AMPKα1β1γ1 were acquired from Sigma Chemical Company (St. Louis, MO). 

Biocoat® type I collagen-coated plates were purchased from Becton Dickinson Labware 

(Bedford, MA). Phospho-AMPKαThr172 ELISA and antibodies to phospho-

AMPKαThr172, AMPKα (total), phospho-ACCSer79, ACC (total) and β-actin (total) were 

obtained from Cell Signaling Technologies (Beverly, MA). ULight-ACCSer79 peptide 

(SAMS peptide) and Eu-anti-phospho-ACCSer79 antibody were obtained from PerkinElmer 

(Waltham, MA).

AMPK activity assay

AMPK enzyme activity was measured using two complementary methods based on either 

FRET-detection or radiolabeling of the synthetic SAMS peptide substrate. For FRET-based 

detection, AMPK activity was determined by phosphorylation of the ULight-SAMS peptide. 

Briefly, 0.5 nM Sf9 insect cell expressed human AMPKα1β1γ1 was pretreated with the 

indicated activators in 30 μl kinase buffer containing 50 mM HEPES pH 7.5, 1 mM EGTA, 2 

mM DTT, 0.01% Tween, in white opaque 96-well microplates at 37°C for 15 min. Reactions 

were returned to room temperature on an orbital plate shaker for 5 min before a 10 μl 

addition of a mixture containing 4x ATP (30 μM final) and ULight-SAMS peptide (50 nM 

final). Plates were briefly centrifuged at 2000 rpm and placed back on the plate shaker at 

room temperature for 15 min. Reactions were stopped by the addition of 40 μl of detection 

mix containing 40 mM EDTA and 8 nM Eu-anti-phospho-ACCSer79 antibody. SAMS 

peptide phosphorylation was determined by TR-FRET (Lm1 Ex = 330 nm, Em = 668 nm 

(630 nm Co); Lm2 Ex = 330 nm, Em = 620 nm, (570 nm Co). The 668/620 nm fluorescence 

emission ratio was calibrated to standardized active AMPKα1β1γ1 enzyme with reported 

activity of 685 nmol/min/mg.

AMPK activity assay using radiolabeled [γ−32P]-ATP was conducted as described 

previously38. AMPK fragments or heterotrimers were expressed and purified from either E. 
coli or mammalian cell expression systems as described previously53,54. Specifically, 

bacterial expression cultures for His-tagged AMPK heterotrimers (WT α1/2 and β1/2 

combinations and indicated mutants) were grown in Luria-Bertani broth and induced at 16˚C 

with 0.25 mM isopropyl β-D-1-thiogalactopyranoside (IPTG), prior to overnight incubation. 

Cells were lysed using a precooled EmulsiFlex-C5 homogenizer (Avestin) and AMPK 

purified using Nickel-Sepharose and size exclusion chromatography. AMPK was 

phosphorylated at α-Thr172 by incubation with CaMKK2 (expressed and purified from E. 
coli as previously described53 in the presence of 2 mM MgCl2 and 200 μM ATP (1 h, 22˚C), 

prior to the size exclusion chromatography step. AMPK heterotrimers (WT α1/2 and β1/2 

combinations and indicated β or γ1 mutants and β1 truncations) were expressed in 

mammalian COS7 cells by 48 h transient transfection, with fusion tags on α1/α2 (N-

terminal GST or flag), β1/2 (C-terminal myc) and γ1 (N-terminal HA). AMPK complexes 

were immunoprecipitated from harvested cell lysates using GSH-Sepharose or flag/myc-

agarose and beads washed extensively with assay buffer (50 mM HEPES pH 7.4, 1 mM 

DTT and 0.1% Tween-20) prior to kinase reaction. Activity assays were conducted in the 

presence of 100 μM SAMS peptide, 5 mM MgCl2 and 200 μM [γ−32P]ATP for 10 min at 
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30˚C in the presence or absence of ligand (freshly prepared palmitoyl-CoA (prepared in 

H2O), A769662 or AMP). Phosphotransferase activity was quenched by spotting onto P81 

phosphocellulose paper (Whatman, GE Healthcare) followed by repeated washes in 1% 

phosphoric acid. 32P transfer to the SAMS peptide was quantified by liquid scintillation 

counting (Perkin Elmer).

PP2Cα protection assay

For the PP2Cα protection assay, AMPK activity was determined under conditions described 

above for TR-FRET detection with the following exceptions. Following pretreatment with 

indicated activators +/− 0.5 nM PP2Cα (protein phosphatase-2Cα) in 30 μl kinase buffer 

containing 50 mM HEPES pH 7.5, 1 mM EGTA, 2 mM DTT, 0.01% Tween, in white 

opaque 96-well microplates at 37°C for 15 min, reactions were stopped with 40 mM EDTA 

and AMPK activity determined.

Palmitoyl-CoA binding

AMPK protein used for the palmitoyl-CoA binding assay was purified from E. coli BL21 

(DE3) cells. Full length human AMPK α1β1γ1 and AMPK α1β2γ1 complexes were 

expressed with a His6 tag at the N-terminus of α1. GST-αRIM2: His6-GST-

LVPRGS(thrombin cleavage site)-α1(282–374), as described55 . Cells were grown to an 

OD600 of ~1 at 28°C and induced with 100 μM IPTG at 16°C overnight. Cell pellets were 

resuspended in 25 mM Tris.HCl, pH 8.0, 300 mM NaCl, 25 mM imidazole, 10% glycerol, 

and 5 mM β-mercaptoethanol, and lysed by French Press with pressure set to 900 Pa. 

Supernatants of lysates were loaded onto a 10 ml Ni-NTA column, and eluted with 25 mM 

Tris.HCl, pH 8.0, 300 mM NaCl, 500 mM imidazole, 10% glycerol, 5 mM β-

mercaptoethanol. The eluted protein was further purified by Superdex 200 gel filtration 

chromatography (GE Healthcare) in 25 mM Tris.HCl, pH 8.0, 300 mM NaCl, 1 mM EDTA, 

10% glycerol, 2 mM DTT. AMPK was phosphorylated by incubation with CaMKKβ at 

1:0.02 molar ratio in 0.2 mM AMP, 0.2 mM ATP, 2 mM CaCl2, 5 mM MgCl2, 10 mM DTT, 

and 1 μM calmodulin at room temperature overnight (16 h), followed by further purification 

through Superdex 200 gel filtration chromatography.

For palmitoyl-CoA binding assay, 4 μM of each AMPK protein were incubated with 0.1 μl 

palmitoyl [9,10-3H]-CoA (American Radiolabeled Chemicals, Inc., ART 0339, 30–60 Ci/

mmol at 1 μCi/μl), each, in 25 mM Tris.HCl, pH 7.4, 100 mM NaCl, and 1 mM MgCl2 for 

60 min. Unincorporated [3H]-palmitoyl-CoA was removed by centrifugation through G-50 

miniQuick Spin DNA gel filtration spin columns (Roche) pre-equilibrated with the reaction 

buffer, and the amount of AMPK-bound [3H]-palmitoyl-CoA determined by scintillation 

counting. Under the conditions used in the radio-ligand-binding assay palmitoyl-CoA 

reproducibly inhibits AMPK at concentrations above 10 μM, a concentration range at which 

it forms micelles. For the competition experiment, we therefore reduced the concentration of 

AMPK to 1 μM and competed with the indicated concentrations of unlabeled palmitoyl-

CoA.
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Modeling the palmitoyl-CoA interaction with AMPK

All modeling was performed using SYBYL-X 2.1.1 (Certara LP., Princeton, NJ, USA; 

http://www.certara.com). Flexible docking of palmitoyl-CoA to AMPK was undertaken 

using Surflex-Dock 2.7 (as implemented in SYBYL-X 2.1.1). The PyMOL Molecular 

Graphics System 1.8.2.2 (Schrödinger LLC., Cambridge, MA, USA, http://www.pymol.org) 

was used to construct figures.

The ADaM site ligands (A769662, 991 and SC4), crystallization buffer ligands (imidazole) 

and all water molecules were removed from the three human AMPKα2β1γ1 full length 

structures selected for palmitoyl-CoA docking studies (PDB IDs: 4CFF, 5ISO and 

6B1U)35,38,56. Ligands in the α2-catalytic subunit ATP site (staurosporine) and the γ1-

regulatory subunit AMP sites (i.e AMP) were not removed, since the experimental data 

indicated that these sites were not involved in palmitoyl-CoA binding. β1Ser108 was 

phosphorylated in each of the AMPKα2β1γ1structures used for the docking studies. 

Missing amino acid side-chains were added using a low energy side-chain rotamer library, as 

implemented within the Biopolymer module of SYBYL-X 2.1.1. Each AMPK protein was 

then subjected to a short round of optimization to remove any steric conflicts that may have 

arisen during the addition of the missing side-chains. The MMFF94s molecular mechanics 

force field and partial atomic charges, along with the conjugate gradient convergence 

method, were used for the geometry optimization step; termination of the optimization was 

achieved when the gradient difference of successive steps was < 0.05 kCal/mol.Å or 1000 

iterations was reached. Flexible protein side-chain and palmitoyl-CoA docking was 

performed using Surflex-Dock 2.7; the protomol was generated for each AMPK structure 

using the multi-channel surface method, a threshold of 0.50 and a bloat value of 3. Although 

they vary in size and shape for each of the three AMPK structures, the protomols (i.e. a 

representation of the volume available for ligand occupation, along with energetically 

favourable locations within this volume for hydrophobic groups, hydrogen bond donors and 

hydrogen bond acceptors) extend across the interface between the α2- and β1-subunits, fully 

encompassing two largely hydrophobic pockets (Extended Data Fig. 4). The docking mode 

used was GeomX with protein flexibility enabled and all other parameters set to default 

values. The palmitoyl-CoA docked poses were ranked using C-Score57 and the top 30 

ranked poses for each of the three AMPK structures were examined for potential interactions 

with AMPK residues.

Animal experiments

All animal procedures were approved by the McMaster University Animal Ethics Research 

Board (AUP #:16–12-41). Primary hepatocytes were obtained from 8 week old male 

C57Bl6J mice by collagenase digestion and suspended in William’s Media E containing 

10% FBS and 1% antibiotic-antimicotic and plated in 6- or 12-well collagen coated plates 

and allowed to adhere for 4–5 h. Cells were then washed with PBS and incubated overnight 

in the same media. The following morning cells were washed with PBS and serum free 

media (1% AA, +L-glut) was added. Cells were then incubated in 1% BSA (In Serum Free 

WME) for 1.5 h. A 50 mM stock solution of Na-Palmitate was made in 50% EtOH 50% 

H20, and 50 mM stock solutions of Br-Palmitate and Me-Palmitate were made in 100% 
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EtOH. Stock solutions were incubated at 65°C for 10 min and vortexed prior to cell 

treatment. Cells were treated for 2 h with different vehicle or palmitate conditions (in 1% 

BSA, serum free WME). At the end of the experiment cells were rapidly washed with cold 

PBS and snap frozen in liquid N2 in cell lysis buffer. Lysates were stored at −80°C for 

further analyses.

WT and ACC DKI mice were bred in-house by homozygous pairs derived from the same 

C57BL6 background. Mice were originally generated by OzGene Pty Ltd. (Perth, Australia) 

and the targeting strategy previously described47. For the Intralipid® study, 9–10 week-old 

male mice were maintained under controlled environmental conditions (21°C, 12 h/12 h 

light-dark cycle) and fed a standard chow diet (Diet 8640, Harlan Teklad, Madison, WI) 

leading into the study. In order to monitor small changes in R.E.R. an experimental 

crossover design was utilized, whereby mice of respective genotypes were randomly and 

evenly divided to receive oral gavage of saline or Intralipid® followed by the opposite 

treatment 1 week later. Metabolic monitoring was conducted using a Comprehensive 

Laboratory Animal Monitoring System (Columbus Instruments, Columbus, OH). The 

experiment was conducted following acclimation to the system for 48 h. Mice were fasted 

overnight starting at 1900h and given access to food at 0700h for 2 h followed by an oral 

gavage of vehicle (saline) or Intralipid® (10 ml/kg). Fatty acid oxidation was calculated 

using the following equation (1.70*VO2 - 1.69*VCO2) as described35.

Immunoblotting

Cell lysates were prepared using 1X lysis buffer containing,20 mM Tris.HCl (pH 7.5), 150 

mM NaCl, 1 mM Na2EDTA, 1 mM ethylene glycol tetraacetic acid (EGTA), 1% Triton, 2.5 

mM sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na3VO4, 1 μg/ml leupeptin, 1 

mM phenylmethylsulfonyl fluoride (PMSF), and 1X phosphatase inhibitor cocktail (Sigma). 

Total lysate protein concentrations were determined using the BCA Protein Assay (BioRad 

Laboratories, Hercules, CA). Protein concentrations were adjusted and diluted in 4X LDS 

(lithium dodecyl sulfate gel sample buffer) containing 50 mM DTT. Proteins were separated 

using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (4%−12%) 

Bis/Tris, MOPS running buffer (Invitrogen® Logon, UT). Separated proteins were 

transferred to polyvinyl difluoride (PVDF) membranes electrophoretically. Nonspecific 

membrane binding was blocked using 0.2% BSA and membranes were probed with 

antibodies as indicated.

Data availability

The data that support the findings of this study are available from the corresponding authors 

upon request. Source data for Figs. 1-3 and Extended Data Figs. 1-7 are available online.

Pinkosky et al. Page 11

Nat Metab. Author manuscript; available in PMC 2021 January 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Extended Data

Extended Data Fig. 1. Specificity of AMPK activation by palmitoyl-CoA and effects of co-
incubations with free palmitate or coenzyme A.
a, b, Activities of AMPKα1β1γ1 (Sf9 insect cell-expressed), determined by TR-FRET 

SAMS assay, in the presence of coenzymes (100 μM), cofactors (100 μM) and vitamins (100 

μM) (a), or following 15 min pre-incubation in the presence of palmitoyl-CoA (10 μM) ± 

indicated concentrations of free palmitate or coenzyme A (b). Data are shown as mean fold 

change in AMPK activity vs. vehicle ± s.e.m. For a, n = 3 except for folic acid, thiamine, 

riboflavin, pyridoxine, biotin and niacin (n = 2); for b, n = 5 (palmitate incubation) or n = 3 

(coenzyme A incubation). Statistical significance was calculated using one-way ANOVA 

with Bonferroni’s multiple comparisons test. n represent biological independent 

experiments.
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Extended Data Fig. 2. Palmitoyl-CoA activation of purified AMPK is sensitive to the method of 
protein immobilization
a, b, Activities of AMPKα1β1γ1 (COS7 cell-expressed; fusion tags as indicated) were 

determined by 32P SAMS peptide assay ± palmitoyl-CoA (10 μM), A769662 (10 μM) or 

AMP (100 μM), following immobilization on anti-flag agarose (a) or glutathione-Sepharose 

(b). Data are shown as mean fold change in AMPK activity vs. vehicle ± s.e.m., n = 3. c, 

Activities of AMPKα1β1γ1 (COS7 cell-expressed; fusion tags as indicated) were 

determined by 32P SAMS peptide assay ± palmitoyl-CoA (10 μM), prepared in either H2O 

or 50 mM HEPES, following immobilization on anti-myc agarose. Data are shown as mean 
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specific activity ± s.e.m., n = 3. Statistical significance was calculated using one-way 

ANOVA with Bonferroni’s multiple comparisons test. n represent biological independent 

experiments.

Extended Data Fig. 3. Characterization of LCFA-CoA activation of AMPK
a, Activities of AMPKα1β1γ1 (COS7 cell-expressed, WT and β1S108A mutant) were 

determined by 32P SAMS assay, following immobilization on anti-myc agarose, ± 

palmitoyl-CoA, myristoyl-CoA or lauroyl-CoA (10 μM). Data are shown as mean fold 

change in AMPK activity vs. vehicle ± s.e.m., n=3. Statistical significance was calculated 

using two-way ANOVA with Bonferroni’s multiple comparisons test. n represent biological 

independent experiments. b, Activities of AMPKα1β1γ1 (Sf9 insect cell-expressed) were 

determined by TR-FRET in the presence of the indicated concentration of phosphatase 

PP2Cα ± AMP (30 μM) or palmitoyl-CoA (10 μM). Data are shown as mean fold change in 

AMPK activity vs. vehicle ± s.e.m., n=10 except for AMP incubated (n = 5). Statistical 

significance was calculated using two-way ANOVA with Bonferroni’s multiple comparisons 

test. n represent biological independent experiments. c, d, Binding of [3H]-palmitoyl-CoA to 

AMPKα1β1γ1 (E. coli-expressed) ± increasing concentrations of unlabeled palmitoyl-CoA 

(c), or to various AMPK preparations (d). GST-αRIM2: His6-GST-LVPRGS(thrombin 

cleavage site)-α1(282–374). Data are shown as mean relative binding ± s.e.m. For c, n = 2; 
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for d, n = 3. Statistical significance was calculated using one-way ANOVA with 

Bonferroni’s multiple comparisons test. n represent biological independent experiments.

Extended Data Fig. 4. The channel at the interface between AMPK α2- and β1-subunits used for 
docking palmitoyl-CoA, interactions made by pSer108 and comparison with ADaM site 
activators.
(a) In the PDB ID:4CFF15 AMPK structure (shown as cartoon), the channel (i.e. the docking 

protomol, yellow molecular surface) encompasses the ADaM site (located directly above the 

ATP binding site of the α2-subunit kinase domain) and continues into a pocket located 

beneath the cyclodextran binding groove of the β1-CBM. In this AMPK structure, the 

channel is blocked at approximately the α-B helix of the α2-subunit by residues Arg49, 

Arg53, Pro86 and Thr87 of the α2-subunit and Pro140, Gln154, Lys156, Asp159 and 

Lys172 of the β1-subunit. Whereas in the (b) 5ISO56 and (c) 6B1U38 AMPK structures, the 

channel runs the full width across the α2- and β1-subunit interface (i.e. from the start of the 

ADaM site to the C-interacting helix of the β1-subunit, including the pocket beneath the 

cyclodextran binding groove of the β1-CBM). Polar interactions made by pSer108 in the (d) 
palmitoyl-CoA:AMPKα2β1γ1 model, (e) SC4:AMPKα2β1γ1 crystal structure (PDB ID: 

6B1U) and (f) A-769662:AMPKα2β1γ1 crystal structure (PDB ID: 4CFF). (g) Overlay of 

the palmitoyl-CoA:AMPKα2β1γ1 model with the A-769662:AMPKα2β1γ1 and 

SC4:AMPKα2β1γ1 crystal structures (only A-769962 and SC4 shown for clarity). The 

same view is shown in panels a-c and d-g, the structures have been aligned via their β1-

subunit CBM. In panels a-c, the location of the ATP binding site in the α2-subunit kinase 
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domain is indicated by staurosporine (cyan sticks). Residues from the α2-catalytic subunit 

are underlined. Polar interactions are indicated by black dashed lines.

Extended Data Fig. 5. Unique palmitoyl-CoA conformation clusters consistent with our 
experimental data.
Docking into the (a) 4CFF, (b) 5ISO and (c) 6B1U active AMPKα2β1γ1 structures (grey 

cartoon). Palmitoyl-CoA shown as sticks, with the carbon atoms coloured either yellow or 

green. (d) Overlay of all docked palmitoyl-CoA poses except for those in Clusters 2, 4 and 5 

for the 5ISO AMPK structure. The overlay shows that the different conformational clusters 

for the 4CFF, 5ISO and 6B1U AMPK structures fall under a general binding mode. Carbon, 

sulphur, nitrogen, oxygen and phosphorous atoms are coloured grey, yellow, blue, red and 

orange respectively.
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Extended Data Fig. 6. Alignment of AMPK β1 and β2 sequences from diverse species.
Alignments to human AMPKβ1Gly86 and β2Glu85 residues are in bold.

Extended Data Fig. 7. AMPKβ1N111 does not alter sensitivity to palmitoyl-CoA or AMP
AMPK activity of AMPKα1β1γ1 (WT, β1N111A or β1N111D) was determined by 32P 

SAMS assay, following immobilization on anti-myc agarose, ± palmitoyl-CoA (10 μM) or 

AMP (100 μM). Data are shown as mean fold change in activity vs. vehicle, ± s.e.m.; n = 3. 
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Statistical significance was calculated using two-way ANOVA with Bonferroni’s multiple 

comparisons test. n represent biological independent experiments.

Extended Data Table 1.

Basal activities of AMPK expressed in COS7 mammalian cells

AMPK complex immobilization basal activity
(nmol/min/mg lysate) ± s.e.m. relates to

α1β1γ1 myc IP (β-subunit) 0.1094 ± 2.1 Fig. 1f

α1β2γ1 myc IP (β-subunit) 0.1689 ± 17.7 Fig. 1h

α2β1γ1 myc IP (β-subunit) 0.238 ± 0.5 Fig. 1f

α2β2γ1 myc IP (β-subunit) 0.814 ± 6.7 Fig. 1h

α1β1γl myc IP (β-subunit) 0.613 ± 7.5 Fig. 2a

α1β1(N-Δ71)γl myc IP (β-subunit) 0.502 ± 4.0 Fig. 2a

α1β1(N-Δ145)γ1 myc IP (β-subunit) 0.327 ± 2.5 Fig. 2a

α1β1γ1 flag IP (α-subunit) 0.1063 ± 5.9 ED Fig. 2a

α1β1γ1 GST (α-subunit) 0.2789 ± 20.2 ED Fig. 2b

α1β1γ1 myc IP (β-subunit) 0.1433 ± 5.3 ED Fig. 3a

α1β1(S108A)γl myc IP (β-subunit) 0.724 ± 1.4 ED Fig. 3a

Extended Data Table 2.

Basal activities of AMPK expressed in E. coli

AMPK complex basal activity
(nmol/min/mg enzyme) ± s.e.m. relates to

α1β1γ1 424.0 ± 14.8 Fig. 1i & 2b

α1β2γ1 335.6 ±9.1 Fig. 1i

α1β1(S108A)γl 406.1 ± 24.6 Fig. 2b

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. LCFA-CoAs are direct AMPK activators.
a, Structures of LCFAs (upper) and LCFA-CoAs (lower). b-e, Activities of AMPKα1β1γ1 

(Sf9 insect cell-expressed), determined by TR-FRET SAMS assay, in the presence of 

increasing concentrations of myristate, palmitate, their respective CoA thioester conjugates 

and AMP (b), acyl-CoA esters (10 μM) with chain lengths ranging from C2 to C18 (c), 

metabolites or biosynthetic precursors important for palmitoyl-CoA synthesis or catabolism 

(d) or ± 10 μM palmitoyl-CoA and the indicated concentrations of AMP (e). Data are shown 

as mean fold change in activity vs. vehicle ± s.e.m. For b, n = 2; for c, n = 7 except for 

propionyl-, butyryl-, hexanoyl- and oleoyl-CoAs (n =8) and acetyl-CoA (n = 3); for d, n = 3 

except for pantothenic acid (n = 2); for e, n = 6. Statistical significance was calculated using 

one-way ANOVA with Bonferroni’s multiple comparisons test. n represent biological 

independent experiments. f-h, Activities of AMPK complexes (COS7 cell-expressed; basal 

activities detailed in Extended Data Table 1), determined by 32P SAMS peptide assay 

following anti-myc agarose immobilization, of α1 and α2 AMPK ± palmitoyl-CoA (10 

μM), A769662 (10 μM) or AMP (100 μM) (f), γ1 mutants ± AMP (100 μM) or palmitoyl-

CoA (10 μM) (g) and β1 and β2 AMPK ± palmitoyl-CoA (10 μM), A769662 (10 μM) or 

AMP (100 μM) (h). For f, h, data are shown as mean fold change in activity vs. vehicle ± 

s.e.m.; n = 3. For g, data are shown as mean specific activity ± s.e.m.; n = 4. Statistical 

significance was calculated using two-way ANOVA with Bonferroni’s multiple comparisons 

test. n represent biological independent experiments. Immunoblot shows relative expression 

of flag-AMPK in COS7 cells. (i) Activities of purified AMPK complexes α1β1γ1 and 
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α1β2γ1 (E. coli-expressed; basal activities detailed in Extended Data Table 2), determined 

by 32P SAMS peptide assay, ± palmitoyl-CoA (10 μM) or AMP (100 μM). Data are shown 

as mean fold change in activity vs. vehicle ± s.e.m.; n = 3. Statistical significance was 

calculated using two-way ANOVA with Bonferroni’s multiple comparisons test. n represent 

biological independent experiments.
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Figure 2. LCFA-CoA activation is mediated through the AMPK ADaM site.
a, Activities of AMPKα1β1γ1 (WT or N-terminal deletions of β1 residues 1-71 (Δ71) or 

1-145 (Δ145)) ± palmitoyl-CoA (10 μM) or AMP (100 μM). b, c, Activities of 

AMPKα1β1γ1 (WT or β1S108A) ± palmitoyl-CoA (10 μM) or AMP (100 μM) (b) or 

increasing concentration of palmitoyl-CoA (c). For a, b, data are shown as mean fold change 

in activity vs. vehicle ± s.e.m.; n = 3. For c, data are shown as mean specific activity ± 

s.e.m.; n = 3. Statistical significance was calculated using two-way ANOVA with 

Bonferroni’s multiple comparisons test. n represent biological independent experiments. d, 

In silico modelling of palmitoyl-CoA bound to AMPKα2β1γ1. e, f, Activities of 

AMPKα1β1γ1 and α2β1γ1 (WT or β1G86E) (e), or AMPK α1β2γ1 and α2β2γ1 (WT or 

β2E85G) (f) ± palmitoyl-CoA (10 μM), A769662 (10 μM) or AMP (100 μM). Data are 

shown as mean specific activity ± s.e.m.; n = 3. Statistical significance was calculated using 

two-way ANOVA with Bonferroni’s multiple comparisons test, or unpaired, 2-tailed 

Student’s t test (red P values). n represent biological independent experiments. Activities 

determined by 32P SAMS peptide assay. COS7 cell-expressed AMPK immobilized on anti-

myc agarose was used in all experiments unless indicated.

Pinkosky et al. Page 24

Nat Metab. Author manuscript; available in PMC 2021 January 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. FA-CoAs increase fatty acid oxidation through AMPK phosphorylation of ACC.
a, Primary mouse hepatocytes from C57Bl6J mice were treated with vehicle or palmitate 

(100, 250, or 500 μM) followed by western blotting for total AMPKα, phosphorylated-

AMPK (p-AMPK, α-Thr172), total ACC, phosphorylated-ACC (p-ACC, Ser79/212) and β-

actin. Data are shown as mean fold change in phosphorylation of AMPK (n = 5) or ACC (n 
= 6) vs. vehicle ± s.e.m. b, Primary mouse hepatocytes from C57Bl6J mice were treated 

with vehicle or 500 μM palmitate, bromo-palmitate (Br-Palmitate) or methyl-palmitate (Me-

Palmitate) followed by western blotting for total ACC, phosphorylated-ACC (p-ACC, 

Ser79/212) and β-actin. Data are shown as mean fold change in phosphorylation of ACC (n 
= 6) vs. vehicle ± s.e.m. Statistical significance was calculated using one-way ANOVA with 

Bonferroni’s multiple comparisons test. n represent biological independent experiments. 

Representative immunoblots are shown. c, Respiratory Exchange Ratios (R.E.R.) of WT and 

ACC DKI mice following oral administration of saline (Veh), or Intralipid® (10 ml/kg). 

Data are shown as mean R.E.R. ± s.e.m. (WT, n = 7; ACC DKI, n = 8). Statistical 
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significance was calculated using two-way ANOVA with Bonferroni’s multiple comparisons 

test. n represent biological independent experiments. d-f, WT and ACC DKI mice, following 

oral administration of saline (Vehicle) or Intralipid® (10 ml/kg), were measured for lipid 

oxidation rates calculated from R.E.R. over 4 h, starting 1 h post-gavage (d), food intake 

during 2 h re-feed (e) and activity levels 6 h post-gavage (f). Data are shown as mean fold 

change in lipid oxidation rate vs. vehicle (d), mean food intake (e) and mean total beam 

breaks (f) ± s.e.m. (WT, n = 7; ACC DKI, n = 8). Statistical significance was calculated 

using unpaired, 2-tailed Student’s t test with Bonferroni’s multiple comparisons test. n 
represent biological independent experiments.
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