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Abstract 

The adipocyte fatty acid transport proteins (FATPs), FATP1 and FATP4, have been 

implicated in both lipid influx and storage and understanding their role in adipose tissue 

would gain insight into the persistence of metabolic disorders, such as type 2 diabetes.  

FATP1 was previously determined to be an acyl-CoA synthetase and work described in 

this thesis additionally explored the acyl-CoA synthetase activity of purified FATP4.  

FATP4 was found to be a more robust acyl-CoA synthetase than FATP1.  Through the 

use of RNAi in cultured adipocytes, silencing the expression of either FATP1 or FATP4 

results in cellular phenotype demonstrating improved insulin responsiveness.  

Interestingly, silencing FATP1 abolished insulin-stimulated long-chain fatty acid 

(LCFA) influx, whereas silencing FATP4 had no effect on LCFA influx despite its 

higher activity.  Furthermore, the expression of FATP1 was demonstrated to be 

important for the activation of the AMP-activated protein kinase during insulin-

stimulated LCFA influx.  In addition to the cytoplasmic localization of FATP1, it was 

also found to exhibit mitochondrial localization.  Further analysis demonstrated a novel 

role in the regulation of TCA cycle function and mitochondrial energy metabolism, in 

part, through the interaction of FATP1 with the 2-oxoglutarate dehydrogenase complex, 

a rate-limiting step in the TCA cycle.  This work shines light on how FATPs may play 

broader roles in metabolism that previously appreciated and the potential implications 

associated with such roles.  
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1   Metabolic Syndrome and Lipids 

Obesity and other metabolic disorders, such as type 2 diabetes and dyslipidemia, have 

become a serious health issue and the prevalence is increasing worldwide in both adults 

and children.   It is therefore vital to understand the biological mechanisms that are 

contributing to the onset and persistence of these metabolic disorders. Because these 

pathologies are often related, they have been grouped together and termed the metabolic 

syndrome (1).  One aspect of metabolic syndrome is dysregulation of cellular fatty acid 

influx and metabolism, especially in highly metabolic tissues (i.e., liver, skeletal 

muscle, and adipose tissue).   

 

Long-chain fatty acids (LCFA) and their acyl-CoA derivatives play a variety of 

processes in regulatory and metabolic biology.  Activation of phospholipase A2 leads to 

the production of polyunsaturated LCFA, the most common substrate for lipid second 

messenger signaling systems (2-4).  The oxidation of LCFA to prostaglandins, 

leukotrienes, and thromboxanes leads to signaling molecules whose functions are often 

linked to rapid metabolic responses facilitated through G-protein coupled receptor 

signaling and result in various inflammatory responses dependent on the effector lipid-

derived molecule (5-7).  In contrast, the metabolism of LCFA to the corresponding 

acyl-CoAs provides substrates for a variety of metabolic processes including 

glycerophospholipid and sphingolipid synthesis, cholesterol ester formation, β-

oxidation, protein acylation, nuclear receptor regulation, and triacylglycerol 

biosynthesis.  Such metabolic and/or regulatory uses of acyl-CoAs are often linked to 

long-term or chronic regulation of metabolism. 
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Of the cells that avidly utilize LCFA for both regulatory and metabolic processes, the 

adipocyte exhibits perhaps the most robust metabolism, producing lipid second 

messengers for activation of nuclear peroxisome proliferator activated receptor γ as well 

as acyl-CoAs for metabolic storage and utilization (Figure 1).  Therefore, aberrant 

adipocyte metabolism would result in LCFA metabolic dysfunction, greatly increased 

pro-inflammatory signaling, and contribute to the onset of metabolic syndrome (8).  

Fatty acid transport proteins (FATPs) are a family of proteins comprised of six 

members (FATP1-6) and have been implicated in both LCFA influx and storage.  

Adipose tissue only express FATP1 and FATP4, however, their specific cellular 

functions have remained unclear.  Consistent with the important role adipocytes play in 

LCFA metabolism and overall energy homeostasis, aberrant adipocyte LCFA influx and 

acyl-CoA production greatly contributes to metabolic syndrome (8,9).  In light of this, 

understanding the biochemical and functional roles of FATP1 and FATP4 in adipocytes 

is of great interest. 
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Figure 1. Lipid cycling in adipocytes.  Adipocytes transport glucose (Glc via GLUT 1 
or 4) and fatty acids (FFA via CD36 /ACSL) into the cell in response to insulin stimulation 
leading to the synthesis of triacylglycerol, the terminal step of which is catalyzed by 
diacylglycerol acyltransferase (DGAT).  Triacylglycerol synthesis is balanced by hydrolysis 
catalyzed by a series of triacylglycerol (adipose triacylglycerol lipase; ATGL), diacylglycerol 
(hormone sensitive lipase; HSL) and monoacylglycerol (MGL) lipases.  Glycerol produced by 
complete TAG hydrolysis is exported from the adipocyte via an aquaporin protein (AQ7) while 
FFA are bound by intracellular fatty acid binding proteins (FABP) and subjected to re-
esterification, efflux, or metabolized to signaling molecules.  TAG, triacylglycerol; DAG, 
diacylglycerol; MAG, monoacylglycerol; ACSL, long-chain acyl-CoA synthetase. 
  

2  Adipocyte Lipid Metabolism 

2.1  Lipids and Insulin Signaling 

A primary function of adipose tissue is to serve as a storage site for the excess energy 

derived from food consumption.  Energy stored in the form of triacylglycerol can be 
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utilized by the organism to fulfill subsequent metabolic requirements during times of 

little or no consumption (Figure 1).  In the case of WAT, these requirements entail 

efficient storage of large amounts of energy in a form that can be readily mobilized to 

supply the needs of peripheral organs and tissues.  Lipids, particularly fatty acids, are 

exceptionally efficient fuel storage species.  The highly reduced hydrocarbon tail of 

triacylglycerol can be readily oxidized to produce large quantities of NADH and 

FADH2 and subsequently ATP.  At the same time, the very hydrophobic nature of the 

hydrocarbon tail precludes concomitant storage of excess water that would increase the 

mass and spatial requirements of the organism.  Also, the relatively straight, chain-like 

structure of the fatty acid permits dense packing of many molecules into each cell, 

maximizing the use of storage space available.  BAT also stores energy in lipid form, 

but more frequently produces heat by oxidizing fatty acids within the adipocyte, rather 

than by supplying free fatty acids for use by other cell types. 

 

During feeding, pancreatic β cells secrete insulin in response to both elevated blood 

glucose levels and elevated blood lipid levels.  Insulin is the most important 

physiological stimulus for energy storage.  The effect of insulin directly counteracts the 

effects of glucagon and the catecholamines.  The insulin receptor is found in many 

diverse cell and tissue types, not the least significant of which is adipose. 

 

The insulin receptor is an integral membrane protein and a receptor tyrosine kinase that 

functions as a tetramer composed of two α and two β subunits.  The β subunits each 

span the plasma membrane once, and the α subunits are covalently attached to the β 
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subunit extracellularly by disulfide bonds.  The insulin-binding site is extracellular and 

the intracellular domains contain many tyrosine phosphorylation sites.  Ligand binding 

induces autophosphorylation of several intracellular domains, activating the kinase 

activity of each β subunit.  A complex series of interactions follows in which the insulin 

receptor phosphorylates some of its substrates directly, such as insulin receptor 

substrate-1 (IRS-1) and IRS-2, or recruits various adaptor proteins, such as Shc and 

Grb2 that transmit the insulin signal (10). 

 

Insulin binding to the adipocyte insulin receptor simultaneously stimulates lipogenesis 

and inhibits lipolysis.  Insulin action effectively clears fatty acids and glucose from the 

blood both by increasing uptake and storage, and by decreasing mobilization of stored 

energy.  The mechanisms by which these effects are accomplished are highly complex 

and involve an integrated series of regulated events (11).  In regards to insulin-

stimulated glucose uptake, the insulin receptor acts mainly through the 

phosphatidylinositol-3-kinase (PI3 kinase) pathway.  Activated insulin receptor binds 

and phosphorylates IRS-1, thereby allowing PI3 kinase to bind IRS-1.  PI3 kinase 

subsequently phosphorylates its substrate, phosphatidylinositol-4,5-bisphosphate, 

forming phosphatidylinositol-3,4,5-trisphosphate at the plasma membrane. The kinases 

AKT/protein kinase B (PKB) and PDK1 are recruited to the plasma membrane by 

binding phosphatidylinositol-3,4,5-trisphosphate.  PDK1 phosphorylates and activates 

AKT/PKB.  AKT/PKB then transmits the signal to increase glucose uptake through the 

phosphorylation of the AKT substrate of 160 kDa, which is a Rab-GTPase activating 

protein.  This activation of AKT substrate of 160 kDa, through an unknown mechanism, 
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facilitates the translocation of GLUT4, to the plasma membrane and stimulates glucose 

transport (Figure 2). 

 

Figure 2. Insulin-stimulated glucose uptake and triacylglycerol biosynthesis.  
Activation of the insulin receptor (IR) upon insulin binding results in the recruitment of IRS to 
the insulin receptor and subsequent tyrosine phosphorylation of IRS.  This allows the 
subsequent recruitment and activation of phosphatidylinositol 3-phosphate kinase (PI3K), 
phosphatidylinositol-dependent protein kinase (PDK), and AKT/PKB.  PDK phosphorylates 
and activates AKT at the plasma membrane.  AKT dissociates from the plasma membrane and 
phosphorylates AS160.  Phosphorylated AS160 facilitates the translocation of GLUT4 
containing vesicles to the plasma membrane, resulting in an increase in glucose transport.  
Glucose (Glc) transported into the adipocyte is phosphorylated (Glc-6-P) and converted to 
dihydroxyacetone phosphate (DHAP) via glycolysis and, subsequently, glycerol-3-phosphate 
(G-3-P).  DHAP is converted to acyl-dihydroxyacetone phosphate (Acyl-DHAP) via DHAPAT 
and, subsequently, to 1-acyl-glycerolphosphate (1-AGP).  1-AGP is also directly produced from 
G-3-P via GPAT.  AGPAT, then, adds a second acyl-CoA to 1-AGP to form phosphatidic acid 
(PA).  PA is dephosphorylated by PAP to form diacylglycerol (DAG) and DGAT esterifies a 
third acyl-CoA with DAG to create triacylglycerol (TAG).  IRS, insulin receptor substrate; 
AS160, AKT substrate of 160 kDa; DHAPAT, dihydroxyacetone phosphate:acyltransferase; 
GPAT, glycerolphosphate:acyltransferase; AGPAT, acyl-glycerolphosphate:acyltransferase; 
PAP, phosphatidic acid phosphatase; DGAT, diacylglycerol:acyltransferase. 
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2.2  Fatty Acid and Triacylglycerol Biosynthesis 

Adipocytes readily convert the products of glycolysis into fatty acids via the de novo 

biosynthetic pathway.  Briefly, surplus citrate is transported from the mitochondrion 

and cleaved to produce cytosolic acetyl-CoA.  This acetyl-CoA is acted upon by acetyl-

CoA carboxylase producing malonyl-CoA.  The next steps of the fatty acid biosynthetic 

pathway are carried out by the multifunctional fatty acid synthase that utilizes NADPH 

to catalyze multiple condensations of malonyl-CoA with acetyl-CoA or the elongating 

lipid, eventually generating palmitate. 

 

De novo fatty acid synthesis is, in part, negatively regulated by the AMP-activated 

protein kinase (AMPK).  When the adipocyte is in an energy deficit state due to the lack 

of available glucose or other cellular stresses, ATP levels decrease and AMP levels 

increase.  This causes the AMP:ATP ratio in the adipocyte to increase and thus AMP 

binds and activates AMPK kinase, LKB.  AMP also binds to AMPK, which allows 

LKB to recognize AMPK as a substrate and results in the phosphorylation and 

activation of AMPK. Active AMPK phosphorylates acetyl-CoA carboxylase, 

deactivating it and, hence, decreasing fatty acid synthesis (12). 

 

Triacylglycerol synthesis combines the products of glycolysis, glycerolphosphate and 

dihydroxyacetone phosphate with acyl-CoAs (Figure 2).  In adipocytes, two pathways 

exist for the production of phosphatidic acid.  In one, glycerol-3-phosphate is 

sequentially esterified with two acyl-CoAs to produce 1-acylglycerolphosphate and 1,2-
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diacylglycerolphosphate.  In the second pathway, dihydroxyacetone phosphate is 

esterified with acyl-CoA to produce acyl-dihydroxyacetone phosphate.  An acyl-

dihydroxyacetone phosphate reductase subsequently produces 1-acylglycerolphosphate 

that leads to the production of 1,2-diacylglycerolphosphate.  The resultant phosphatidic 

acid is dephosphorylated generating 1,2-diacylglycerol and triacylglycerol is formed 

through the activity of diacylglycerol acyltransferase (DGAT).   

 

The DGAT catalyzed reaction is crucial for it represents a branch point for hydrocarbon 

flow towards either the triacylglycerol or phospholipid pathways.  However, this view 

has been modified through the production of DGAT null mice.  DGAT deficient mice 

are viable, are resistant to diet induced obesity, and have reduced triacylglycerol 

synthesis, though they still have significant amounts of triacylglycerol.  This implies 

that either an alternate triacylglycerol biosynthetic pathway is utilized or additional 

DGAT isoforms are present in adipose cells.  To address this question, Farese and 

colleagues identified a second DGAT (DGAT2) with kinetic properties distinct from the 

original DGAT (now termed DGAT1) (13).  DGAT2 null mice have lipopenia and skin 

barrier abnormalities.  The DGAT2 null mice also have severely reduced triacylglycerol 

synthesis and triacylglycerol content in their tissues, suggesting that DGAT2 is 

responsible for the majority of triacylglycerol biosynthesis (14).  Moreover, additional 

DGAT-like sequences are present in the murine and human genome suggesting an 

unappreciated complexity in diacylglycerol metabolism. 
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2.3   Triacylglycerol Mobilization 

Lipolysis refers to the process by which triacylglycerol molecules are hydrolyzed to 

fatty acids and glycerol.  During times of metabolic stress (i.e. during fasting or 

prolonged strenuous exercise when the body’s energy needs exceed the circulating 

nutrient levels), the triacylglycerol droplet within an adipocyte is degraded producing 

fatty acids to be used as an energy source by other tissues.  Numerous stimuli are 

capable of eliciting the lipolytic response in adipocytes (15).  A family of lipases, 

adipose triglyceride lipase (ATGL), hormone sensitive lipase (HSL) and 

monoacylglycerol lipase catalyzes the hydrolysis of the triacylglycerol ester bonds 

producing glycerol and three moles of fatty acids.  

 

The process of triacylglycerol hydrolysis is a complex phenomenon that involves at 

least three lipases, lipid droplet associated proteins and FABPs, although other 

adipocyte lipases (i.e. triacylglycerol hydrolase) may play a role in basal lipolysis.  The 

data at this time support the model that three lipases are the major contributors to 

adipocyte lipolysis.  Complete hydrolysis of triacylglycerol involves the hydrolysis of 

three ester bonds to liberate three fatty acids and a glycerol moiety.  ATGL catalyzes 

hydrolysis of the first ester bond to release one fatty acid and results in diacylglycerol 

formation (16).  HSL can catalyze the hydrolysis of triacylglycerol, but has 10-fold 

greater activity towards diacylglycerol, hydrolyzing the second ester bond at either the 

sn-1 or sn-3 position.  A third enzyme, monoacylglycerol lipase, catalyzes hydrolysis of 

the remaining ester to yield a third fatty acid and glycerol (Figure 1).  Since adipocytes 

do not express glycerol kinase to any great extent (although they might when PPARγ is 
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activated), they are generally unable to reuse glycerol.  Therefore, glycerol is 

transported out of adipocytes via aquaporin 7 and must be shuttled back to the liver for 

oxidation or gluconeogenesis.  Mono- and diacylglycerols can be re-esterified by the 

endoplasmic reticulum acyltransferases.  During a lipolytic stimulus, re-esterification is 

minimized so that the net direction of these reactions is toward fatty acid efflux from 

the cell.  

 

Free fatty acids are minimally soluble in the aqueous cytoplasm.  The charged 

carboxylate group provides enough electrostatic hindrance to prevent association with 

the neutral triacylglycerols whereas the hydrocarbon tail reduces solubility in water.  At 

sufficiently high concentrations, fatty acids exert a detergent-like effect that would 

disrupt membranes and/or they could cluster together in micelles in the crowded 

cytoplasm.  To alleviate this problem, the adipocyte and other lipid-metabolizing cell 

types have evolved intracellular fatty acid binding proteins (FABPs), a family of small, 

soluble, highly abundant proteins that bind and sequester fatty acids.  Adipocytes 

express two FABPs, the adipocyte and epithelial FABPs.  Once outside the adipocyte, 

fatty acids are immediately bound to serum albumin and carried in the bloodstream to 

the liver, muscle and other tissues for oxidation. 

 

2.4  Long-chain Fatty Acid Influx 

Long-chain fatty acids (LCFAs) presented to adipocytes for internalization are derived 

from the hydrolysis of triglycerides found in either chylomicrons (whose origin is 

dietary fat) or very low-density lipoprotein (VLDL, whose origin is excess dietary 
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carbohydrate and protein).  Adipose lipoprotein lipase is tethered on the surface of the 

capillary endothelial cell and hydrolyzes circulating triglycerides producing LCFA that 

are bound by albumin.  The albumin-LCFA complex traverses the fenestrated capillary 

epithelial layer delivering dietary lipid to the surface of the adipocyte where the LCFA 

is taken up by the cell in a complex, ATP-dependent process.  While appreciated for 

decades, the molecular mechanism(s) that control and mediate LCFA uptake into fat 

cells remain poorly defined from a structural, mechanistic, and regulatory viewpoint.   

 

The mechanism by which LCFAs are taken up by adipocytes has been enveloped in 

controversy for years and is largely framed within two processes:  either diffusion-

mediated uptake or protein-mediated uptake (17).  The velocity of fatty acid influx 

across the plasma membrane can be defined by the sum of the two respective terms 

shown in equation 1. 

 V([LCFAu]) = kd[LCFAu] + (Vmax•[LCFAu]) / (Km  +  [LCFAu])  

V([LCFAu]) is the initial velocity of uptake as a function of unbound [LCFAu], Vmax is 

the maximal velocity, Km = [LCFAu] at half-maximal uptake, and kd is the rate constant 

for diffusional uptake.  In diffusion-mediated fatty acid uptake represented by the first 

term in the equation, the rate of fatty acid influx across the membrane is proportional to 

the free fatty acid concentration.  The rate constant differs for each LCFA and is 

dependent in part on the permeability of a ligand through the lipid bilayer.  The 

macroscopic kd shown in Equation 1 groups together three individual microscopic rate 

constants which represent the three steps of fatty acid diffusion:  association with the 

outer leaflet of the plasma membrane, flip-flop from outer to inner membrane, and 
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dissociation from the inner membrane to the aqueous space.  Biophysical studies of 

fatty acid flip-flop, or transversal, across model lipid membranes have revealed that 

fatty acids are able to transverse from the membrane outer leaflet to the inner leaflet 

with rate constants inversely proportional to the curvature of the lipid membrane 

(18,19).  Indeed, some studies have demonstrated that fatty acid flip-flop (ff) in small 

unilamellar vesicles is very fast (kff > 100 s-1) as compared to fatty acid dissociation 

rates from the inner membrane leaflet to the aqueous space (kd = 12 s-1), suggesting that 

diffusion is sufficient for adequate movement of fatty acids into cells (18).  However, 

contrasting data suggests that the rate of fatty acid flip-flop is slower than dissociation 

(kff = 2 s-1), making fatty acid flip-flop rate limiting (18).  The latter view implies that 

the membrane bilayer presents a barrier to fatty acids and additional mechanisms might 

be involved in facilitating fatty acid influx.  While these two views of fatty acid 

transbilayer movement are debated, the use of classical or molecular genetic approaches 

have led to identification of protein(s) that facilitate LCFA influx into cells and fueled 

interest into the biochemistry of fatty acid transport (18,20).   

 

Evidence for a protein component in fatty acid transport has been suggested by studies 

revealing substantially reduced LCFA import upon treatment of adipocyte membranes 

with proteases, amino acid modification reagents, and reactive fatty acid analogues.   

Four major classes of proteins are thought to play a role in protein-mediated fatty acid 

uptake:  1) plasma membrane fatty acid binding protein (FABPpm), 2) caveolin, 3) fatty 

acid translocase (FAT/CD36), and 4) fatty acid transport proteins (FATPs).   
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Mitochondrial aspartate aminotransferase (mAspAT), a critical component of the 

malate-aspartate shuttle, has been implicated in adipocyte LCFA influx.  Using a direct 

protein chemistry approach involving long-chain acyl group affinity chromatography, a 

plasma membrane fatty acid binding protein (FABPpm) on the surface of adipocytes, 

hepatocytes, enterocytes, and cardiomyocytes was identified.  Subsequent molecular 

analysis and protein sequencing identified FABPpm as mAspAT (21).  Incubation of 

3T3-L1 adipocyte monolayers with anti-FABPpm antibodies selectively inhibited the 

uptake of oleate but had no effect on uptake of either 2-deoxyglucose or the medium 

chain fatty acid octanoate.  The mRNA levels of FABPpm are up-regulated in adipose 

tissue isolated from Zucker fatty rats and ob/ob mice (22,23) and recently, Bonen and 

colleagues demonstrated in myocytes that FABPpm is found within an intracellular 

endosomal pool that is translocated to the plasma membrane in response to 5-amino-4-

imidazolecarboxamide ribonucleoside (AICAR), a cell-permeable activator of AMP-

activated protein kinase (AMPK) (24). 

 

Caveolae are specialized flask-shaped plasma membrane invaginations formed by 

clusters of lipid microdomains in association with the structural proteins caveolin-1, -2, 

and -3.  Adipocyte plasma membranes are rife with numerous caveolae whose functions 

have been linked to signaling systems, receptor mediated endocytosis, and more 

recently LCFA influx (25).  Inhibition of caveolar function by either depletion of 

membrane cholesterol using cyclodextrin, overexpression of a dominant negative 

caveolin-3 mutant (26), or disruption of the caveolae-actin structure by actin-

depolymerizing agents all reduced LCFA uptake without decreasing LCFA 



 

 15 

esterification.  In contrast, loading 3T3-L1 adipocytes with cholesterol increased 

caveolin-1 expression and LCFA influx.  A caveolin-1 null mouse lacking caveolae 

exhibited reduced adipocyte lipid droplet size, was resistant to diet-induced obesity and 

had higher post-prandial levels of triglycerides and free fatty acids (27).  It is not clear if 

caveolae per se play a role in LCFA influx or simply present a physical structure that 

facilitates uptake by other proteins such as FAT/CD36. 

 

FAT/CD36 is a 53 kDa integral membrane protein with an apparent molecular mass of 

88 kDa due to a high degree of glycosylation.  FAT/CD36 belongs to the family of class 

B scavenger receptors and exhibits broad tissue distribution but is largely expressed in 

adipocytes, macrophages, heart, and skeletal muscle.  FAT/CD36 binds a variety of 

hydrophobic ligands including oxidized low-density lipoproteins, long-chain fatty acids, 

thrombospondin, collagens, and sickle erythrocytes.  Studies involving both FAT/CD36 

null and transgenic mice have suggested that the protein is intimately connected to 

LCFA uptake in adipocytes and muscle leading to influences on whole body insulin 

sensitivity (28,29).  In 3T3-L1 cells FAT/CD36 is localized to caveolae containing 

detergent resistant lipid microdomains in the plasma membrane (DRM) as well as 

detergent soluble intracellular membranes (DSM).  The LCFA transport function of 

FAT/CD36 is regulated by translocation from intracellular DSMs to the plasma 

membrane DRMs.  Disruption of lipid microdomains by cyclodextrin and specific 

inhibition of FAT/CD36 by sulfo-N-succinimidyl oleate resulted in a 60% decrease in 

oleate uptake.  Based on these observations the authors proposed a model in which 

caveolin-1 in lipid rafts might target FAT/CD36 to the plasma membrane thus 
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controlling LCFA uptake by regulating surface availability of FAT/CD36 (30).  

FAT/CD36 may in turn facilitate LCFA influx via endocytotic mechanisms or 

alternatively providing a high local LCFA environment producing a concentration 

gradient across the plasma membrane facilitating uptake by other proteins.  Importantly, 

fatty acid uptake in heart and muscle is inhibited by the FAT/CD36 inhibitor SSO as 

well as by FABPpm selective antibodies, though not in an additive manner (31,32).  

Based on this, it has been proposed that FAT/CD36 and FABPpm may cooperate with 

each other to transport fatty acids across the plasma membrane (33).  While FAT/CD36 

homologues are found in a variety of higher eukaryotes, no such homologue exists in 

yeast.  As such, FAT/CD36 in higher eukaryotes may be part of a more complex LCFA 

influx system that may allow the organism to finely control cellular LCFA uptake and 

maintain energy homeostasis throughout periods of nutrient abundance or depletion. 

 

3  Fatty Acid Transport Proteins 

3.1 Expression and Localization 

Fatty acid transport proteins (FATPs) are a family of integral membrane proteins with 

an approximate molecular mass of 71 kDa and are important for the uptake of long-

chain and very long-chain fatty acids in adipocytes.  Most mammals have six paralogs, 

identified as FATP1-6, each with unique tissue expression patterns.  FATP1 and FATP4 

are the predominant forms present in adipocytes.  Additionally, FATP4 is expressed in 

brain, muscle, liver, kidney, skin and heart, however it is the only FATP isoform 

expressed in the small intestine.  FATP1 is also expressed in brain, muscle, and heart 

(34).  Topology mapping of FATP1 (35) as well as hydropathy analysis suggest that 
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FATPs contain a single transmembrane domain at the N-terminus that may serve as a 

membrane anchor.  Subcellular fractionation and immunochemical analysis of 3T3-L1 

and mouse primary adipocytes have revealed FATP1 to be localized primarily to 

detergent-soluble membranes (30) within the plasma membrane, high density 

membranes (endoplasmic reticulum, golgi) and to a lesser amount in low density 

membranes (vesicles, endosomes) (36).  FATP4 has also been shown to share a similar 

broad subcellular distribution (36). 

 

3.2 Transcriptional Regulation 

Transcription of the FATP1 is controlled by both peroxisome proliferators-activated 

receptors (PPARs) and insulin, where as FATP4 is only known to be controlled by 

PPARs.  Ligands and activators of two distinct classes of PPARs, PPARα and PPARγ 

have been shown to induce transcription of FATP1 in tissue-specific manner.  PPARα 

activation induces FATP1 transcription only in the liver and, as determined more 

recently, trophoblasts (37).  PPARγ activation, on the other hand, induces FATP1 

expression in adipose and skeletal muscle and induces FATP4 in trophoblasts (38).  In 

support of these observations, a PPAR response element has been mapped to the FATP1 

gene (39).  The resultant increase in mRNA levels was found to coincide with the 

concomitant increase in LCFA uptake observed in adipose and skeletal muscle.  The 

transcriptional regulation of FATP1 by PPAR activators could be reproduced in vitro in 

cell culture systems (40).  Activators of retinoid X receptor (RXR), the heterodimeric 

PPAR nuclear receptor partner were also found to increase FATP1 gene transcription in 

3T3-L1 adipocytes (39) and FATP4 transcription in trophoblasts (38).  Additional 
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studies in primary human trophoblasts have demonstrated that p38 MAPK modulates 

the activity and influence of the PPARγ/RXR heterodimer on fatty acid uptake and 

expression of FATPs (38).  Taken together, these observations indicate that while 

FATP1 and FATP4 can be regulated by both PPARγ/RXR and PPARα/RXR, only 

PPARγ/RXR regulates FATP1 and 4 in adipocytes. 

 

In contrast to the activating effects of PPARγ on FATP1 expression, insulin negatively 

regulates the expression of FATP1 in 3T3-L1 adipocytes.  Consistent with insulin being 

a negative regulator of FATP1 expression, FATP1 mRNA levels are up-regulated in 

several murine models of insulin resistance.  Lipopolysaccharides and cytokines such as 

TNFα and IL-1 were also shown to down regulate FATP1 mRNA levels in adipocytes 

(41). 

 

3.3 FATPs and Acyl-CoA Synthetases 

In general, FATPs share 20-40% sequence identity with the long-chain acyl-CoA 

synthetases (ACSLs), enzymes that catalyze the esterification of a long-chain fatty acid 

(LCFA) with coenzyme A via an ATP-dependent mechanism yielding fatty acyl-CoA, 

AMP, and pyrophosphate.  The sequence identity between ACSLs and FATPs is 

greatest in two motifs referred to as the ATP-binding motif and the fatty acyl-CoA 

signature (FACS) motif.  This FACS motif has previously been proposed to be the site 

of fatty acid binding.  Gertow et al. (42) carried out homology modeling of FATP4 

using the known crystal structure of Salmonella enterica acetyl-CoA synthetase as a 
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template while Wiczer et al (unpublished) modeled FATP1 based on the Thermus 

thermophilus long-chain acyl-CoA synthetase crystal structure (Figure 3).  The two 

FATP models agree with each other, revealing similar structural characteristics, 

including the location of the ATP-binding motif, the FACS motif, and a β-sheet-like 

region that Gertow et al. propose to be peripherally associated with the lipid membrane.  

Purification of mouse FATP1 (43) revealed that the proteins do in fact possess both 

long-chain and very long-chain acyl-CoA synthetase activity.  Based on sucrose 

gradient sedimentation velocity studies, FATP1 forms homodimers in vivo (44) and in 

vitro [B. Wiczer, D. Bernlohr, unpublished].  When compared with the enzymatic 

activity of ACSL1, the major acyl-CoA synthetase in adipose tissue, FATP1 possesses 

similar very long-chain acyl-CoA synthetase activity but 35-fold lower long-chain acyl-

CoA synthetase activity.  The biochemical characterization of FATP4 is discussed in 

Chapter 2. 
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Figure 3. Homology model of FATP1 lacking the 43 N-terminal amino acids, which 
are predicted to comprise the transmembrane domain.  FATP1 model based on the known 
crystal structure of the long-chain acyl-CoA synthetase from Thermus thermophilus as a 
template, and modeled using SWISS-MODEL. Red, ATP-binding motif; yellow, fatty acyl-CoA 
signature (FACS) motif; blue, β-sheet-like region; orange, flexible loop region. 
 

The acyl-CoA synthetase activity of FATPs is essential for its fatty acid transport 

activity.  Richards et al. found that NIH 3T3 cells expressing a catalytically inactive 

FATP1-S250A mutant showed a 5-fold decrease in LCFA uptake as compared to cells 

expressing wild-type FATP1 (44).  This suggests that LCFA uptake is mechanistically 

coupled to the acyl-CoA synthetase activity of the transporter in a process termed 

vectoral acylation.  Indeed, in E. coli LCFA influx is driven by the bacterial peripheral 

membrane associated acyl-CoA synthetase, FadD (45).  This paradigm, LCFA influx 

coupled to CoA dependent esterification, does not address the mechanisms involved in 

the lipid traversal across the membrane.  Diffusion could be implied as the mechanism 

controlling LCFA bilayer movement, with the acyl-CoA synthetase activity of FATP 
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facilitating bilayer movement by driving a flux of LCFAs across the membrane, 

trapping the lipid intracellularly via CoA dependent esterification.   Zou et al (46) have 

suggested based on mutagenesis analysis of the yeast FATP homologue, Fat1p, that 

activation of transport and LCFA esterification are separable functions.  However, 

while the mutations are broadly dispersed within the amino acid sequence, molecular 

modeling (Figure 3) predicts that they all cluster to the physical region surrounding 

either the ATP binding or LCFA binding region implying some indirect effects on 

catalysis.  The ability of certain mammalian FATP forms to complement the yeast Fat1 

disruption provides a facile system for future structure-function relationships.     

 

In 3T3-L1 adipocytes FATP1 is found to co-localize with fatty acyl-CoA synthetase 

(ACSL1) (47) (also found in the same molecular genetic screen that identified FATP1) 

as a protein involved in fatty acid uptake.  ACSL1 is a 75 kDa protein that is 

peripherally associated with the plasma membrane.  Evidence for a functional 

interaction between the yeast fatty acyl-CoA synthetase (Faa1p, Faa4p) and fatty acid 

transport protein (Fat1p) was provided by yeast two-hybrid assay and co-

immunoprecipitation studies.  This discovery suggests that FATP1 and ACSL1 may 

form a broad substrate range complex within adipocytes, coupling fatty acid uptake and 

esterification to augment LCFA uptake at the plasma membrane.  Currently however 

there is no biochemical data from mammalian systems to physically link FATP1 and 

ACSL1 although Schaffer and colleagues have shown that co-expression of FATP1 and 

ACSL1 in NIH-3T3 cells results in increased LCFA influx above the activity of either 

protein alone (47).  Increase in LCFA uptake observed in overexpression studies of 
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ACSL5 in rat hepatoma McArdle-RH7777 cells (48) as well as in vitro reconstitution 

studies of purified ACSL1 into large unilamellar vesicles implies that acyl-CoA 

synthetase activity drives LCFA import by activating and increasing the flux of LCFA 

across the membrane. 

 

3.4  Loss- and Gain-of-function Models 

The role of FATP1 and FATP4 in fatty acid uptake has been documented by a variety of 

loss of function/gain of function model systems using cultured cells and transgenic 

animals.  Hatch et al. demonstrated that LCFAs taken up into HEK 293 cells in a 

FATP1-dependent manner are channeled into triglyceride biosynthesis (49) and is 

consistent with the model that triglyceride synthesis occurs at the plasma membrane in 

adipocytes (50).  A transgenic mouse (Tg) model with cardiac-specific expression of 

FATP1 demonstrated a 2-fold increase in myocardial LCFA uptake (51).  Interestingly, 

the Tg mouse exhibited a 50% decrease in glucose uptake and metabolism.  Hence, 

overexpression of FATP1 in the heart tends to shift the metabolic fuel preference to 

LCFAs.  As opposed to the results observed with overexpression of FATP1 in 293 cells, 

cardiac expression of FATP1 did not lead to any difference in complex lipid synthesis 

such as TAG, cholesterol esters, sphingomyelin, and phospholipids with the exception 

of a 50% decrease in phosphatidylglycerol.  The Tg mice had impaired diastolic 

function consistent with impaired cardiac myocyte function, which could be attributed 

to FFA accumulation as well as the changes in substrate utilization.  In contrast to the 

FATP1 transgenic model, mice harboring at total ablation of FATP1 maintain insulin 

sensitivity on a high-fat diet and decreased intramuscular fatty acid and fatty acid 
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metabolites (LCFA, fatty acyl-CoA, DAG, TAG, ceramides) (52).  The observed effects 

of FATP1 KO and cardiac-specific FATP1 Tg mouse on glucose uptake provides 

compelling models for evaluation of the cellular mechanisms regulating substrate 

utilization and their connectivity to fat-induced insulin resistance in the 

pathophysiology of type 2 diabetes.  The FATP1 KO mouse model, however, does not 

address what tissues are contributing to the observed phenotype. 

 

When over expressed in HEK 293 cells, FATP4 was shown to enhance fatty acid uptake 

(53,54), whereas incubation of isolated enterocytes with FATP4-targeted anti-sense 

nucleotides led to a 50% decrease in oleate and palmitate uptake (53).  The role of 

FATP4 in adipocytes has been difficult to evaluate for deletion of FATP4 results in 

early embryonic lethality (54) or death shortly after birth (55).  In those animals that die 

shortly after birth, Fatp4-/- mice displayed features of neonatal lethal restrictive 

dermopathy, suggesting a critical function of FATP4 is in the formation of a functional 

epidermal barrier.  The role of FATP4 in fatty acid metabolism and the etiology of 

insulin resistance have been linked via the identification of a Gly209Ser polymorphism 

in the FATP4 gene in healthy middle-aged Swedish men.  Heterozygotes with the rare 

Ser209 polymorphism had significantly low body mass index, lower triacylglycerol and 

insulin concentration, systolic blood pressure and homeostasis model assessment index, 

factors implying higher insulin sensitivity compared to the common homozygous 

Gly209 counterparts (42).  The Gly209Ser polymorphism is modeled to be located on a 

surface-accessible loop based on the FATP model (Figure 3).  Gertow et al. have 

suggested that the nature and location of this loop resembles a region that would be 
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involved in protein-protein interactions and exchange of the glycine with the hydrogen 

bonding serine could prevent such interactions. 

  

4  Concluding Remarks 

Because adipose is one of the most robust tissues in terms of LCFA metabolism and 

generation of lipid-derived signaling molecules, understanding the mechanisms 

underlying adipocyte LCFA influx and storage is vital for the development of therapies 

for metabolic syndrome.  FATP1 and FATP4 have been implicated in cellular LCFA 

influx and storage using a number of overexpression models; however, their 

physiological functions in adipocytes have remained elusive.  Subsequent chapters 

characterize the biochemical properties of FATP4 (Chapter 2) and investigate the 

functional roles of FATP1 (Chapter 3, 4, and 5) and FATP4 in adipocytes (Chapter 3).  

These studies reveal novel insights into the roles of FATPs and challenge the paradigm 

that FATP family members function solely in cellular LCFA flux. 
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CHAPTER 2: 
 

ENZYMATIC PROPERTIES OF PURIFIED MURINE FATTY ACID 
TRANSPORT PROTEIN 4 AND ANALYSIS OF ACYL-COA SYNTHETASE 

ACTIVITIES IN TISSUES FROM FATP4 NULL MICE 
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SUMMARY 

Fatty acid transport protein 4 (FATP4) is an integral membrane protein expressed in the 

plasma and internal membranes of the small intestine and adipocyte as well as the brain, 

kidney, liver, skin, and heart.  FATP4 has been hypothesized to be bifunctional, 

exhibiting both fatty acid transport and acyl-CoA synthetase activities that work in 

concert to mediate fatty acid influx across biological membranes.  To determine if 

FATP4 is an acyl-CoA synthetase, the murine protein was engineered to contain a C-

terminus flag epitope tag, expressed in COS1 cells via adenoviral-mediated infection 

and purified to near homogeneity using α-FLAG affinity chromatography.  Kinetic 

analysis of the enzyme was carried out for long-chain (palmitic acid, C16:0) and very 

long-chain (lignoceric acid, C24:0) fatty acids as well as for ATP, and CoA.  FATP4 

exhibited substrate specificity for C16:0 and C24:0 fatty acids with a Vmax/Km (C16:0) / 

Vmax/Km (C24:0) of 1.5.  Like purified FATP1, FATP4 was insensitive to inhibition by 

triacsin C but was sensitive to feedback inhibition by acyl-CoA.  Although purified 

FATP4 exhibited high levels of palmitoyl-CoA and lignoceroyl-CoA synthetase 

activity, extracts from the skin and intestine from FATP4 null mice exhibit reduced 

esterification for C24:0, but not C16:0 or C18:1 suggesting that in vivo, defects in very 

long-chain fatty acid uptake may underlie the skin disorder phenotype of null mice.  
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INTRODUCTION  

Studies in multiple tissue types, including cardiomyocytes and adipocytes (1), support 

the hypothesis that fatty acid transport occurs by a saturable, protein-mediated 

mechanism and several candidate proteins responsible for FA uptake have been 

identified.  These include the fatty acid binding protein from the plasma membrane 

(FABPPM), the fatty acid translocase (FAT / CD36), as well as the fatty acid transport 

protein family of molecules (FATP) reviewed in (2). In mammalian cells, FATP 

isoforms 1-6 have been identified based on sequence similarity and have distinct tissue-

specific distributions of expression (3).  When expressed into cultured cells, FATP1 

increases fatty acid import and stimulates triacylglycerol synthesis (4).  Genetic and 

biochemical analyses have shown that the FATP homologue in yeast (Fat1p) is required 

for fatty acid uptake (5) in cells with compromised de novo fatty acid biosynthesis. 

 

Previous work from this laboratory has demonstrated that purified FATP1 possesses 

intrinsic acyl-CoA synthetase activity directed to both long and very long-chain fatty 

acids (6).  Watkins and colleagues have also shown that FATP3 is also an acyl-CoA 

synthetase but that the protein does not facilitate fatty acid internalization into cultured 

cells (7).  These results suggested that the acyl-CoA synthetase and transport functions 

of FATPs might be separable functions.  Indeed, Black and DiRusso have identified 

yeast FAT1 mutants that are deficient in either transport, or acyl-CoA synthetase 

activity, or both (8).  However, the S250A mutant of murine FATP1 as well as multiple 

yeast FAT1 mutants lacking acyl-CoA synthetase activity exhibit greatly diminished FA 

influx supporting the hypothesis that that fatty acid uptake into cells is linked, at least in 



 

 31 

part, to their esterification with coenzyme A in a process termed vectoral acylation 

(9,10). 

 

The importance of FATP4 in fatty acid utilization has been illustrated through the use of 

ablated mice that display extreme phenotypes linked to skin biology.  FATP4 loss of 

function due to either a spontaneous transposon insertion in exon 3, or targeted 

disruption of exon 3, results in mice with a phenotype reminiscent of restrictive 

dermopathy (11,12).  These animals die shortly after birth and have tight, wrinkle-free 

skin and disrupted skin barrier function.  There may be additional phenotypes linked to 

fat absorption in the intestine (13), but these have not been examined in detail.  

Moreover, polymorphisms in the human FATP4 locus have been linked to the 

development of insulin resistance suggesting that this protein may be a major 

contributor to lipid uptake in the adipocyte as well (14,15).  

 

The objective of the study was to determine if FATP4 is an acyl-CoA synthetase, to 

assess the substrate specificity and intrinsic catalytic efficacy of the purified protein, 

and to compare those properties to FATP1 in order to determine if fatty acid transport 

proteins have similar or discretely definable catalytic properties.  To that end, murine 

FATP4 was engineered to contain a C-terminus flag epitope tag, expressed in COS1 

cells, and purified to near homogeneity by affinity chromatography.  Herein we present 

data characterizing FATP4 as a high velocity enzyme with specificity for long and very 

long-chain fatty acids as well as the acyl-CoA synthetase activity of tissues from wild 
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type and FATP4 ablated mice suggesting that in vivo, the transport or acyl-CoA 

synthetase activity for very long-chain fatty acids is critical for FATP4 function.   

 

EXPERIMENTAL PROCEDURES 

Reagents—[3H] palmitic acid and [3H]-lignoceric acid were obtained from American 

Radiochemicals Company.  All non-labeled fatty acid was obtained from NuChek Prep, 

Inc., Elysian, MN.  Triacsin C was obtained from BIOMOL.  Cell culture reagents were 

obtained from GIBCO.  All other reagents were of analytical grade and obtained from 

Sigma Chemical Co., St. Louis, MO.  Dr. Paul Watkins, Kennedy Krieger Institute, 

kindly provided Baltimore, MD the anti-FATP4 antibody.  

 

Generation of FATP4 Recombinant Adenovirus and Expression in COS1 cells—A 

recombinant adenovirus expressing both the green fluorescent protein and murine 

FATP4 was constructed by recombination in Escherichia coli using the methods 

described by He and colleagues (16).  The resulting construct was recombined into 

pADEasy in E. coli BJ5183 cells recreating the replication-deficient adenovirus 

genome.  Linear constructs of the recombinant adenovirus were transfected 

(LipofectAMINE; GIBCO-BRL, Gaithersburg, MD) into 293 cells (American Type 

Culture Collection, Manassas, VA) to allow packaging and amplification of the 

adenovirus.  Large-scale adenovirus preparations from twenty 10-cm plates of infected 

cells were propagated until approximately 50% of the cells lysed.  The cells and media 

were collected and the remaining cells lysed by three freeze/thaw cycles.  The medium 
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was centrifuged at 20,000 x g for 10 min to pellet the cellular debris and the supernatant 

containing virus particles was recovered and frozen in aliquots at –70° C.  

 

For protein expression, COS1 cells were plated in 10-cm plates and grown to 

approximately 80% confluence at 37° C in a 5 % CO2 incubator.  For infection, the 

effective concentration of infectious adenoviral particles was experimentally determined 

by monitoring green fluorescent protein expression and COS1 cell viability seventy-two 

hours post infection.  Adenovirus particles that yielded ~90-100 % infection were 

delivered in 8 mL of DMEM supplemented with 10 % FBS per plate.  Seventy-two 

hours post-transfection, cells were harvested by centrifugation, immediately frozen and 

stored at -70° C. 

 

Affinity Purification of Recombinant FATP4 Protein—COS1 cells expressing FATP4-

flag were thawed in buffer A (150 mM Tris-HCL, pH 7.5, 250 mM sucrose, and 150 

mM NaCl), subjected to five freeze/thaw cycles, and solubilized with 1% n-dodecyl-β-

D-matlopyranoside (DDM) for four hours at 4° C.  The soluble fraction was separated 

from debris by centrifugation at 100,000 x g for 1 hour at 4° C, recovered, and glycerol 

was added to a final concentration of 20%.  For purification of recombinant FATP4-

flag, α-FLAG matrix beads (Sigma) equilibrated with buffer A was incubated with the 

protein extract for 6 hours, washed, and eluted with flag peptide in Buffer A containing 

0.1% DDM.  Eluates were pooled, aliquoted, and stored at -70° C until use. To 

determine the amount of purified protein, samples were precipitated (17) and protein 
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concentration determined by the bicinchoninic acid method (Pierce) with bovine serum 

albumin as the standard.   

 

Fatty acyl-CoA synthetase assays—Samples were assayed for acyl-CoA synthetase 

activity by the conversion of [3H]-palmitate or [3H]-lignocerate to their CoA derivatives 

by a modified method from Nagamatsu et al. (18) as described by Hall et al (6).  All 

kinetic studies reported used 0.5-2 µg of purified FATP4 for 2 min at pH 7.5 and 30 

mM NaCl in 250 µL of a buffer containing 20 µM fatty acid delivered bound to α-

cyclodextrin, 100 mM Tris-HCl (pH 7.5), 10 mM ATP, 5 mM MgCl2, 200 µM CoA, 

and 200 µM dithiothreitol.  Addition of enzyme purified in the presence of 0.1% DDM 

resulted in a final concentration of 0.02% DDM in all standard assays.  Reactions were 

terminated with the addition of 1.25 mL of isopropenol:heptane:H2SO4 (40:10:1, v/v/v), 

0.5 mL of H20 and 0.75 mL of heptane to facilitate organic phase separation.  The 

aqueous phase was extracted three times with 0.75 mL of heptane to remove unreacted 

fatty acids and the radioactivity determined by liquid phase scintillation counting.  The 

enzyme activity was stable in the elution buffer and activity was retained for 2 months 

without significant loss of activity when stored at -70° C.   

 

Stability of purified FATP4 in DDM-detergent micelles— Purified FATP4 was thawed 

on ice and then maintained at either 4 °C or 37 °C for various lengths of time and then 

assayed for acyl-CoA synthetase activity at 37 °C with [3H]-lignoceric acid.  The zero 

time point represents assayed activity immediately after thawing.   
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Competition studies— Due to the unavailability of commercially radiolabeled fatty 

acids, the fatty acid substrate specificity of the purified FATP4 was indirectly 

determined by a competitive enzymatic inhibition by the addition of unlabelled fatty 

acids at a constant concentration of 15 µM in the reaction in addition to either [3H] 

palmitic acid or [3H]-lignoceric acid.  A selectivity series for fatty preference was 

generated by determining the fraction of acyl-CoA synthetase activity at 1/2 [S]max. 

 

Acyl-CoA synthetase activity in murine tissues—Tissues from FATP4 null mice (11) 

(intestine, liver, lung, brain, and skin) were excised from killed newborn mice, weighed, 

washed in cold phosphate-buffered saline, and snap-frozen in liquid nitrogen. The 

tissues were ground to a fine homogenate in a glass homogenizer in a total volume of 

800 µL phosphate-buffered saline containing 1 % protease inhibitor cocktail P 8340 

(Sigma). Protein concentrations were determined by Bradford assay.  All mouse 

procedures were in compliance with the guidelines of the institutional animal care and 

use committees and in accordance with governmental guidelines. 

 

RESULTS 

Previous studies in crude extracts from cells over expressing FATP4 have suggested 

that the protein is an acyl-CoA synthetase (19).  To determine if FATP4 exhibits 

intrinsic fatty acid CoA synthetase activity and to kinetically assess the properties of 

such a reaction, murine FATP4 was purified and studied.  To facilitate purification, 

FATP4 was C-terminal tagged with a flag epitope and over expressed in COS1 cells by 

a recombinant adenoviral infection method.  To obtain FATP4 protein in a highly 
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purified form that retains biological activity, membranes were extracted with a variety 

of different detergents and solubilized protein and acyl-CoA synthetase activity 

compared.  Figure 1A shows the immunoblotting analysis of the membranes extracted 

with different detergents.  Extraction of membranes with 1% DDM solubilized FATP4 

from COS1 to the greatest extent in comparison to the other detergents tested.  The 

degree of FATP4 solubilization obtained for each detergent was generally proportional 

to the acyl-CoA synthetase activity (Figure 1B) with the exception of C12E8.  While the 

extractable activity obtained with C12E8 was high, the amount of enzyme obtained was 

relatively low; as such, DDM was chosen for further analyses.  

  

The purification involved detergent extraction of FATP4 from the membrane with 1% 

DDM and chromatography through α-FLAG-agarose resin.  Figure 1C presents the 

SDS-PAGE analysis of pooled elution fractions collected during a typical FATP4 

purification, along with the corresponding immunoblotting analysis with α-FATP4 

antibody.  The purified FATP4 migrated as a single band on a 7% SDS-polyacrylamide 

gel and was judged to be at least ~80% pure by silver staining.  The level of murine 

FATP4 enrichment obtained from the α-FLAG column purification was ~2000-fold as 

assessed by comparison of the specific activity of the crude cell fraction to the eluted 

fraction (Table 1). 
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Figure 1.   Immunoblot analysis of detergent soluble extracts of FATP4 from COS1 
cells and SDS-PAGE analysis of purified FATP4.  FATP4-Flag plasmid was transfected into 
COS1 cells and 72 h post-transfection, cells were harvested by centrifugation and extracts 
prepared in buffer A (150 mM Tris-HCL, pH 7.5, 250 mM sucrose, and 150 mM NaCl) 
containing either 1% Triton X-100, 2% octaethylene glycol monododecyl ether (C12E8), 1% n-
dodecyl-β-D-matlopyranoside (DDM), 2% n-octyl-β-D-glucopyranoside (OG), or 1% 1,2-
diheptanoylphosphatidylcholine (DHPC).  Panel A, equal volumes of extracts were separated on 
a 7% SDS-polyacrylamide gel and analyzed for the presence of FATP4 immunochemically 
using α-FATP4 antibodies.  Detection was accomplished using HRP-conjugated goat anti-rabbit 
IgG secondary antibody and enhanced chemiluminescence.  Lane 1, 1% Triton X-100; lane 2,  
2% C12E8; lane 3, 1% DDM; lane 4, 2% OG; lane 5, 1% DHPC.  Numbers on y-axis represent 
molecular mass markers in kDa.  Panel B, the FATP4 soluble crude extracts were assayed for 
C24:0 () and C16:0 ( ���� ) acyl-CoA synthetase activity.  Numbers on x-axes correspond to 
western blot lanes.  The values are expressed as the mean ± standard deviation.  Data presented 
is from a representative experiment of three independent determinations. Panel C, silver stain 
(lane 1) and immunodetection with α-FATP4 antibody (lane 2) of pooled elution fractions from 
an FATP4 purification.  Numbers on y-axes represent molecular mass markers in kDa. 
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Table 1. 
FATP4 purification profile 

Recombinant FATP4 was expressed and purified as described under 
“Experimental Procedures”.  Fractions were taken at various steps throughout 
the purification and assayed for lignoceroyl-CoA synthetase activity as 
described under “Experimental Procedures”.  Values are reported as the mean ± 
standard deviation. 

 Step  Volume Protein       Sp. Act.       Fold 
      (mL)  (mg/mL)     nmol/min/mg   purification 

Crude extract  3.75  15.8   0.34 ± 0.01  1 
Detergent soluble 3.75  10.3    0.6 ± 0.1  1.8 

α-Flag elution  5.0  0.005   723 ± 68  2125 
 

Previous studies on FATP1 have demonstrated that Triton X-100 has an inhibitory 

effect on its acyl-CoA synthetase activity (6), presumably due to sequestration of the 

substrates into detergent micelles.  To determine whether FATP4 acyl-CoA synthetase 

activity was sensitive to DDM, purified enzyme was assayed with increasing 

concentrations detergent.  FATP4 acyl-CoA synthetase activity was sensitive to DDM 

in the reaction buffer, with both C16:0 and C24:0 acyl-CoA synthetase activity 

decreasing with increasing DDM concentration (Figure 2A).  The activity of FATP4 

was found to be relatively insensitive to DDM below 0.03% DDM; as such, a final 

concentration of 0.02% DDM was adopted for all assays.  To test the stability of 

purified FATP4 in DDM-detergent micelles, purified FATP4 was thawed on ice and 

maintained at either 4° C or 37° C for various times and then assayed for acyl-CoA 

synthetase activity (Figure 2B).  Purified FATP4 in DDM micelles retained activity at 

4° C for up to one hour but lost activity quickly when maintained at 37° C. 
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Figure 2. FATP4 sensitivity and stability in DDM.  Panel A, purified FATP4 was 
assayed for acyl-CoA synthetase activity with C16:0 () or C24:0 () in the presence of 
increasing concentrations of DDM. Initial acyl-CoA synthetase activity is defined as the activity 
in the presence of 0.02% DDM.  Initial C24:0 activity was 194 nmol/min/mg and initial C16:0 
activity was 410 nmol/min/mg.  Panel B, stability of FATP4 at 4° C () and 37° C (▲) was 
determined by assaying acyl-CoA synthetase activity with C24:0 at various time points.  The 
values are expressed as the mean ± standard deviation.  Data presented is from a representative 
experiment of three independent determinations. 
 

The FATP4 acyl-CoA synthetase activity was optimized with respect to several 

standard reaction parameters for both long-chain (C16:0) and very long-chain (C24:0) 

fatty acids.  As shown in Figure 3, the activity was proportional to the amount of 

enzyme added to the reaction (3A) as well as time of reaction (3B).  In addition, the pH 

sensitivity of the reaction was evaluated (3C), as was the influence of ionic strength 

(3D).  The purified FATP4 has broad pH dependence with 7.0–8.5 being generally 

optimal and enzymatic activity was sensitive to the NaCl concentration when varied 

from 30 mM to 500 mM.  Synthetase activity was modestly activated at lower ionic 

strength and then was inhibited at salt concentration in excess of 300 mM.   
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Figure 3. FATP4 acyl-CoA synthetase reaction conditions.  Panel A, acyl-CoA 
synthetase activity as a function of FATP4.  Panel B, time course of C16:0 esterification by 
FATP4.  Panel C, effect of pH on FATP4 acyl-CoA synthetase activity.  Panel D, effect of ionic 
strength on FATP4 acyl-CoA synthetase activity.  Data points are expressed as the mean ± 
standard deviation. Data presented is from a representative experiment of three independent 
determinations. 
 

The fatty acid esterification properties of purified FATP4 were measured for two model 

lipid substrates as well as for CoA and ATP.  The apparent Km values of the purified 

enzyme were determined for palmitic acid (C16:0), lignoceric acid (C24:0), ATP, and 

CoA at 37° C (Figure 4).  FATP4 demonstrated high affinity toward its substrates and 

co-substrates exhibiting a Km of 13 µM for C16:0, 4.8 µM for C24:0, 1.4 mM for ATP, 

and 47 µM for CoA (Table 2).  It should be stressed that because these studies are done 

in the presence of detergent, and using lipid delivered using α-cyclodextrin mediated 

solubilization, the free unbound concentration of fatty acids cannot be determined and 
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the Km values reported for each fatty acid represent apparent values assuming all lipid 

was available to the enzyme.  Since the solubility of lignoceric acid and palmitic acid 

vary greatly, this assumption is likely to be incorrect, but represents an experimentally 

tractable method for analyzing the data and comparing one enzyme to another.  The 

maximal specific activity of ~4300 nmol/ min/ mg was measured for C16:0 and ~1050 

nmol/ min/ mg for C24:0 which were 40 and 5-fold greater than those measured for 

purified FATP1, respectively (6). 

 

 

Figure 4.  Substrate analysis for purified FATP4 ().  Panel A, activity as a function of 
C16:0.  Panel B, activity as a function of C24:0.  Panel C, activity as a function of ATP.  Panel 
D, activity as a function of CoA.  Data points are expressed as the mean ± standard deviation. 
Data presented is from a representative experiment of three independent determinations. 
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Table 2. 
Comparison of kinetic constants for FATP4, FATP1 and ACSL1 

Recombinant FATP4 was expressed, purified, and assayed for lignoceroyl-CoA 
and palmitoyl-CoA synthetase activities as described under “Experimental 
Procedures”.  Data are representative of at least two individual trials ± standard 
deviation and should be considered apparent rather than true values due to the 
presence of detergent in the analysis.  (*) denotes values determined using 
palmitic acid (C16:0) as substrate.   
 

FATP4 FATP1# ACSL1# 
ATP* 

Km (mM)   1.4 ± 0.1 0.85 ± 0.1 0.32 ± 0.3 
Vmax (nmol/min/mg)  3740 ± 90 160 ± 0.1 5003 ± 100 
Vmax/Km   2700  190  15,600 

CoA* 

Km (µM)   47 ± 4  8.3 ± 1.6 6.4 ± 0.7 
Vmax (nmol/min/mg)  4570 ± 170 169 ± 10 4602 ± 144 
Vmax/Km   100  20  720 

C16:0 
Km (µM)   13 ± 3  21 ± 5  33 ± 4 
Vmax (nmol/min/mg)  4248 ± 420 122 ± 40 3232 ± 400 
Vmax/Km   330  6  100 

C24:0 
Km (µM)   4.8 ± 1.0 13 ± 3  18 ± 8  
Vmax (nmol/min/mg)  1051 ± 69 243 ± 30 240 ± 50 
Vmax/Km   220  20  13 

 
#  Data from reference 6. 
 

Because a large number of different fatty acids are not commercially available in 

radiolabeled form, the fatty acid substrate specificity of the purified FATP4 was 

indirectly determined by a competitive enzymatic inhibition by the addition of 

unlabelled fatty acids in the reaction in addition to either [3H] palmitic acid or [3H]-

lignoceric acid (Figure 5).  Esterification of labeled lignoceric acid was inhibited only 

slightly by the addition of 15 µM of two long-chain fatty acids, C16:0 and C20:4.  In 

contrast, the conversion of [3H]-palmitate to palmitoyl-CoA was decreased by the 

addition of very long-chain fatty acids with the rank order of C24:0 = C20:0 > C16:0.  
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As with the other kinetic analysis, due to the differing solubilities of the various 

competing fatty acids, true Ki values cannot be determined and a simple selectivity 

series is presented.  As such, these results suggest that the true Km value for lignoceric 

acid is quite low and that the enzyme is much more specific for very long-chain FA 

rather than long-chain FA.   

 

 

 

Figure 5.   Competition studies with various long-chain and very long-chain fatty 
acids.  Purified FATP4 was assayed for long-chain or very long-chain acyl-CoA synthetase 
activity in the presence of indicated fatty acids at 15 µM.  Panel A, C16:0 () esterification was 
evaluated with the following competitor fatty acids:  C24:0 (), C20:0 (), and C16:0 ().  
Panel B, C24:0 () esterification was evaluated with the following competitor fatty acids:  
C20:4 () and C16:0 ().  The values are expressed as the mean ± standard deviation.  Data 
presented is from a representative experiment of two independent determinations. 
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Reports of the cellular concentration of long-chain acyl-CoA esters vary between 5 and 

160 µM (5).  To determine whether FATP4 is regulated by feedback inhibition, 

increasing concentrations of palmitoyl-CoA were titrated into the standard reaction 

conditions (Figure 6A) and the activity of FATP4 evaluated.  At a concentration of 10 

µM palmitoyl-CoA, the FATP4 acyl-CoA synthetase reaction was inhibited by ~35%, 

where as 100 µM inhibited the reaction by greater than 90% for both C16:0 and C24:0.  

Triacsin C has been reported to be a potent competitive inhibitor of ACSL1 and ACSL4 

(20), but does not inhibit FATP1 (6).  To test whether triacsin C inhibits purified 

FATP4, various concentrations were added to the standard reaction mixture (Figure 6B) 

and the conversion of C16:0 and C24:0 to their CoA derivatives evaluated.  

Surprisingly, Triacsin C had no effect on FATP4 acyl-CoA synthetase activity toward 

C24:0 esterification, but inhibited C16:0 esterification in a dose-dependent manner with 

an IC50 of ~30 µM.  Troglitazone inhibition of CoA synthetase activity paralleled the 

result with Triacsin C; C24:0 esterification was unaffected by concentrations up to 50 

µM and inhibited C16:0 conversion with an IC50 of ~20 µM (Figure 6C).  These results 

are consistent with the proposal that FATP4 is more specific for very long-chain FA 

esterification than for long-chain esterification.  
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Figure 6.  Inhibition of FATP4 synthetase activity.  Purified FATP4 was assayed for 
C16:0 (open symbols) and C24:0 (closed symbols) acyl-CoA synthetase activity in the presence 
of increasing concentrations of (A) palmitoyl-CoA, (B) Triacsin C, and (C) troglitazone. The 
values are expressed as the mean ± standard deviation.  Data presented is from a representative 
experiment of three independent determinations. 
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The phenotype of FATP4 null mice suggests defects in lipid uptake and/or metabolism.  

To evaluate the relevance of the FATP4 acyl-CoA synthetase activity to the phenotype 

of the null mice, the esterification of a variety of long and very long-chain FA was 

evaluated in extracts from FATP4 null mice (Figure 7).  Although the C16:0 

esterification activity of purified FATP4 exceeded that for C24:0, there were no 

statistically significant changes in palmitic or oleic acid esterification measured in any 

tissue.  This is likely due to the presence of other acyl-CoA synthetases capable of 

C16:0 esterification.  In contrast, esterification of C24:0 was significantly decreased in 

the intestine, brain, and skin samples from the FATP4 null mice when compared to wild 

type littermates, but was identical in the liver and lung samples where additional FATP 

family members are expressed (3).  These results are consistent with the in vitro 

characterization of FATP4 activity and strongly suggest that in vivo, the loss of FATP4-

mediated very long-chain fatty acid esterification may underlie the null phenotype.    
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Figure 7.  Acyl-CoA Synthetase activity in FATP4 null mice.   Tissues from FATP4 
null mice and wild type littermates were assayed for (A) C16:0, (B) C18:1, and (C) C24:0 acyl-
CoA synthetase activity.  * denotes p-values <0.05.  The values are expressed as the mean ± 
standard deviation.  Data presented is from a representative experiment of three independent 
determinations. 
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DISCUSSION 

The FATP family of proteins was originally identified by the ability to facilitate fatty 

acid uptake using a fluorescent fatty acid internalization assay (21).  Subsequently, 

mammalian FATP family members have been shown to catalyze fatty acid uptake using 

a variety of assays in multiple systems including evaluation in stable cell lines, transient 

transfection into 293, COS or CHO cells, and complementation of deletions in the yeast 

orthologue (3,4,22).  Moreover, the purified FATP1 is an acyl-CoA synthetase and 

based on work from the yeast system has been postulated to function in a process 

termed vectoral acylation.  Vectoral acylation links CoA dependent esterification of 

fatty acids to their influx thereby trapping the internalized lipid, preventing its diffusion 

or transport from the cell.  It is unclear if FATPs facilitate both transbilayer movement 

of fatty acids and esterification or simply esterification of a fatty acid that has diffused 

across the membrane.  However, yeast FAT1 mutants have been identified with 

separable transport and esterification activity suggesting that the mammalian FATP 

family, if functioning similarly, may too be bifunctional (8).  This hypothesis does not 

exclude the participation of other proteins such as CD36 that may function as a fatty 

acid receptor presenting a high local concentration of fatty acid at the plasma 

membrane, or ACSL1 another acyl-CoA synthetase, that collectively may work in 

concert with FATP.  Vectoral acylation therefore is a functional parallel to the glucose 

transport-hexokinase system functioning in sugar import.   

 

The current study was undertaken to evaluate the catalytic properties of the FATP4 

acyl-CoA synthetase reaction.  Here we demonstrate that in vitro, purified FATP4 has a 
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robust acyl-CoA synthetase activity with moderate specificity for long-chain fatty acids 

over very long-chain fatty acids.  FATP4 is a high velocity enzyme comparable to 

ACSL1, the traditional enzyme believed to esterify fatty acids broadly in cells.  FATP4 

prefers long-chain fatty acid to very long-chain fatty acids, although care must be taken 

to consider that this conclusion is based on kinetic evaluations that consider all the 

substrate available to the enzyme.  Given the differences in chemical solubility between 

C16:0 and C24:0, the ability to make absolute statements is tenuous at best. 

 

The kinetic properties of purified FATP4 protein are interesting when compared to 

those exhibited by ACSL1 purified similarly.  Purified his-tagged ACSL1 demonstrated 

the expected high affinities toward C16:0, ATP, and CoA, with Km values of 33 µM, 

320 µM, and 6.4 µM respectively (Table 2).  Interestingly, ACSL1 also utilized very 

long-chain fatty acids (C24:0) with a Km of 18 µM.  The maximal velocity of ACSL1 

for C16:0 was about 3200 nmol/ min/ mg, but was greatly reduced for C24:0 to 240 

nmol/ min/mg.  Consistent with the reduced velocity for very long-chain fatty acids, 

ACSL1 was 10-fold more active toward C16:0 than C24:0 as demonstrated by Vmax/Km 

values of 100 and 13 respectively.  In contrast FATP4 exhibited higher activity toward 

C16:0 and increased specificity for C16:0 (Vmax/Km of 330) over C24:0 (Vmax/Km of 

220).  For very long-chain fatty acids, FATP4 was ~5-fold more active than was 

ACSL1 while the enzymes had comparable long-chain fatty acid esterification activity.  

In general FATP4 is a more robust acyl-CoA synthetase than is ACSL1.   

 

FATP4 demonstrates a preference for C16:0 over C24:0 in these in vitro studies.  
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However, a number of experimental observations suggest that C24:0 may be the    

preferred substrate for FATP4 in vitro and in vivo.  First, two fatty acid analogs Triacsin 

C and troglitazone were effective inhibitors of C16:0 esterification but not for C24:0.  

Second, in competition studies, lignoceric acid could compete for C16:0 conversion; 

however, C16:0 did not inhibit C24:0 esterification.  Finally, tissues from FATP4 null 

animals were only defective for C24:0 esterification, while C16:0 or C18:1 conversion 

were unaltered.  While the apparent Km values for C16:0 and C24:0 were essentially 

identical, these observations suggest the actual Km value for C24:0 is much lower that 

that of C16:0.   

 

A comparative analysis of the two purified FATP proteins reveal significant differences 

between the enzymes.  FATP4 is a high velocity acyl-CoA synthetase with preference 

for C24:0 over C16:0.  Additionally, the FATP4 reaction is sensitive to a number of 

potential inhibitors including the product palmitoyl-CoA, and two fatty acid analogs, 

Triacsin C and troglitazone.  On the other hand, FATP1 is comparatively a low velocity 

enzyme with broad specificity for fatty acids of 16 to 24 carbons.  The FATP1 reaction 

is insensitive to Triacsin C and troglitazone, but subject to product inhibition.  The 

relative abundance and cellular locations of FATP1 and FATP4 in adipocytes are not 

known. However if both enzymes are located on the plasma membrane, based upon the 

relative velocities of the two enzymes, FATP4 may be the major contributor to vectoral 

acylation.  This may explain the lack of effects on adipose tissue lipid metabolism 

observed in FATP1 null mice where the major metabolic effect is centered in muscle 

(23).   
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Tissue extracts of the intestine, brain, and skin from FATP4 null mice exhibit reduced 

esterification for C24:0, but not C16:0 or C18:1 suggesting that in vivo, the very long-

chain acyl-CoA synthetase activity of FATP4 contributes to the skin disorder phenotype 

of null mice.  This conclusion is supported by lipid composition analysis of the FATP4 

null mice.  The epidermis of the FATP4 -/- mice had a reduced molar content of 

phosphatidylcholine, phosphatidylethanolamine, and cholesteryl ester, but increased 

ceramide compared to wild type littermates.  Furthermore, detailed analysis of the 

ceramide species demonstrated the null mice had a significantly lower portion of very 

long-chain fatty acids (C26:0 and C26:0-OH) and an increased proportion of fatty acids 

with less than 26 carbons.  This shift to shorter chain fatty acids was also observed for 

phosphatidylcholine and phosphatidylserine.  The lack of effects in other tissues is 

likely due to the expression of other acyl-CoA synthetases, including FATP isoforms, in 

those cell types.  

 

In sum, these results demonstrate that FATP4 exhibits intrinsic acyl-CoA synthetase 

activity and is a high velocity enzyme relative to FATP1 and ACSL1.  For long-chain 

fatty acids, the FATP4 enzyme exhibits a Vmax / Km  similar to ACSL1.  This may 

suggest that ACS family members could functionally compensate for disruptions of 

FATP for some but not all lipid substrates.  However, striking evidence from FATP4 

null mice (12) that exhibit a wrinkle-free phenotype reminiscent of essential fatty acid 

deficiency suggests unique specialized roles for the fatty acid transport proteins in very 

long-chain fatty acids metabolism and that their physiological significance is central to 

normal lipid homeostasis.  
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CHAPTER 3: 
 

FATTY ACID METABOLISM IN ADIPOCYTES: FUNCTIONAL ANALYSIS 
OF FATTY ACID TRANSPORT PROTEINS 1 AND 4 
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SUMMARY 

The role of fatty acid transport protein 1 (FATP1) and fatty acid transport protein 4 

(FATP4) in facilitating adipocyte fatty acid metabolism was investigated using stable 

FATP1 or FATP4 knockdown (kd) 3T3-L1 cell lines derived from retroviral-delivered 

shRNA.  Decreased expression of FATP1 or FATP4 did not affect preadipocyte 

differentiation or the expression of FATP1 (in FATP4 kd), FATP4 (in FATP1 kd), 

CD36, ACSL1 and AFABP/aP2 but did lead to increased levels of PPARγ and C/EBPα.  

Both FATP1 and FATP4 kd adipocytes exhibited reduced triacylglycerol deposition and 

corresponding reductions in di-, and monoacylglycerol levels when compared to control 

cells.  FATP1 kd adipocytes displayed a ~25% reduction in basal and a complete loss of 

insulin-stimulated [3H]-fatty acid uptake compared to control adipocytes.  In contrast, 

FATP4 kd adipocytes as well as HEK-293 cells over expressing FATP4 did not display 

any changes in fatty acid influx.  FATP4 kd cells exhibited increased basal lipolysis 

whereas FATP1 kd cells exhibited no change in lipolytic capacity.  Consistent with 

reduced triacylglycerol accumulation, FATP1 kd and FATP4 kd adipocytes exhibited 

enhanced 2-deoxyglucose uptake compared to control adipocytes.  These findings 

define unique and distinct roles for FATP1 and FATP4 in adipose fatty acid 

metabolism. 
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INTRODUCTION 

Dysregulation in adipose fatty acid metabolism is a significant contributing factor to the 

development of obesity and associated metabolic diseases such as type 2 diabetes, 

hypertension and cardiovascular disease (1-3).  Central to this imbalance are differing 

rates of long-chain fatty acid (LCFA) influx, efflux and metabolism by adipose tissue.  

While appreciated for decades, the molecular mechanism(s) that control and mediate 

fatty acid flux in fat cells remain poorly defined from structural, mechanistic and 

regulatory viewpoints.   

 

While diffusion may play a fundamental role in transbilayer movement of LCFA, 

molecular and genetic evidence from loss or gain of function studies have identified a 

number of proteins facilitating some component of the fatty acid influx process (4-8).  

Proteins implicated in fatty acid uptake are fatty acid translocase (CD36), acyl-CoA 

synthetases (FATP and ACSL family members), plasma membrane fatty acid binding 

protein (FABPpm) and caveolin-1.  The relative contribution of each polypeptide to 

overall cellular fatty acid influx has not been quantitatively evaluated. 

 

FATPs are a family of membrane bound proteins that catalyze the ATP-dependent 

esterification of long and very long-chain fatty acids to their acyl-CoA derivatives (9).  

The FATP proteins bear 20-40% sequence identity to the long-chain acyl-CoA 

synthetase (ACSL) class of proteins that function in long-chain acyl-CoA production.  

In mammals, six different isoforms of FATP (FATP1-6) have been identified with 
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tissue specific expression patterns (10).  White adipose tissue predominantly expresses 

FATP1, FATP4 and ACSL1 while brown adipose tissue additionally expresses ACSL5.   

 

FATP1 is a 63-kDa protein found to be localized primarily to high density membranes 

and to a lesser extent in the plasma and low density membrane fractions of murine 

adipocytes and 3T3-L1 cells (5).  FATP1 (as well as ACSL1) was identified using an 

expression clone strategy designed to identify proteins that enhanced long-chain fatty 

acid uptake (11).  Evidence for the role of FATPs in fatty acid transport has been 

qualitatively evaluated by various loss of function/gain of function model systems.  

Stable HEK-293 cell lines over expressing murine FATP1 demonstrate increased LCFA 

uptake and triacylglycerol accumulation (12).  A transgenic mouse model with cardiac-

specific expression of FATP1 demonstrated increased myocardial LCFA uptake 

(12,13).  Disruption of the FATP1 homologue expressed in yeast, fat1p, markedly 

impaired LCFA uptake (14) and a murine FATP1 knockout mouse exhibited reduced 

muscle acyl-CoA levels and increased insulin sensitivity (15).  

 

FATP4 is the closest homologue of FATP1 (60.3% identity) that is expressed in adipose 

tissue (16).  It role in adipose tissue metabolism is largely unknown.  However, FATP4 

is also expressed in skeletal muscle, heart, skin, liver and is the principle fatty acid 

transporter in the small intestine localized to the apical side of enterocytes where it is 

though to mediate the uptake of dietary fatty acids (17). FATP4 null mice displayed 

features of a human neonatally lethal restrictive dermopathy which has been associated 

with a disturbed function in the epidermal barrier (18-20).  FATP4 encodes an acyl-
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CoA synthetase with substrate specificity to very long-chain fatty acids that may be 

required for synthesis of lipids crucial in formation of a healthy epidermis (21,22).   

Polymorphisms in the human FATP4 gene locus have identified this gene as a candidate 

for the insulin resistance syndrome (23).  Moreover, FATP4 expression levels 

correlated with measures of acquired obesity and insulin resistance (23).  These 

observations indicate the importance of the study of FATP4 function in adipocyte fatty 

acid uptake and metabolism.  

Our long-term goal is to identify and define in quantitative terms the mechanisms 

controlling LCFA flux in mammalian cells and the roles of specific proteins implicated 

in the influx reaction.  In this report, we evaluated the specific role(s) of FATP1 and 

FATP4 in mediating LCFA influx and efflux using FATP1/ FATP4 knockdown 

(FATP1 kd/ FATP4 kd) 3T3-L1 adipocytes produced using lentiviral delivery of 

shRNA targeted towards FATP1 or FATP4.  We report herein that FATP1 facilitates 

the insulin-stimulated component of LCFA uptake, but only has a minor role in basal 

LCFA uptake in 3T3-L1 adipocytes.  FATP4 does not play a rate-limiting role in either 

basal nor insulin-stimulated fatty acid uptake.  FATP4 knockdown adipocytes exhibited 

increased basal lipolysis suggesting a role in fatty acid re-esterification in 3T3-L1 

adipocytes.     
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MATERIALS AND METHODS 

Materials- Cell culture reagents were obtained from Invitrogen.  Porcine insulin, 

puromycin, cytocholasin B and deoxyglucose were obtained from Sigma-Aldrich. 

Geneticin was obtained from Gibco/BRL Life Technologies.  Non-radiolabeled fatty 

acids were obtained from Nu-Chek Prep, Inc. (Elysian, MN).  [3H]-oleic and [3H]-

lignoceric acid was obtained from American Radiochemicals Company.  [3H]-palmitic, 

[3H]-arachidonic acid and [14C] 2-deoxy-D-glucose was obtained from Amersham 

Pharmacia Biotech. 

Antibodies used: rabbit anti- CD36, rabbit anti-PPARγ, and rabbit anti-C/EBPα 

(obtained from Santa Cruz biotechnology. Inc.); rabbit anti-GLUT4 (gift of Dr. H. 

Haspel, Charles River Laboratory, Wilmington, MA); rabbit anti-ACSL1 (gift of Dr. 

Rosalind Coleman, University of North Carolina, Chapel Hill, NC); rabbit anti-FATP4 

(gift of Dr. Paul Watkins, Kennedy Krieger Research Institute, Baltimore, MD); 

horseradish peroxidase (HRP)-coupled IgGs (obtained from Jackson ImmunoResearch 

Laboratories, Inc.).  All other reagents were of analytical grade and obtained from 

Sigma. 

 

Cell culture conditions- 3T3-L1 pre-adipocytes were cultured and differentiated into 

adipocytes as described previously (24).  Briefly, preadipocytes were cultured in 

Dulbecco’s modified Eagle’s medium (DMEM) containing 10% calf serum.  Two days 

after reaching confluence, cells were induced to differentiate in DMEM supplemented 

with 10% fetal bovine serum (FBS), 174 µM insulin, 0.5 mM methylisobutylxanthine, 

and 0.25 µM dexamethasone.  Two days post initiation of differentiation, 
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dexamethasone and methylisobutylxanthine were withdrawn from the media, whereas 

insulin was withdrawn after four days.  Differentiated adipocytes were maintained in 

DMEM and 10% FBS until mature (Day 8-12). 

 

Generation of FATP1 kd and FATP4 kd 3T3-L1 adipocytes using lentiviral-delivered 

RNAi- A lentiviral-based RNAi vector pLKO1 (kindly provided by Sheila Stewart at the 

Whitehead institute, Cambridge, Massachusetts) was used for siRNA mediated FATP1 

knockdown in cultured 3T3-L1 cells.  This vector was shown to stably express shRNAs 

under the control of the RNA polymerase III promoter of the U6 gene in non-dividing 

cells (25).  Oligomers 60 basepair in length containing a stem-loop structure directed 

against FATP1, FATP4 were synthesized and cloned into the AgeI/EcoRI site in 

pLKO1. Four siRNA sequence variants for each gene were synthesized and analyzed.  

Based on the ability of the lentiviral RNAi vector to effectively silence the expression 

of FATP1/FATP4 by 75 % or more in 293T cells transiently co-transfected with a 

FATP1/FATP4 expression vector and each of the four lentiviral RNAi vectors, one of 

the gene sequence variant constructs was selected for the generation of recombinant 

lentiviruses. The selected oligomer targeting the FATP1 nucleotide sequence was 5’-    

TGCTGTAGCCAACCTGTTCC-3’ (nucleotide positions 342-361) and targeting the 

FATP4 nucleotide sequence was 5’-GGCACGAGCTCTCATCTT-3’ (nucleotide 

positions 519-536).  A construct expressing shRNA against a scrambled FATP1 

sequence (5’- TAGGTCTTCAAGAGGGGATG-3’) was used as a control.  

Recombinant lentiviruses were packaged in 293T cells and harvested 24, 48 and 72 

hours later (4).  3T3-L1 fibroblasts were transduced with the lentiviruses for 4-6 hours 
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in the presence of 6 µg/ml polybrene at an m.o.i of approximately 50-100.  Cells were 

allowed to recover for 48 hr post-transduction before addition of selection media 

containing 2 µg/ml of puromycin.  Stable knockdown cell lines were generated from a 

heterogeneous pool of puromycin resistant 3T3-L1 fibroblasts. 

 

Generation of stable HEK-293 cells expressing FATP4-  FATP4 subcloned into 

pcDNA3.0 (Invitrogen) or vector control was linearized and introduced into 293 cells 

by electroporation. 293 cells are an excellent model system to evaluate FATP4 function 

in lipid metabolism for they are a well defined cell system, grow easily in culture, and 

have been shown to tolerate FATP expression (12).  Dilutions of the electroporated cells 

were plated in DMEM containing 10% FBS and incubated at 37°C, 5% CO2.  Selection 

was initiated after 48 hr with the addition of 400 µg/ml geneticin.  After 8 days colonies 

were selected using cloning rings and individual lines developed.  Once established, 

several lines were analyzed for FATP4 expression.  The cell lines and vector control 

cells were maintained in 400 µg/ml geneticin.  FATP4 over expressing cell lines were 

analyzed for total cellular lignoceroyl (C24:0) CoA synthetase activities and oleate 

(C18:1) uptake by a procedure similar to that used for 3T3-L1 adipocytes.   

 

Immunoblot analysis-  3T3-L1 adipocytes were lysed in a buffer containing 50 mM 

Tris-HCl pH 7.5, 50 mM sodium fluoride, 5 mM sodium pyrophosphate, 1mM 

ethylenediamine tetraacetic acid, 1 mM dithiothreitol, 0.1 mM phenylmethyl sulfonyl 

fluoride, 10% glycerol and protease and phosphatase inhibitors.  Crude cell extracts (50-

100µg total protein) were separated by electrophoresis on a denaturing SDS-
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polyacrylamide gel and transferred to nitrocellulose or PVDF membranes.  The 

membranes were blocked with 5% non-fat milk in TBST (100 mM Tris pH 7.4, 0.9% 

sodium chloride, 0.05% Tween-20) for 1 hour at room temperature.  Following 

incubation with primary antibodies, the membranes were incubated with secondary 

antibodies conjugated to horseradish peroxidase.  Antibody reactivity was detected by 

chemiluminescence and protein abundance quantitated by densitometry using a 

FujiFilm FLA-5000 detector.  

 

Analysis of cellular fatty acid uptake- 3T3-L1 adipocytes (day 8) were pre-incubated for 

3 hours in Krebs–Ringer's Hepes (KRH) buffer (pH 7.4) containing 120 mM NaCl, 4.7 

mM KCl, 2.2 mM CaCl2, 10 mM HEPES, 1.2 mM KH2PO4, 1.2 mM MgSO4 and 5.4 

mM glucose.  Stock solutions (5 mM) of non-radioactive fatty acids were prepared as 

described (Hatch 1994).  Radioactive [3H]-fatty acids (1 mCi/ mmol) were added to 

achieve the final specific activity.  Adipocytes were incubated either with or without 

insulin (50-100 nM) for 30 minutes and fatty acid uptake initiated by incubating cells in 

KRH buffer, pH 7.4, containing 5.4 mM glucose and 50 µM [3H]-palmitic, oleic or 

arachidonic acid, each bound to fatty acid free BSA in a ratio adjusted to generate a free 

fatty acid concentration of 5 nM.  The appropriate FA:BSA ratios for the different fatty 

acids used in the assay were calculated using LCFA binding constants for BSA as 

described by Kleinfeld and colleagues (26).  After 5 minutes, the cells were rapidly 

washed three times in ice-cold KRH containing 0.1 % BSA and 200 µM phloretin.  The 

cells were then incubated at room temperature in 0.5 % SDS for 30 minutes and the 
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cellular incorporated radioactive fatty acids was determined by liquid scintillation 

counting.  

 

Lipid Analysis- Following cellular influx of radioactive fatty acids, fatty acyl-CoAs 

were extracted using Dole’s reagent.  The organic phase was dried down, taken up in a 

minimal volume of chloroform and bound to disposable primary aminopropyl bonded 

phase columns.  The various polar and neutral classes of lipids were eluted off the 

column by organic fractionation using the procedures outlined by Kaluzny et al (27) and 

quantitated by liquid scintillation counting. Cellular tri-, di-, and monoacylglycerol 

lipids fractionated by the procedure described above were quantitated by alkaline 

hydrolysis and measurement of glycerol content using the glycerol determination kit 

(Sigma).  Fatty acids were measured using a NEFA kit (Wako). 

 

Fatty acyl-CoA synthetase assays- Cells were harvested in 150 mM Tris-HCl, 150 mM 

NaCl, 250 mM sucrose, pH 7.5 and lysed via sonication immediately prior to assaying 

activity.  Extracts were assayed for acyl-CoA synthetase activity by the conversion of 

[3H]-palmitic acid, [3H]-oleic acid, [3H]-arachidonic acid, or [3H]-lignoceric acid to 

their CoA derivatives by a modified method from Nagamatsu et al. (28) as described by 

Hall et al (9).  Briefly, samples were assayed for 2 minutes at pH 7.5 and 30 mM NaCl 

in 250 µL of a buffer containing 20 µM fatty acid delivered bound to α-cyclodextrin, 

100 mM Tris-HCl (pH 7.5), 10 mM ATP, 5 mM MgCl2, 200 µM CoA, and 200 µM 

dithiothreitol.  Reactions were terminated with the addition of 1.25 mL of 

isopropanol:heptane:H2SO4 (40:10:1, v/v/v), 0.5 mL of H2O and 0.75 mL of heptane to 
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facilitate organic phase separation.  The aqueous phase was extracted three times with 

0.75 mL of heptane to remove unreacted fatty acids and the radioactivity determined by 

liquid phase scintillation counting. 

 

Immunofluorescence analysis of 3T3-L1 adipocytes- 3T3 L1 cells were plated on 13 

mm optical glass coverslips and differentiated as described previously.  On day 6 the 

cells were washed free of serum and maintained in DMEM for 2 hours.  Insulin was 

added (50 ng/mL) and after 30 minutes the cells were washed in phosphate buffered 

saline (PBS) and fixed in 3% paraformaldehyde for 30 min at 25° C.  Following 

fixation, the cells were rinsed in PBS containing 0.01% digitonin and incubated for 2 

hours at 25° C in blocking buffer containing 0.01 M phosphate, 5% goat serum, 5% 

glycerol, 1.0% cold water fish gelatin, and 0.01% digitonin.  The cells were 

subsequently incubated overnight at 4° C in a 1:50 dilution of rabbit-anti-FATP1 or 

anti-FATP4 antibody or in a 1:100 dilution of rabbit-anti-Glut 4 antibody in PBS 

containing 0.01% digitonin.  After washing, the coverslips were incubated for 1 hour at 

25° C in a 1:400 dilution of Alexa Fluor 488 conjugated donkey anti-rabbit IgG in PBS 

with 0.01% digitonin.  After washing, the coverslips were incubated at 25° C in DMEM 

with 7.7 µM TOPRO3 (Molecular Probes) for nuclear staining, then washed, mounted, 

and visualized by confocal microscopy. 

 

Confocal Microscopy- Monolayers were viewed using a Bio-Rad MRC-1024 confocal 

microscope attached to a Nikon Diaphot inverted microscope equipped with a 15-

millwatt krypton/argon laser.  Excitation filters allowing 488 and 647 nm were used 
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sequentially to visualize the Alexa 488 and TOPRO3 probes, respectively.  The samples 

were viewed using either a 20 , 0.75 n.a. plan apo or a 40 , 1.0 n.a. plan apo objective.  

Digital images were collected using LaserSharp version 3.2 software (Bio-Rad) and 

analyzed using Image Pro Plus Version 4.5 software (Media Cybernetics, Silver Spring, 

MD 20910). 

 

Analysis of 2-deoxyglucose uptake- Glucose uptake in 3T3-L1 adipocytes was carried 

out as described (29).  Briefly, cells were serum starved in KRH buffer supplemented 

with 0.5 % BSA and 2 mM sodium pyruvate (pH 7.4) and incubated either with or 

without 100 nM insulin for 30 min at 37° C.  Glucose uptake was initiated by the 

addition of [14C] 2-deoxy-D-glucose to a final assay concentration of 100 µM at 37° C.  

After 5 min. 2-deoxyglucose uptake was terminated by three washes with ice-cold KRH 

buffer and the cells solubilized with 0.8 ml of KRH buffer containing 1% Triton X-100.  

The incorporated radioactivity was determined by scintillation counting. Nonspecific 2-

deoxyglucose uptake was measured in the presence of 20 µM cytocholasin B and 

subtracted from the total glucose uptake assayed to obtain specific uptake. 
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RESULTS 

To assess the role of FATP1 and FATP4 in fatty acid metabolism in adipocytes, we 

utilized stable 3T3-L1 adipocyte FATP1 kd and FATP4 kd cell lines derived from 

lentiviral delivered shRNA targeting either protein.  Such knockdown preadipocytes 

grew at a normal rate and differentiated using the standard methylisobutylxanthine, 

dexamethasone and insulin protocol.  An essentially complete loss of FATP1 protein 

expression was observed in cells expressing FATP1 sequence specific shRNA (FATP1 

kd) indicating that the protein is not required for adipose conversion.  Expression of 

shRNA directed towards FATP4 (FATP4 kd) produced a cell line exhibiting ~10% of 

the control FATP4 level (Figure 1).  Immunoblotting of protein extracts from FATP1 

kd, FATP4 kd and control (Scr) cells revealed that there was a ~50% increase in the 

expression of PPARγ and a ~20% increase in C/EBPα protein.  Despite the increase in 

expression of key adipogenic transcription factors, the expression of proteins regulated 

by PPARγ and implicated in some facet of fatty acid influx (CD36, ACSL1, 

FATP4/FATP1) and/or the PPARγ target genes AFABP/aP2, CD36, FATP were 

unchanged in abundance in both cell lines (Figure 1).   
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Figure 1.  Immunoblot analysis of cell extracts from day 9 3T3-L1 adipocytes 
expressing FATP1 shRNA (FATP1 kd), FATP4 shRNA (FATP4 kd) or scrambled 
sequence shRNA (Scr) as a control.  The blot is representative of 3 separate experiments. 
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Both FATP1 kd and FATP4 kd adipocytes exhibited reduced accumulation of 

triacylglycerol.  Oil red O staining of triacylglycerol droplets was markedly reduced 

exhibiting smaller lipid droplet sizes in FATP1 kd and FATP4 kd 3T3-L1 adipocytes 

relative to the scrambled control (that was not different from uninfected or vector 

infected adipocytes, results not shown).  Consistent with the reduced oil red O staining, 

FATP1 kd and FATP4 kd cells exhibited decreased triacylglycerol, diacylglycerol, and 

monoacylglycerol levels.  FATP4 kd cells, but not FATP1 kd cells, exhibited a decrease 

in free fatty acid level (Figure 2).   

 

 



 

 69 

 

Figure 2.  Quantitative determination of tri-, di-, monoacylglycerol and fatty acid 
content in FATP1 kd, FATP4 kd and control 3T3-L1 adipocytes.  The data shown is 
representative of three separate experiments. *, P < 0.05 relative to Scr control cultures.  Y-axis 
error bars = +/- standard deviation. 
 

FATP1 is an acyl-CoA synthetase with broad substrate specificity (C16:0 vs. C24:0 

esterification) but a rather low enzymatic reaction rate relative to other fatty acid CoA 

ligases.  FATP4 conversely has a high acyl-CoA synthetase reaction rate relative to 

FATP1 and ACSL1 and has a substrate preference for very long-chain (C24:0) over 

long-chain (C16:0) fatty acids (21).  To evaluate the effect of FATP1 kd and FATP4 kd 

on total cellular acyl-CoA synthetase activity, extracts were prepared and assayed for 
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fatty acid esterification using a variety of fatty acid substrates.  As shown in Table 1, 

knockdown of FATP1 resulted in a ~10-15% decrease in cellular C16:0, C18:1 and 

C20:4 esterification activity respectively but essentially no change in total cellular 

C24:0 acyl-CoA synthetase activity.  As compared to FATP1 kd adipocytes, FATP4 kd 

adipocytes displayed a 20-25% decrease in cellular C16:0, C18:1 and C20:4 acyl-CoA 

synthetase activities respectively and no change in total cellular C24:0 acyl-CoA 

synthetase activity.  The decrease in total acyl-CoA synthetase activity for either 

knockdown cell line (10-25%) correlated well with the measured decrease in 

triacylglycerol, diacylglycerol and monoacylglycerol levels in the cell (Figure 2).  

 

Table 1. 
Analysis of acyl-CoA synthetase activity of cellular extracts from 3T3-L1 adipocytes 
expressing FATP1 shRNA and FATP4 shRNA compared to the scrambled control 

(Scr) 
Acyl-CoA synthetase activities of cell extracts from day 8 differentiated 3T3-L1 
adipocytes were assayed for esterification of palmitic acid (C16:0), oleic acid (C18:1), 
arachidonic acid (C20:4), lignoceric acid (C24:0) and expressed as nmol/min/mg of 
total protein.  Data is representative of three independent experiments, *P < 0.05 
comparing experimental to scrambled control.   
 

   Acyl-CoA synthetase activity ± SD (nmol/min/mg protein) 

         Substrate         Scr   FATP1 kd   FATP4 kd 
C16:0 168.0 ± 2.5 140.3 ± 6.1* 134.1 ± 6.4* 
C18:1   191.8 ± 5.2  155.8 ± 4.9*  149.6 ± 3.1* 

C20:4   131.2 ± 2.7  118.6 ± 3.1*  106.3 ± 3.7* 
C24:0       7.7 ± 1.2      8.7 ± 1.5      7.2 ± 1.7 

 

Since there was a significant, albeit modest, decrease in total cellular acyl-CoA 

synthetase activities as well as triacylglycerol levels we assessed the role FATP1 and 

FATP4 may play in fatty acid uptake.  Stahl and colleagues (5) have reported that 
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insulin stimulates the translocation of FATP1 from intracellular sites to the plasma 

membrane.  To assess this, 3T3-L1 adipocytes were serum starved and then incubated 

with or without insulin for 30 minutes and the expression of FATP1, FATP4 and 

GLUT4 evaluated using secondary immunofluorescence.  As shown in Figure 3, the 

majority of immunoreactive GLUT4 translocated to the plasma membrane as did some 

immunoreactive FATP1 (estimated to be 10%).  In contrast to FATP1 and GLUT4, 

FATP4 did not appear to be localized to the plasma membrane under basal conditions 

and did not translocate to the plasma membrane in the presence of insulin.   
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Figure 3.  Immunolocalization by confocal microscopy of FATP1 and FATP4 
compared to the glucose transporter, GLUT4 under basal and insulin-stimulatory 
condition in 3T3-L1 adipocytes.  Serum-starved day 6 3T3-L1 adipocytes were treated with or 
without 50 ng/ml insulin for 30 minutes.  Fluorescent detection was enabled by incubation with 
the secondary antibody Alexa Fluor 488 donkey anti-rabbit IgG (green) and subsequent nuclei 
staining with TOPRO3 (blue). 
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To parallel the translocation studies for FATP1 and FATP4 shown immunochemically 

with biochemical analysis, the cellular influx of [3H]-fatty acids of different chain 

lengths was evaluated under basal and insulin-stimulated conditions.  As shown in 

Figure 4A, under basal conditions, compared to control cells, FATP1 kd adipocytes 

displayed a ~25% decrease in fatty acid uptake for [3H]-palmitic, -oleic acids and -

arachidonic acid.  Due to its poor solubility, influx studies with C24:0 were not 

performed.  For control 3T3-L1 adipocytes insulin stimulation led to ~15-40% increase 

in fatty acid influx for [3H]-palmitic, [3H]-oleic acid and [3H]-arachidonic acids.  The 

increase in [3H]-palmitic and [3H]-oleic acid uptake in response to insulin was 

completely lost in FATP1 kd cells, indicating a crucial role of FATP1 in insulin-

stimulated fatty acid influx.  This is consistent with the translocation of FATP1 to the 

plasma membrane in response to insulin (Figure 3) and is indicative of the role of 

FATP1 in fatty acid uptake as a critical function of its cellular location.  The increase in 

[3H]-arachidonic acid uptake with insulin-stimulation in FATP1 kd cells is not 

completely lost but is decreased by ~20% compared to the response of control cells to 

insulin.  This suggests that in addition to FATP1, another acyl-CoA synthetase with 

substrate specificity for arachidonic acid may facilitate its cellular uptake.     
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Figure 4.  Fatty acid uptake in FATP1 and FATP4 knockdown adipocytes.  Cellular 
uptake of different chain-length [3H]-fatty acids in FATP1 kd (Panel A) and FATP4 kd (Panel 
B) 3T3-L1 adipocytes compared to the scrambled control.  Day 9 differentiated serum starved 
3T3-L1 adipocytes in the absence (-ins) and presence (+ins) of 50 nM insulin were incubated 
with 50 µM [3H]-palmitic (C16:0), oleic (C18:1) or arachidonic acid (C20:4) bound to albumin 
to produce a free unbound concentration of LCFA of 5 nM.  Influx reactions were terminated 
and the incorporated radioactivity determined as described in the “Experimental Procedures”.  
Panel A; FATP1 kd (grey bars) compared to scrambled (control) adipocytes (black bars).  Panel 
B; FATP4 kd adipocytes (white bars) compared to scrambled (control) adipocytes (black bars).  
The data shown is representative of three separate experiments.  *, P < 0.05 relative to Scr 
control cultures; #, P < 0.05 relative to nonstimulatory basal conditions. Y-axis error bars = +/- 
standard deviation. 
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Despite FATP4 having the highest acyl-CoA synthetase enzyme reaction rates relative 

to other cellular acyl-CoA synthetases such as FATP1 and ACSL1, FATP4 kd 

adipocytes did not demonstrate any change in [3H]-palmitic, -oleic or -arachidonic acid 

uptake relative to the control cells under both basal and insulin-stimulated conditions 

(Figure 4B).  This is in agreement with the results of fatty acid influx studies carried out 

with different stable HEK-293 cell lines expressing varying amounts of FATP4 (Figure 

5).  The amounts of FATP4 expressed by each individual cell line was analyzed by 

immunoblotting and densitometric analysis and represented as arbitrary FATP4 units.  

As shown in Figure 5A, the acyl-CoA synthetase activity for a C24:0 fatty acid 

substrate analyzed with cell extracts from the different HEK-293 cell lines varied 

proportionately to the amount of FATP4 being expressed.  However, the varying 

expression levels of FATP4 in HEK-293 cells did not affect the rate of cellular fatty 

acid influx for [3H]-oleic acid (Figure 5B).  Thus unlike FATP1, FATP4 is not 

translocated to the plasma membrane in response to insulin and is not rate-limiting for 

basal or insulin-stimulated fatty acid uptake. 
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Figure 5.  Acyl-CoA synthetase activity of HEK-293 cells overexpressing FATP4.  
Comparative analysis of cellular lignoceroyl (C24:0) CoA synthetase activity (Panel A) and 
oleic acid (C18:1) influx (Panel B) studies carried out with different stable HEK-293 cell lines 
expressing varying amounts of FATP4.  The amounts of FATP4 expressed by each individual 
cell line were analyzed by immunoblotting and densitometry and represented as arbitrary 
FATP4 units. Y-axis error bars = +/- standard deviation. 
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To contrast the results of fatty acid influx observed in FATP1 kd and FATP4 kd 

adipocytes with measures of fatty acid efflux, control, FATP1 and FATP4 kd 

adipocytes were evaluated for their ability to carry out basal and forskolin-stimulated 

lipolysis.  Lipolysis was measured as the amount of glycerol and fatty acids released 

from cells as a result of triglyceride hydrolysis.  As shown in Figure 6, glycerol and 

fatty acid release in control, FATP1 kd and FATP4 kd adipocytes exhibited no 

significant differences between all cell types under forskolin-stimulated conditions.  

Consistent with the smaller droplet size, FATP1 knockdown adipocytes exhibited 

reduced basal fatty acid release.  In contrast FATP4 kd adipocytes exhibited a ~ 30% 

increase in glycerol and a ~ 75% increase in fatty acid release during basal lipolysis.  
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Figure 6.  Analysis of basal and forskolin-stimulated lipolysis in FATP1 kd (Panel A) 
and FATP4 kd (Panel B) 3T3-L1 adipocytes compared to the scrambled control.  Day 8 
differentiated 3T3-L1 adipocytes were treated for 2 h in the absence or presence of 20 µM 
forskolin and aliquots of media withdrawn for measurement of glycerol and fatty acids release.  
The data shown is representative of three separate experiments.  *, P < 0.05 relative to Scr 
control cultures. Y-axis error bars = +/- standard deviation 
 

Insulin stimulated the translocation of FATP1 to the plasma membrane that correlated 

with the increase in fatty acid uptake observed in control adipocytes that was 

diminished in FATP1 kd adipocytes.  As opposed to FATP1, FATP4 remained localized 

to intracellular membranes even with insulin-stimulation and did not affect fatty acid 
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uptake.  To further understand the unique roles of these two fatty acid transporters in 

fat, we analyzed the differences in the metabolism of palmitate into various complex 

lipid pools following cellular influx in FATP1 kd, FATP4 kd and Scr adipocytes under 

basal and insulin-stimulatory condition. As shown in Table 2, under both basal and 

insulin-stimulated conditions, the vast majority of the fatty acid (greater than 90%) is 

activated to CoA esters and incorporated into neutral lipids, primarily triacylglycerol.  A 

very small fraction (only 2%) of fatty acids are retained intracellularly without being 

metabolized (Table 2).  Comparison of lipid profiles between FATP1 kd and Scr 

adipocytes indicated while there was an approximate ~15% decrease in total fatty acid 

uptake in the FATP1 kd adipocytes under basal conditions, there was essentially a 

100% decrease in the insulin-stimulated fraction of uptake.  A corresponding decrease 

in fatty acyl-CoA levels and triacylglycerol synthesis was observed in FATP1 kd 

adipocytes compared to the control.  These results are consistent with a requirement for 

FATP1 in the insulin-stimulated component of LCFA influx and triacylglycerol 

synthesis in 3T3-L1 adipocytes.  Although FATP4 did not play a role in fatty acid 

uptake under basal conditions, a ~40% decrease in the fatty acyl-CoA pools was 

observed in FATP4 kd adipocytes relative to the control (Table 3).  The mechanistic 

basis for this is unclear but may suggest that other proteins may be rate-limiting for 

LCFA influx but that FATP4 plays a role in internalized lipid esterification.  With 

insulin stimulation however, no change was observed in fatty acyl-CoA levels or in any 

other complex lipid class pool analyzed.  
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Table 2. 
Complex lipid synthesis in FATP1 kd and scrambled (Scr) 3T3-L1 adipocytes 

Serum starved 3T3-L1 adipocytes were incubated with [3H]-palmitic acid bound to 
albumin for 5 minutes at 37° C in the absence (basal) and presence of 100 nM insulin.  
Cellular lipids were extracted, fractionated, and the incorporation of radiolabel into 
various lipid pools determined.   The results are representative of three independent 
experiments, *P < 0.05 comparing experimental to the scrambled control.  
 
 
 
  
                                                                                                                                 
 
 
 
Total incorporation 6.78 ± 0.25 5.83 ± 0.21* 9.00 ± 0.38 6.22 ± 0.26* 
Cellular lipid class 
 Fatty acids 0.09 ± 0.01    0.07 ± 0.003* 0.07 ± 0.01        0.04 ± 0.01* 
 Fatty acyl-CoA         0.71 ± 0.03          0.55 ± 0.03*       0.98 ± 0.07         0.78 ± 0.07* 
 Neutral lipids  4.32 ± 0.12   3.62 ± 0.10* 6.53 ± 0.24 4.38 ± 0.45* 
Neutral lipid class 
 Triacylglycerol  2.51 ± 0.13          2.13 ± 0.09* 4.69 ± 0.03 3.07 ± 0.24* 
 Diacylglycerol  0.13 ± 0.02  0.14 ± 0.01 0.53 ± 0.07 0.46 ± 0.02* 
 Monoacylglycerol  0.26 ± 0.02  0.28 ± 0.01 0.83 ± 0.09 0.71 ± 0.01* 
 

 

     Basal          Insulin  

        Scr       FATP1 kd               Scr            FATP1 kd 

 (nmoles/mg)          (nmoles/mg)        (nmoles/mg)        (nmoles/mg) 
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Table 3 
Complex lipid synthesis in FATP4 kd and scrambled (Scr) 3T3-L1 adipocytes 

Serum starved 3T3-L1 adipocytes were incubated with [3H]-palmitic acid bound to 
albumin in the absence (basal) and presence of 100 nM insulin.  Cellular lipids were 
extracted, fractionated, the incorporation of radiolabel into various lipid pools 
determined.  The results are representative of three independent experiments, *P < 0.05 
comparing experimental to scrambled control.  
 
 
 
 
 
 
 
 
Cellular lipid class 
 Fatty acids 0.043 ± 0.01 0.047 ± 0.002 0.042 ± 0.01 0.032 ± 0.01 
 Fatty acyl-CoA   0.93 ± 0.04     0.59 ± 0.04*       1.01 ± 0.05         0.94 ± 0.06 
 Neutral lipids   3.06 ± 0.09   2.83 ± 0.25        4.13 ± 0.30   4.10 ± 0.21 
Neutral lipid class 
 Triacylglycerol   1.21 ± 0.05       1.31 ± 0.05   1.92 ± 0.08   1.68 ± 0.18 
 Diacylglycerol   0.09 ± 0.01   0.09 ± 0.01   0.07 ± 0.01   0.10 ± 0.03 
 Monoacylglycerol   0.21 ± 0.04   0.16 ± 0.03   0.62 ± 0.01   0.60 ± 0.02 
 

 

Since both FATP1 kd and FATP4 kd adipocytes had a reduced lipid content compared 

to the control cells, and reduced triacylglycerol deposition is often correlated with 

increased hexose uptake (30,31), we evaluated the loss of each FATP isoform on basal 

and insulin-stimulated 2-deoxyglucose uptake.  Interestingly, there was a ~30% increase 

in basal and insulin-stimulated glucose uptake in FATP1 kd adipocytes compared to the 

control (Figure 7).  The increase in glucose uptake (~ 6 fold) upon insulin stimulation 

was the same in both adipocyte cell types.  Similarly, when control and FATP4 

knockdown cells were evaluated for 2-deoxyglucose uptake, cells lacking FATP4 

exhibited a ~20% increase in insulin-stimulated but no change in basal glucose uptake. 

 

     Basal          Insulin  

        Scr       FATP1 kd               Scr            FATP1 kd 

 (nmoles/mg)          (nmoles/mg)        (nmoles/mg)        (nmoles/mg) 
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Figure 7.  Basal and insulin-stimulated 2-deoxyglucose uptake in FATP1 kd (Panel 
A) and FATP4 kd (Panel B) 3T3-L1 adipocytes compared to the scrambled control.  Day 9 
differentiated serum-starved 3T3-L1 adipocytes were incubated with [14C] 2-deoxy-D-glucose 
in the absence and presence of 100 nM insulin (INS) as described in “Experimental Procedures” 
and glucose influx determined. *, P < 0.05 relative to Scr control cultures. Y-axis error bars = 
+/- standard deviation. 
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DISCUSSION 

Since its discovery in 1994, FATP1 has been investigated for its role in fatty acid 

transport and regulation.  Various over expression systems and a knockout mouse 

model have implicated FATP1 in fatty acid uptake (13,15).  FATP1 transcription is 

regulated by multiple systems; negatively by insulin and positively by a PPARγ-

dependent mechanism (32,33).  Consistent with this, FATP1 expression in muscle and 

fat is increased in obese diabetic animals and mice null for FATP1 exhibit reduced 

skeletal muscle LCFA uptake and resistance to high-fat diet induced insulin-resistance 

(15,34).  In fat cells rosiglitazone, a PPARγ agonist increases the expression of both 

CD36 and FATP1 suggesting that the lipid lowering effects of this insulin-sensitizing 

drug may be exerted at the level of adipose LCFA influx (35).  Thus the identification 

of a precise role for FATP1 in fatty acid influx maybe crucial to understanding the 

mechanism of the beneficial insulin-sensitizing effects of this widely used class of 

drugs.  

 

Although loss and gain of function model systems have defined a role of FATP4 as a 

major intestinal fatty acid transporter and in the maintenance of the skin’s epidermal 

barrier function, its role in adipocyte fatty acid uptake and lipid metabolism is less well 

defined.  FATP4 expression in primary human placental trophoblasts is regulated by 

PPARγ and retinoid X receptor (36).  Genetic polymorphisms in humans support a role 

of FATP4 in insulin sensitivity (23).  Indeed, heterozygotes for a G209S polymorphism 

(Ser frequency 5%) exhibited lower body mass index, lower serum fatty acids and 

triglycerides, reduced systolic blood pressure and diminished insulin levels.  FATP4 
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expression levels correlate with acquired obesity that is independent of genetic 

background (23).  

 

Using a lentiviral-delivered RNAi knockdown technique, we have succeeded in 

suppressing the FATP1/FATP4 protein expression levels in 3T3-L1 adipocytes.  

Interestingly, loss of FATP1 and FATP4 independently led to an increase in the 

expression of both C/EBPα and PPARγ.  The mechanistic basis for the increase is not 

clear but may be related to reduced PPARγ degradation affecting negative feedback 

regulation of the receptor as opposed to changes in activating factors (37).  Despite the 

increased expression of these key transcription factors, other PPARγ targets were not 

increased in expression including aP2/AFABP, ACSL1 and CD36.  Knockdown of 

FATP1 or FATP4 in 3T3-L1 adipocytes affected small changes in total cellular long-

chain acyl-CoA synthetase activities without influencing any change in cellular very 

long-chain acyl-CoA synthetase activity.  

 

Depletion of FATP1 expression resulted in an essentially quantitative loss in insulin-

stimulated oleic and palmitic acid uptake and a ~20% decrease in insulin-stimulated 

arachidonic acid influx.   Significant reduction in FATP1 expression levels however 

caused only a small ~25% decrease in basal LCFA influx for all fatty acids analyzed.  

Depletion of FATP4 on the other hand did not affect either basal nor insulin-stimulated 

fatty acid uptake and over expression of FATP4 in HEK-293 cells did not affect cellular 

fatty acid influx rates.  We (Figure 3) and others (5) have shown that in 3T3-L1 

adipocytes insulin can stimulate translocation of FATP1 from intracellular membranes 
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to the plasma membrane.  However as opposed to GLUT4, only a small fraction 

(estimated to be less than 10%) of total FATP1 translocated.  As such, the increase in 

the relative abundance of the enzyme at the plasma membrane, correlates with increased 

LCFA influx and may be crucial to regulation of the fatty acid transport function of 

FATP1.  Our results with FATP4 knockdown adipocytes indicate that although FATP4 

has a high acyl-CoA synthetase reaction rate relative to FATP1 and ACSL1, it is 

localized to internal membranes and not the plasma membrane, which could be the 

reason why it does not contribute to either insulin-stimulated or basal fatty acid uptake.  

In contrast to our studies, FATP4 over expressed in COS cells (which too was localized 

to the endoplasmic reticulum) did result in a net increase in LCFA influx (38).  It is not 

clear if the contradictory findings are the result of differences in the absolute level of 

FATP4 expression, differences in experimental assay conditions or simply a difference 

in the cell culture system utilized.   

 

Our results do not eliminate the possibility of other proteins functioning in insulin-

stimulated LCFA influx.  Indeed, insulin-stimulated arachidonic acid uptake is not 

completely lost in FATP1 kd adipocytes suggesting that another acyl-CoA synthetase 

could participate in insulin-stimulated arachidonic acid fatty acid influx.  ACSL1, 

which has been suggested to form a complex with FATP1 (6), could participate in some 

facet of insulin-stimulated or basal LCFA influx.  What is not clear in the present study 

is what facilitates basal LCFA influx in adipocytes.  Insulin stimulation of LCFA influx 

is fatty acid specific and is quantitatively modest (~15-40%) relative to insulin-
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stimulated hexose uptake (5-20 fold).  Other factors (caveolin-1, CD36, ACSL1, 

diffusion) are likely contributors to basal LCFA influx.  

 

Fatty acid re-esterification within the adipocyte can vary within 30-70% during periods 

of basal lipolysis affecting the net output of lipid from the adipocyte (39).  The basal 

lipolytic rate is proportional to triacylglycerol deposition and in general, larger fat cells 

have greater rates of basal lipolysis than do small fat cells (40).  However, the 

mechanism and the components involved in basal lipolysis are less well characterized.  

Herein we show that under basal lipolytic conditions, FATP4 kd adipocytes exhibited 

an increase in the amount of glycerol and fatty acid released relative to a control 

scrambled cell line.  One explanation for this is that the acyl-CoA synthetase activity of 

FATP4 may facilitate some component of the CoA-dependent re-esterification of fatty 

acids derived from basal lipolysis of the triacylglycerol droplet.  Other acyl-CoA 

synthetases such as ACSL1 that is found to be associated with the lipid droplet may also 

play a role in fatty acid re-esterification during basal lipolysis (41).  However, alternate 

explanations also exist.  

 

Experiments analyzing the distribution of [H3]-palmitate into various complex lipids 

indicate that in 3T3-L1 adipocytes, the vast majority of incoming fatty acids are 

converted into their acyl-CoA derivatives and preferentially shunted into the 

triacylglycerol synthesis pathway.  In FATP1 kd adipocytes, a decrease in LCFA influx 

was coupled with reduced acyl-CoA levels as well as tri-, di- and monoacylglycerol 

pools.  Importantly, the LCFA pool was not elevated but also similarly reduced, 
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consistent with the model that the acyl-CoA synthetase activity of FATP1 is critical for 

facilitating LCFA influx.  These results are in agreement with the observations of 

Schaffer and colleagues who have shown that mutation of FATP1 serine 250 to alanine, 

not only reduced the catalytic activity of the enzyme, but also eliminated LCFA influx, 

implying that catalysis is functionally linked to uptake (42).  In contrast to FATP1 kd 

adipocytes, FATP4 kd adipocytes revealed no change in basal or insulin stimulated 

cellular fatty acid influx.  Under basal conditions FATP4 kd adipocytes revealed a 

decrease in the incorporation of [3H]-palmitate into acyl-CoA pools but not triglyceride 

pools.  The mechanistic basis for this is undetermined but may suggest that under basal 

conditions FATP4 functions in LCFA esterification but other proteins may mediate the 

rate-controlling steps in internalization.  With insulin-stimulation however, no changes 

in the fatty acyl-CoA pools incorporating [3H]-palmitate was observed which is 

consistent with the anti-lipolytic effects of the hormone insulin and the proposed role of 

FATP4 in basal lipolysis.  Stalfors and colleagues (43) have recently reported that the 

conversion of fatty acids to triacylglycerol occurs on or around the plasma membrane of 

rat adipocytes.  Our results herein are consistent with this view and imply that acyl-CoA 

production at the plasma membrane may be mechanistically linked to triacylglycerol 

synthesis via some type of organized lipid synthesis machinery.   

 

Both FATP1 as well as FATP4 knockdown adipocytes exhibited increased insulin 

stimulated glucose uptake.  FATP1 knockout mice exhibit a similar increase in insulin-

stimulated glucose uptake in soleus muscle compared to wild-type mice (44).  Although 

the increase in glucose uptake may be quantitatively modest, over time small changes in 
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glucose uptake have important metabolic consequences with insulin sensitivity such as 

those observed in FATP1 KO mice and humans expressing either the S209 or G209 

polymorphism of the FATP4 gene.  In both FATP1 kd and FATP4 kd cells, the 

abundance of several potential lipid regulators (DAG, LCFA) (45) of insulin signaling 

is altered.  Consequently, the development of FATP1/FATP4 kd adipocytes may 

provide an opportunity to identify lipid-derived signaling pathways that originate from 

altered triacylglycerol levels that affect insulin resistance in adipocytes.  

 

In summary, although FATP1 and FATP4 both possess acyl-CoA synthetase enzyme 

activities and share a 60.3% sequence identity, they each have unique functional roles in 

the adipocyte.  FATP1 plays a minor role in basal fatty acid uptake and by virtue of its 

translocation to the plasma membrane from intracellular membrane in response to 

insulin, plays a major role in insulin-stimulated fatty acid uptake.  FATP4, is an 

intracellular acyl-CoA synthetase that does not play a rate-limiting role in either basal 

or insulin-stimulated fatty acid uptake and may be involved in fatty acid re-

esterification following lipolysis.  FATP1 and FATP4 by virtue of their distinctive 

cellular locations and roles affect triglyceride lipid droplet size and other complex lipid 

pools both of which have been implicated in the development of obesity and insulin 

resistance. 
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CHAPTER 4: 
 

A NOVEL ROLE FOR FATTY ACID TRANSPORT PROTEIN 1 IN THE 
REGULATION OF TRICARBOXYLIC ACID CYCLE AND 
MITOCHONDRIAL FUNCTION IN 3T3-L1 ADIPOCYTES 
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SUMMARY 
 
Fatty acid transport proteins are integral membrane acyl-CoA synthetases implicated in 

adipocyte fatty acid influx and esterification.  While some FATP1 translocates to the 

plasma membrane in response to insulin, the majority of FATP1 remains within 

intracellular structures, and bioinformatic and immunofluorescence analysis of FATP1 

suggests that the protein primarily resides in the mitochondrion.  To evaluate potential 

roles for FATP1 in mitochondrial metabolism we utilized a proteomic approach 

following immunoprecipitation of endogenous FATP1 from 3T3-L1 adipocytes and 

identified mitochondrial 2-oxoglutarate dehydrogenase.  To assess the functional 

consequence of the interaction, purified FATP1 was reconstituted into phospholipid-

containing vesicles and its effect on purified 2-oxoglutarate dehydrogenase evaluated.  

Surprisingly, FATP1 enhanced the activity of 2-oxoglutarate dehydrogenase 

independently of its acyl-CoA synthetase activity while silencing of FATP1 in 3T3-L1 

adipocytes resulted in decreased activity of 2-oxoglutarate dehydrogenase.  FATP1-

silenced 3T3-L1 adipocytes exhibited decreased tricarboxylic acid (TCA) cycle activity, 

increased cellular NAD+/NADH, increased fatty acid oxidation, and increased lactate 

production indicative of altered mitochondrial energy metabolism.  These results reveal 

a novel role for FATP1 as a regulator of TCA cycle activity and mitochondrial function. 
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INTRODUCTION 
 
Long-chain fatty acid (LCFA) flux in tissues such as cardiac and skeletal muscle, liver, 

and adipose is a highly regulated and complex process involving both diffusional and 

protein-mediated components (1-3).  A number of proteins have been identified and 

shown to play roles in LCFA influx (2, 4-7) including fatty acid translocase/CD36, 

plasma membrane fatty acid-binding protein, caveolin-1, as well as fatty acid transport 

proteins (FATPs).  Members of the FATP family are integral membrane proteins and 

exhibit CoA- and ATP-dependent long-chain and very long-chain fatty acyl-CoA 

synthetase activity (8-12).  FATPs facilitate LCFA influx, at least in part, by coupling 

the diffusion of LCFA through the plasma membrane with CoA-esterification on the 

inner leaflet of the membrane in a process termed vectoral acylation (13-15).   

 

Mammals possess six FATP isoforms (FATP1-6) that have varying tissue expression 

and subcellular localization (3, 16, 17).  Over expression of FATPs in mammalian cells 

results in increased LCFA influx (9, 18-21) and several isoforms, though not all, can 

rescue the decrease in LCFA influx in yeast lacking the FATP homologue, Fat1p (11).  

In contrast, functional studies using primary adipocytes and skeletal muscle from 

FATP1 null mice (22) or FATP1 knockdown 3T3-L1 adipocytes (3) have shown 

FATP1 has only a minor role in basal LCFA influx (3, 5).  Rather, consistent with the 

insulin-stimulated translocation of FATP1 to the plasma membrane (5), FATP1 is 

required for insulin-stimulated LCFA uptake (3, 5).  Functional studies of FATP4 have 

shown that the protein does not play a role in LCFA uptake in either enterocytes (23) or 
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adipocytes (3) but in fat cells may function in fatty acid re-esterification following 

lipolysis (3). 

 

Interestingly, the majority of FATP1 remains on intracellular structures even under 

insulin-stimulated conditions (3, 5), leading to the possibility of additional roles for 

FATP1.  In this report we used a proteomic approach to identify novel FATP1-

interacting proteins in 3T3-L1 adipocytes and identified mitochondrial 2-oxoglutarate 

dehydrogenase (OGDH), a kinetically rate-limiting step in the tricarboxylic acid (TCA) 

cycle, as a binding partner.  Using a reconstituted FATP1 proteoliposome system we 

find that FATP1 enhances the activity of OGDH in vitro that is independent of FATP1 

acyl-CoA synthetase activity.  Consistent with this, OGDH activity is decreased in 3T3-

L1 adipocytes stably expressing shRNA directed at FATP1.  These observations are 

coincident with altered mitochondrial TCA cycle metabolism in the FATP1 knockdown 

adipocytes indicating that FATP1 is a novel regulator of mitochondrial function. 

 
 
 
MATERIALS AND METHODS 

 
Reagents and cell culture—Cell culture reagents were obtained from Invitrogen.  Cell 

culture-grade porcine insulin, puromycin, methylisobutylxanthine, and dexamethasone 

were obtained from Sigma-Aldrich.  Non-radiolabeled fatty acids were obtained from 

Nu-Chek Prep, Inc (Elsyian, MN).  [3H]-lignoceric acid was obtained from American 

Radiochemicals Co.  [9,10-3H]- and [1-14C]-palmitate and [2-14C]-pyruvate were 

obtained from GE Healthcare Life Sciences.  n-dodecyl-β-D-maltoside was obtained 
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from MBL International Corp.  Dioleoylphosphatidylcholine (DOPC), 

dioleoylphosphatidylethanolamine (DOPE), dioleoylphosphatidyl-L-serine (DOPS), and 

cholesterol were obtained from Avanti Polar Lipids, Inc.  Antibodies were obtained as 

follows:  Alexa Fluor 488-conjugated goat anti-rabbit IgG (Invitrogen); IRDye 700-

conjugated goat anti-rabbit IgG (Li-Cor Biosciences).  All other reagents were of 

analytical grade and obtained from Sigma-Aldrich.  Differentiation and maintenance of 

3T3-L1 cell lines expressing either a shRNA targeting FATP1 or a scrambled sequence 

was previously described (3). 

 
3T3-L1 adipocyte cross-linking, immunoprecipitation and proteomic analysis—

Formaldehyde cross-linking performed as described (24), with modifications.  Briefly, 

day 8 3T3-L1 adipocytes were cross-linked with 0.5% formaldehyde for 10 min at room 

temperature and quenched with 1.5-fold molar excess Tris-HCL pH 7.5.  Monolayers 

were lysed into RIPA buffer (50 mM Tris, pH 7.5, 100 mM NaCl, 50 mM sodium 

fluoride, 5 mM sodium pyrophosphate, 1% Triton X-100, 1% sodium deoxycholate, 

0.1% SDS) containing protease and phosphatase inhibitors, sonicated and centrifuged at 

13,000 x g for 10 min at 4 °C to prepare a detergent soluble extract.  FATP1 was 

immunoprecipitated overnight at 4° C using rabbit anti-FATP1 with rabbit preimmune 

IgG used as a negative control at the same concentration; 20 µg/mL.  Immune complex 

were incubated with protein A-agarose beads for 1 h and washed in RIPA buffer.  The 

immune complex beads were transferred to new tubes and boiled in SDS-loading buffer 

for 20 min to reverse the cross-linking.  The supernatant was subjected to SDS-PAGE 

and stained for total protein using Sypro Ruby gel stain (Millipore).  
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Proteomic analysis was applied to either isolated gel bands or the entire sample lane.  

To analyze the sample lane, the gel segments containing the immunoglobulin heavy 

chain and light chain bands were excised and discarded.  The remaining lane fragments 

were divided into 10 fractions, reduced and cysteine residues alkylated with iodoacetic 

acid.  Samples were subjected to trypsin digestion for 24 hr at 37 °C and peptides were 

extracted from the gel and applied to a C18 Zip-Tip (Millipore), washed and eluted in 

80% acetonitrile/0.1% TFA.  Recovered peptides were subjected to µLC-MS/MS 

analysis on a LTQ-Orbitrap mass spectrometer. MS/MS spectra were searched using 

SEQUEST (version 27, rev. 12, ThermoFinnigan, San Jose, CA) against a non-

redundant mouse proteome sequence database assuming a maximum of two missed 

tryptic cleavages per peptide and the results were validated and organized using 

Scaffold (version Scaffold_2_02_00, Proteome Software Inc., Portland, OR).  Reported 

peptide sequence matches meet the following criteria:  1) all peptides were multiply 

charged, 2) the parent mass tolerance was 7 ppm, 3) two tryptic termini per peptide, and 

4) a minimum of two unique peptides per match, with a minimum peptide probability of 

70% as specified by the Peptide Prophet algorithm (25).  Peptide sequence matches 

were considered positive interactions if enriched a minimum of 60-fold over the 

negative control based on normalized spectrum counts.   

 
Immunofluorescence and confocal microscopy—Immunofluorescence analysis of 3T3-

L1 adipocytes was performed as described (3), with minor modifications.  3T3-L1 

adipocytes grown on glass cover slips were incubated with 100 nM Mitotracker Red 
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CMXRos (Invitrogen) for 20 min at 37 °C and fixed in pre-warmed 3.7% formaldehyde 

for 15 min at room temperature.  Cells were permeabilized with ice-cold 75% methanol 

in water for 10 min at -20 °C, washed in PBS and treated with Image IT-FX enhancer 

(Invitrogen) for 30 min at room temperature.  The cover slips were washed and 

incubated in blocking buffer containing 0.3% Triton X-100 then stained with the rabbit 

anti-FATP1 antibody and Alexa Fluor 488-conjugated goat anti-rabbit IgG sequentially, 

each diluted in PBS and 0.3% Triton X-100, and incubated for 1 h at room temperature.  

Nuclei were stained with 0.2 µg/mL DAPI in PBS for 1 minute and viewed using an 

Olympus FluoView FV1000 inverted confocal microscope.  The images were acquired 

and analyzed using FluoView software. 

 
Purification and reconstitution of FATP into small unilamellar vesicles (SUVs)—

Purification of murine FATP1-Myc/His was performed as previously described (8, 10).  

Purified FATP1 was buffer exchanged into buffer A (100 mM Tris, pH 7.5, 150 mM 

NaCl, 20% (v/v) glycerol) using a desalting column (Zeba Desalt Spin Columns, 

Thermo Scientific).  For reconstitution, lipids dissolved in chloroform were mixed, 

dried under nitrogen, and buffer A was added for 1 h at room temperature.  The lipid 

solution was vortexed briefly and sonicated until the solution changed from milky to 

clear.  The resulting small unilamellar vesicles (SUVs) were stored at 4 °C until used.  

Purified FATP1 was reconstituted into SUVs at a protein:lipid molar ratio of 1:1000.  

SUVs were detergent destabilized at room temperature via the addition of 

dodecylmaltoside to a final concentration of 3.8 mM (0.195% w/v) that lead to the onset 

of vesicle solubilization (26).  The dodecylmaltoside concentration of purified FATP 
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was adjusted to 0.195%, added to the lipid-detergent solution, and allowed to incubate 

with gentle stirring for 10 min at 4 °C.  Excess dodecylmaltoside was removed by 

adding CALBIOSORB adsorbent resin (Calbiochem) equilibrated in buffer A.  The 

resin was incubated with the protein-lipid-detergent solution at 4 °C with gentle stirring 

and after 90 min additional resin was added to remove residual detergent.  The FATP1 

proteoliposomes were kept on ice and used immediately. 

 
To analyze the orientation of reconstituted FATP1, detergent-purified or reconstituted 

FATP samples were incubated in the presence of trypsin (Promega) (1:50 

trypsin:protein) for various lengths of time and the reaction stopped by boiling in the 

presence of reducing and denaturing SDS-PAGE loading buffer containing 4% SDS for 

10 min.  The samples were separated via SDS-PAGE using a 5-15% SDS-

polyacrylamide gel and analyzed via immunoblot analysis as previously described (3).  

Purified or reconstituted FATP were assayed for acyl-CoA synthetase activity by the 

conversion of [3H]-palmitic acid or [3H]-lignoceric acid to their CoA derivatives by a 

modified method from Nagamatsu et al. (27) as previously described (3, 10).   

 
In situ and in vitro oxoglutarate dehydrogenase activity assay—In situ oxoglutarate 

dehydrogenase activity was measured as described (28), with modifications.  Briefly, 

cells were washed in HBSS (Invitrogen) and the assay was initiated upon addition of 

OGDH reaction buffer containing 50 mM Tris, pH 7.6, 5 mM MgCl2, 0.3 mM thiamine 

pyrophosphate, 3 mM α-ketoglutarate, 3 mM NAD, 0.2 mM CoA, 0.1 mM CaCl2, 0.05 

mM EDTA, 0.5 µg/mL rotenone, 0.2% Triton X-100, 3.5% polyvinyl alcohol (MW 

7,000-10,000), 0.75 mM nitrotetrazolium blue, 0.05 mM phenazine methosulfate.  After 



 

 100 

10 min at room temperature, cells were aspirated and washed in HBSS.  Cells were 

incubated in 5% NP-40 in HBSS overnight at 37 °C and sonicated to dissolve the 

formazan product.  Samples were centrifuged at 8,000 x g for 10 min to remove lipid 

and absorbance was measured at 555 nm. 

 

For the in vitro activity assay, purified 2-oxoglutarate dehydrogenase complex (Sigma) 

(or purified pyruvate dehydrogenase complex (Sigma)) was buffer exchanged into 20 

mM potassium phosphate, pH 7.3, 20% glycerol.  10 mU of dehydrogenase was assayed 

for 15 min at 37 °C in 250 µL of a modified reaction buffer containing 50 µM fatty 

acid-free BSA, 50 mM Tris, pH 7.6, 5 mM MgCl2, 0.3 mM thiamine pyrophosphate, 3 

mM α-ketoglutarate or 3 mM pyruvate, 3 mM NAD, 0.2 mM CoA, 0.1 mM CaCl2, 0.05 

mM EDTA, 5 mM potassium phosphate, 0.75 mM nitrotetrazolium blue, 0.05 mM 

phenazine methosulfate.  The reaction was placed on ice for 5 min and centrifuged at 

16,000 x g for 30 min at 4° C.  The formazan pellet was dissolved by sonication and the 

absorbance at 555 nm measured. 

 
Analysis of cellular and mitochondrial fatty acid oxidation—Cellular fatty acid 

oxidation was performed as described (29).  Briefly, 3T3-L1 adipocytes were incubated 

in growth medium containing 50 µM L-carnitine overnight and serum-starved for 1 h in 

KRH containing 5.4 mM glucose, 1 mM L-carnitine, and 0.1% fatty acid-free BSA.  

Palmitate oxidation was initiated upon addition of 400 µM [1-14C]-palmitate (2 

µCi/µmol palmitate) buffered with fatty acid-free BSA (4:1 fatty acid:BSA) and 

incubated for 1 h at 37 °C and 5% CO2.  Media and cells were transferred to glass vials 
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and acidified with 70% perchloric acid.  Volatilized 14CO2 was absorbed in 1 M NaOH 

and transferred to liquid scintillation vials for counting.  The remaining acidified sample 

was centrifuged at 2,000 x g at 4 °C and the radioactivity in the supernatant (acid 

soluble metabolites) determined by liquid scintillation counting.    

 

For mitochondrial fatty acid oxidation, mitochondria were isolated as described (30).  

100 µL isolated mitochondria were added to 1 mL fatty acid oxidation buffer (150 µM 

[1-14C]-palmitate (4 µCi/µmole palmitate), 20 mM Tris, pH 7.4, 100 mM sucrose, 10 

mM potassium phosphate, 100 mM KCl, 1 mM MgCl2, 1 mM L-carnitine, 0.1 mM 

malate, 2 mM ATP, 0.1 mM CoA, 1 mM DTT, 0.3% fatty acid-free BSA) and 

incubated for 30 min at 37 °C.  Reactions were acidified to terminate the reaction and 

the released 14CO2 and 14C-acid soluble metabolites determined by scintillation 

counting.   

 
Analysis of mitochondrial pyruvate oxidation—Pyruvate oxidation was performed as 

described (31), with modifications.  3T3-L1 adipocytes were incubated in growth 

medium containing 50 µM L-carnitine overnight and isolated mitochondria were added 

to 1 mL pyruvate oxidation buffer (1 mM [2-14C]-pyruvate (0.5 µCi/µmole pyruvate), 

20 mM Tris, pH 7.4, 100 mM sucrose, 10 mM potassium phosphate, 100 mM KCl, 1 

mM MgCl2, 2 mM ADP, 0.1 mM CoA, 1 mM DTT) and incubated for 30 min at 37 °C.  

Reactions were terminated with injection of 200 µL 9 M sulfuric acid and 14CO2 was 

assessed as described previously. 
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Metabolite quantitation—To measure lactate production, cells were incubated overnight 

in low-serum DMEM (high-glucose DMEM, 0.5% FBS, 50 µM L-carnitine) and the 

medium was collected for lactate quantitation.  To measure levels of cellular NAD+ and 

NADH, cells were grown as above under normal serum conditions and washed twice in 

PBS before nucleotide extraction.  Lactate and NAD+/NADH levels were assessed 

using their respective kits (BioVision) according to the manufacture’s instructions. 

 

Statistical analysis—The data are represented as the mean ± standard deviation (SD) or 

as the mean ± standard error of the mean (SEM) as indicated.  Statistical significance 

was determined using the two-tail Student’s t-test and one-way ANOVA where 

appropriate.  p < 0.05 was considered to be statistically significant. 

 

 

RESULTS 

Previous studies on FATP1 have focused on its role in mediating long- and very long-

chain fatty acid influx into adipocytes and muscle cells.  As shown originally by Stahl 

and colleagues (5) and subsequently by Lobo et al. (3) FATP1 translocates from 

intracellular sites to the plasma membrane in response to insulin and such translocation 

mediates, in part, insulin-stimulated fatty acid influx.  However, immunolocalization 

analysis by Lobo et al. indicated that as opposed to GLUT4 translocation, only a small 

percentage of FATP1 migrated to the plasma membrane, the vast majority of all FATP1 

remained intracellular.  Moreover, the appearance of punctate regions of 

immunofluorescence suggested that FATP1 may be organellar.  These observations 
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suggested that FATP1 may play a role independent of mediating plasma membrane 

fatty acid influx.   

 

Inspection of the FATP1 primary sequence and bioinformatic analysis predicted that the 

protein may be associated with the mitochondrion.  To assess this, each of the FATP 

family members was evaluated using MitoProt II (32) to identify putative mitochondrial 

targeting sequences and the probability of mitochondrial import (Table 1).  The analysis 

predicts with a probability greater than 95% that FATPs 1, 2, and 4 may be imported 

into the mitochondrion.  Work by Stahl and colleagues have previously shown that 

FATP1 fractionates with mitochondria (5) and we were able to confirm that observation 

through a combination of differential centrifugation and immunoblotting (results not 

shown).  As an independent method to demonstrate FATP1 localization with the 

mitochondrion, immunofluorescence microscopy was used in conjunction with the 

mitochondrion-specific dye, Mitotracker Red.  Figure 1 shows that FATP1 co-localized 

with Mitotracker Red and taken together, confirms that FATP1 is, in part, localized to 

the adipocyte mitochondrion. 
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TABLE 1 
Probability of murine FATP import into mitochondria. 

FATP family 
member 

Probability of 
mitochondrial 

import (%) 

FATP1 95.3 
FATP2 99.6 
FATP3 1.9 
FATP4 97.6 
FATP5 77.7 
FATP6 21.9 

Peptide sequences of FATP family members were analyzed for mitochondrial targeting 
sequences and the probability of mitochondrial import was calculated using MitoProt II. 
 

 

 

Figure 1.  FATP1 co-localizes with mitochondria in 3T3-L1 adipocytes.  3T3-L1 
adipocytes (day 8) were stained with Mitotracker Red and nuclei with DAPI (blue).  FATP1 
was detected using rabbit anti-FATP1 antibody and Alexa Fluor 488-conjugated goat anti-rabbit 
IgG (green). 
 

If FATP1 resides in the mitochondrion, it is likely that it functions in conjunction with 

other proteins.  To test this hypothesis, we undertook a proteomics approach to identify 

such FATP1-interacting partners.  To that end, endogenous FATP1 was 

immunoprecipitated from detergent-solubilized 3T3-L1 adipocytes. The immune 

complex and associated polypeptides were subjected to SDS-PAGE (Figure 2) and 
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Sypro Ruby staining.  A protein at ~100 kDa that was routinely observed in multiple 

experiments but not present in control immunoprecipitates was excised from the gel, 

trypsin digested and the resultant peptides analyzed via µLC-MS/MS.  The peptides 

identified matched the E1 subunit of mitochondrial 2-oxoglutarate dehydrogenase 

complex (OGDH), a rate-limiting step in the TCA cycle (Figure 2, Table 2).  A 90 kDa 

band was also observed and processed in parallel, however, its identity was not 

determined. 
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Figure 2.  Immunoprecipitation of FATP1 and association with 2-oxoglutarate 
dehydrogenase.  Control IgG or anti-FATP1 antibody was incubated with detergent-solubilized 
proteins from 3T3-L1 cells, immunoprecipitated, subjected to SDS-PAGE and stained with 
Sypro Ruby.  The 100 kDa and FATP1 bands were excised and subjected to MS/MS analysis as 
described in Materials and Methods.  
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TABLE  2 
Identification of ~100 kDa protein from FATP1 immunoprecipitate of 3T3-L1 

adipocytes 

  Protein ID Accession 
No. 

Mass 
(kDa) 

Seq. 
Cov. 

Peptide Sequence Xcorr DCn -log(e) 

oxoglutarate 
dehydrogenase 
(E1o subunit) 

NP_03508
6.2 116 19.1

% 
(K)AEQFYCGDTEGK
(K) 0 0 3 

    (K)FETPGIMQFTNEE
K 
(R) 

0 0 3.85 

    (R)FLDTAFDLDAFK
K(F) 3.49 0.491 2.64 

    (K)ICEEAFTR(S) 2.76 0.238 0 
    (R)KPLIVFTPK(S) 2.69 0.201 1.47 
    (K)LVEDHLAVQSLI

R(A) 4.42 0.492 2.09 

    (R)NITLSLVANPSHL
EAADPVVMGK(T) 4.51 0.534 6.33 

    (R)NMEEEVAITR(I) 3.88 0.296 0 
    (K)NQGYYDYVKPR(

L) 0 0 2.19 

    (R)NTNAGAPPGTAY
QSPLSLSR(S) 0 0 5.96 

    (R)SSLATMAHAQSL
VEAQPNVDK(L) 4.9 0.343 0 

    (K)TKAEQFYCGDTE
GKK(V) 4.93 0.529 2.72 

    (K)VASSVPVENFTIH
GGLSR(I) 2.94 0.38 3.2 

    (K)VFHLPTTTFIGGQ
EPALPLR(E) 3.19 0.193 3.3 

The 100 kDa band in Figure 2 was excised and subjected to MS/MS analysis as 
described in Materials and Methods using the X!  Tandem search engine 
(v2007.01.01.1) in addition.  Xcorr and DCn scores generated from SEQUEST and –
log(e) scores generated from X! Tandem. 
 

Because the association between FATP1 and OGDH could have formed following 

detergent extraction, we used formaldehyde cross-linking as an additional method to 

evaluate FATP1-OGDH interaction.  Mild formaldehyde cross-linking of cells has been 

used previously to stabilize protein-protein interactions while minimizing non-specific 

interactions (33).  In this analysis, proteins that directly associate with FATP1 plus 

secondary interactions between other associated proteins are revealed through the cross-
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linking.  Experimentally, 3T3-L1 adipocyte proteins were cross-linked with 

formaldehyde, immunoprecipitated with anti-FATP1 antibodies, heated to reverse the 

cross-links and the resultant proteins resolved by SDS-PAGE. The regions 

corresponding to the heavy and light chains were discarded and the remaining segment 

of the gel divided into 10 sections.  Protein in each segment was digested with trypsin 

and the peptides recovered and analyzed via µLC-MS/MS sequencing.  The resulting 

matches included the target protein FATP1 and the 2-oxoglutarate dehydrogenase 

complex (OGDH) (i.e., the E1, E2, and E3 subunits) (Table 3), as well as proteins 

involved in fatty acid synthesis and oxidation, glucose metabolism, TCA cycle and 

branched-chain amino acid metabolism.  The level of each protein determined from the 

FATP1 immunoprecipitation was estimated to be at least 60-fold greater than in the 

control immunoprecipitates based on normalized spectral counts. 
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TABLE 3 
Identification of proteins found in FATP1 immunoprecipitation from formaldehyde 

cross-linked 3T3-L1 adipocytes 

Proteins Identified 
Accession 

No. 
Mol. 
Mass  

Seq. 
Cov. 

Unique 
Peptides 

(#) 
Target Protein     

solute carrier family 27, member 1 (FATP1) NP_036107.1 71 kDa 28.0% 17 
 

Tricarboxylic Acid Cycle     
oxoglutarate dehydrogenase (E1o subunit) NP_035086.2 116 kDa 50.0% 48 
dihydrolipoamide S-succinyltransferase (E2o 
subunit) NP_084501.1 49 kDa 41.0% 10 

dihydrolipoamide dehydrogenase (E3 subunit) NP_031887.2 54 kDa 18.0% 7 
citrate synthase  NP_080720.1 52 kDa 11.0% 4 
isocitrate dehydrogenase 3 (NAD+) alpha  NP_083849.1 40 kDa 7.9% 3 
aconitase 2, mitochondrial  NP_542364.1 85 kDa 2.9% 2 

Glycerogenesis and Glycolysis     
aldolase A, fructose-bisphosphate  NP_031464.1 39 kDa 9.3% 3 
hexokinase 2  NP_038848.1 103 kDa 3.6% 3 
glycerol-3-phosphate dehydrogenase 1 (soluble)  NP_034401.1 38 kDa 8.6% 2 

Fatty Acid Metabolism     
acetyl-Coenzyme A acyltransferase 1  NP_570934.1 44 kDa 21.0% 8 
acetyl-Coenzyme A acyltransferase 1B NP_666342.1 44 kDa 28% 6 
ATP citrate lyase  NP_598798.1 120 kDa 5.1% 5 
plasma membrane associated protein, S3-12  NP_065593.2 139 kDa 4.2% 5 
sterol carrier protein 2, liver  NP_035457.1 59 kDa 7.7% 4 
acetyl-Coenzyme A acetyltransferase 1 precursor  NP_659033.1 45 kDa 14.0% 4 
acyl-Coenzyme A dehydrogenase, medium chain  NP_031408.1 46 kDa 11.0% 4 
dodecenoyl-Coenzyme A delta isomerase  NP_034153.2 32 kDa 19.0% 4 
acyl-Coenzyme A dehydrogenase, long-chain  NP_031407.2 48 kDa 5.8% 2 
acyl-Coenzyme A dehydrogenase, short chain  NP_031409.2 45 kDa 6.1% 2 
2,4-dienoyl-CoA reductase 1, mitochondrial  NP_080448.1 36 kDa 5.1% 2 
acyl-CoA synthetase long-chain family member 
1  NP_032007.2 78 kDa 3.4% 2 

acyl-Coenzyme A dehydrogenase family, 
member 11  NP_780533.2 87 kDa 2.6% 2 

carnitine acetyltransferase  NP_031786.2 71 kDa 3.0% 2 
Amino Acid Metabolism     

branched chain ketoacid dehydrogenase E1, beta  NP_954665.1 36 kDa 14.0% 4 
branched chain ketoacid dehydrogenase E1, 
alpha NP_031559.3 51 kDa 9.2% 4 

branched chain aminotransferase 2, 
mitochondrial  NP_033867.1 44 kDa 8.9% 3 

glutamate oxaloacetate transaminase 2, 
mitochondrial  NP_034455.1 47 kDa 8.4% 3 

3-hydroxyisobutyrate dehydrogenase precursor  NP_663542.1 35 kDa 9.9% 2 
Miscellaneous     

peroxisomal lon protease  NP_080103.1 95 kDa 35.0% 23 

oxoglutarate dehydrogenase-like  NP_001074599
.1 117 kDa 16.0% 11 

unc-84 homolog B  NP_919323.2 78 kDa 13.0% 7 
missing oocyte, meiosis regulator, homolog NP_663349.2 98 kDa 11.0% 7 
heat shock protein 1 (chaperonin)  NP_034607.3 61 kDa 5.2% 3 
SCY1-like 1  NP_076401.1 89 kDa 3.8% 3 
desmoplakin  NP_076331.2 333 kDa 1.0% 3 
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protein arginine N-methyltransferase 5  NP_038796.2 73 kDa 8.3% 4 
adenosine monophosphate deaminase 2 (isoform 
L)  NP_083055.1 92 kDa 5.8% 4 

epoxide hydrolase 2, cytoplasmic  NP_031966.2 63 kDa 12.0% 5 
plakophilin 1  NP_062619.1 81 kDa 4.0% 3 
nucleoside diphosphate kinase 4  NP_062705.1 21 kDa 31.0% 4 
TANK-binding kinase 1  NP_062760.2 83 kDa 8.2% 5 
stratifin  NP_061224.2 28 kDa 9.3% 3 
heat shock protein 1, beta  NP_032328.2 83 kDa 3.6% 2 
mitochondrial ribosomal protein S36  NP_079645.1 11 kDa 34.0% 3 
glutamyl-prolyl-tRNA synthetase  NP_084011.1 170 kDa 2.1% 2 
G protein, beta polypeptide 2 like 1  NP_032169.1 35 kDa 8.2% 2 
ubiquitin A-52 residue ribosomal protein fusion 
product 1                                    

NP_001098627
.1 15 kDa 23.0% 2 

mitochondrial carrier, adenine nucleotide 
translocator NP_031476.3 33 kDa 8.4% 2 

sec13-like protein isoform a  NP_001034177
.1 40 kDa 6.1% 2 

actin, gamma, cytoplasmic 1  NP_033739.1 42 kDa 10.0% 2 
poly(rC) binding protein 1  NP_035995.1 37 kDa 7.0% 2 
ATP synthase, mitochondrial F1 complex, 
gamma subunit  

NP_001106209
.1 30 kDa 7.7% 2 

trimethyllysine hydroxylase, epsilon  NP_620097.1 50 kDa 5.5% 2 
mitochondrial carrier, citrate transporter NP_694790.1 34 kDa 5.1% 2 

Differentiated 3T3-L1 adipocytes were cross-linked with 0.5% formaldehyde, and 
FATP1 immunoprecipitated.  The resultant proteins were separated by SDS-PAGE and 
subjected to MS/MS analysis as described in Methods and Materials.  All identified 
proteins were enriched at least 60-fold compared to control IgG immunoprecipitate. 
 

To address the association between FATP1 and OGDH directly, we evaluated the 

influence of FATP1 on the activity of purified OGDH.  We previously reported that the 

activity of purified FATP1 in dodecylmaltoside (DDM)-micelles is unstable at 37 °C 

and is rapidly lost within minutes while being stable for several hours at 4° C (10).  

Since many integral membrane proteins are unstable unless reconstituted into lipid 

bilayers, we produced FATP1-containing proteoliposomes and evaluated the effects of 

reconstitution on FATP1 activity.  FATP1 was reconstituted using glycerophospholipids 

that contained oleoyl side chains at the sn-1 and sn-2 positions since these 

phospholipids exhibit gel-to-liquid crystal transition temperatures below 4 °C, keeping 

the lipid bilayer fluid during the reconstitution.  Preformed small unilamellar vesicles 

(SUVs) were detergent-destabilized prior to the addition of purified protein and were 
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successfully reconstituted into mixed DOPC:DOPE (3:1) vesicles based on the 

migration of FATP1 in a 15-60% sucrose gradient (results not shown).    

 

FATP1 is predicted to have a single transmembrane domain separating a 4-10 amino 

acid N-terminal domain from the catalytic region (34).  This suggested that limited 

tryptic proteolysis could be used to determine the fraction of FATP1 orientated toward 

the outside of the vesicle versus that orientated inside of the vesicle.  Using trypsin 

sensitivity and an antibody directed towards the catalytic region (amino acids 192-215), 

FATP1 in DDM-micelles was rapidly proteolyzed producing an immunoreactive stable 

core peptide of 25 kDa (Figure 3A).  Reconstituted FATP1 was also rapidly and 

completely proteolyzed generating an immunoreactive stable core peptide of 15 kDa.  

These results suggested that FATP1 was orientated essentially unidirectionally in an 

inside-out manner with the catalytic domain located on the exofacial side of the SUV.  

This characteristic allowed subsequent assessment of acyl-CoA synthetase activity as 

previously performed in DDM-micelles.  Reconstituted FATP1 exhibited a slightly 

altered structural conformation resulting in the increased accessibility of at least one 

trypsin cleavage site as observed by the appearance of a core 15 kDa cleavage product, 

rather than the 25 kDa product found for trypsinized FATP1 in DDM-micelles.  To 

compare the thermostability of reconstituted FATP1 in SUVs to that purified in DDM, 

the acyl-CoA synthetase activity of FATP1 at 37 °C was monitored as a function of 

time (Figure 3B).  The acyl-CoA synthetase activity of FATP1 in DDM-micelles was 

lost rapidly with a half-life (t1/2) of ~1 min.  In contrast, reconstituted FATP1 exhibited 

increased thermostability at 37 °C with a half-life of 30-60 min.  The activity of 
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reconstituted FATP1 was essentially unaffected by changes in the phospholipid 

composition or addition of cholesterol (results not shown). 

 

 

Figure 3.  Reconstitution of FATP1 into small unilamellar vesicles and increased 
thermostability.  A. Reconstituted FATP1 in lipid vesicles comprised of DOPC:DOPE (3:1) or 
purified FATP1 in DDM-micelles were subjected to trypsin cleavage (1:50 trypsin:protein) for 
the times indicated, aliquots were removed, added to 4% SDS, subjected to SDS-PAGE and 
immunoblot analysis using the anti-FATP1 antibody.  Numbers on the y-axis represent Mr in 
kilodaltons.  B. Samples of purified FATP1 in DDM-micelles (♦) or reconstituted FATP1 () 
were incubated at 37 °C for 0-20 min.  After incubation for the indicated times, the acyl-CoA 
synthetase activity of the samples was assessed using lignoceric acid (C24:0) as the substrate.  
Data points are represented as the mean ± SD.  The data shown are representative of three 
independent experiments. 
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OGDH activity is inhibited in vitro by fatty acyl-CoAs at micromolar levels (35-40).  

Because of this, we hypothesized that FATP1 would potentially act as an OGDH 

inhibitor via it’s acyl-CoA synthetase activity.  Having established functional and stable 

FATP1 proteoliposomes, we assessed the activity of OGDH in the absence or presence 

of FATP1.  Surprisingly, FATP1 enhanced OGDH activity over two-fold and was 

independent of ATP and fatty acids (Figure 4A).  Additionally, the increase in OGDH 

activity was dependent on the concentration of FATP1 (Figure 4B).  Taken together, 

these results indicate that FATP1 is an OGDH activator independently of acyl-CoA 

production. 
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Figure 4.  FATP1 enhances activity of OGDH in vitro.  A.  The activity of purified 
OGDH (10 mU) was assessed in the presence or absence of FATP1 proteoliposomes (20 nM 
FATP1), 250 µM palmitate (FA), or 3 mM ATP.  An equivalent amount of lipid vesicles were 
added when FATP1 was absent. n = 3, mean ± SEM. Statistical analysis using one-way 
ANOVA with Newman-Keuls post-hoc analysis.  B.  The activity of OGDH was assessed in the 
absence of ATP and palmitate with increasing concentrations of reconstituted FATP1.  Amount 
of lipid vesicles present was constant. n = 3, mean ± SEM.  ***, p < 0.001 relative to OGDH 
alone. 
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To determine if the ability of FATP1 to enhance OGDH activity occurred in a cellular 

context we took advantage of a 3T3-L1 adipocyte cell line stably expressing shRNA 

directed against FATP1 that we had previously established (Figure 5A, (3)) and 

accessed OGDH activity.  Corroborating the in vitro data, OGDH activity was 

decreased 20% in the FATP1 knockdown adipocytes compared to the scramble shRNA-

expressing adipocytes (Figure 5B).  This suggests that FATP1 is a physiological 

regulator of OGDH. 
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Figure 5.  Analysis of OGDH activity in FATP1-silenced adipocytes.  Expression of 
FATP1 in 3T3-L1 adipocytes stably expressing a scrambled (Scr) or FATP1 shRNA (FATP1 
kd) (A) were assayed for OGDH activity for 10 min (B) as described in Materials and Methods. 
n = 6, mean ± SEM.  **, p < 0.01 relative to Scr. 
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Because OGDH is a rate-limiting step in the TCA cycle, the decrease in OGDH activity 

in the FATP1 knockdown adipocytes could also result in decreased TCA cycle activity.  

To assess this, the rate of [2-14C]-pyruvate oxidation was evaluated as a measure of 

TCA cycle activity (31).  As shown in Figure 6A, mitochondria isolated from FATP1 

knockdown adipocytes exhibited a 60% reduction in the rate of [2-14C]-pyruvate 

oxidation compared to that in the control mitochondria indicating a decrease in TCA 

cycle activity that is consistent with the decrease in OGDH activity. 
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Figure 6.  TCA cycle activity is decreased in the FATP1 knockdown adipocytes.  A. 
Mitochondria from 3T3-L1 Scr or FATP1-silenced adipocytes pretreated with 50 µM L-
carnitine overnight were isolated and incubated with 1 mM [2-14C]-pyruvate for 30 min in 
pyruvate oxidation buffer and 14CO2 determined.  n = 3, mean ± SEM.  B-D. 3T3-L1 Scr or 
FATP1 knockdown adipocytes were treated similarly and NAD+ (B), NADH (C) and the 
NAD+/NADH ratio determined (D). n = 4, mean ± SEM.  *, p < 0.05; **, p < 0.01 relative to 
Scr. 
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Because TCA cycle function plays an important role in the cellular redox status, we 

measured the NAD+ and NADH levels in the FATP1 knockdown cells.  NAD+ levels 

were unchanged in the FATP1-silenced adipocytes compared to scramble adipocytes, 

while NADH levels were decreased 33% (Fig. 6B, 6C).  There was no statistical change 

in total NAD levels, however (data not shown).  This resulted in a 50% increase in the 

cellular NAD+/NADH ratio (Figure 6D) and is consistent with decreased TCA cycle 

activity. 

 

The inability to derive energy from mitochondrial metabolism is frequently 

accompanied by increased metabolism of glucose and fatty acids to compensate for the 

energy deficiency.  This suggests that the FATP1-silenced adipocytes may exhibit 

increased glucose metabolism and lactate production.  Consistent with this view, lactate 

production was increased 2.4-fold in the FATP1 knockdown adipocytes (Figure 7A).  

Similar metabolic changes were seen in cellular fatty acid oxidation, where total fatty 

acid oxidation increased 13% (Figure 7B).  This was due to a 24% increase in the acid 

soluble metabolites (ASM) produced, while complete oxidation of fatty acids (i.e., fatty 

acids oxidized to CO2) decreased 30%, consistent with a defect in TCA cycle activity.  

To eliminate the possibility that the change in fatty acid oxidation is due to other 

peripheral changes in lipid and glucose metabolism, fatty acid oxidation was measured 

in isolated mitochondria from the FATP1-silenced cells (Figure 7C).  Similarly, total 

fatty acid oxidation in isolated mitochondria was increased 17% compared to scramble 

adipocytes and predominantly due to a 17% increase in ASM.  However, unlike what 

was measured for cellular fatty acid oxidation, complete fatty acid oxidation in isolated 
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mitochondria was increased 11% compared to the scramble adipocytes.  This difference 

may arise from the absence of glucose metabolism in the isolated mitochondria.  

Consistent with this, the presence of pyruvate attenuates CO2 production from fatty 

acids without effecting total fatty acid oxidation (data not shown). 

 

 

Figure 7.  Lactate production and fatty acid oxidation are increased in the FATP1-silenced 
adipocytes.  A. Lactate in the culture media.  n = 6, mean ± SEM.  B & C. 3T3-L1 Scr (light 
gray) or FATP1 knockdown (dark gray) adipocytes were pretreated with 50 µM L-carnitine 
overnight and fatty acid oxidation assessed in the adipocytes (B) or isolated mitochondria (C) 
using [1-14C]-palmitate.  B.  n = 6, mean ± SEM.  C.  n = 4, mean ± SEM.  ASM, acid soluble 
metabolites; Total, ASM + CO2.  **, p < 0.01; ***, p < 0.001 relative to Scr. 
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DISCUSSION 

FATP1 has been previously demonstrated to play a vital role in insulin-stimulated 

LCFA influx, both in adipocytes (3, 5) and skeletal muscle (5). Consistent with the role 

of FATP1 in LCFA uptake, FATP1 translocates from intracellular membranes to the 

plasma membrane upon insulin-stimulation, however a large fraction of FATP1 remains 

on intracellular structures (3, 5).  Several reports have noted the wide subcellular 

distribution of FATP1 in adipocytes and muscle (3, 5, 41, 42), implying that FATP1 has 

additional roles in these tissues.  Using 3T3-L1 adipocytes as a model system, we took a 

multidimensional approach to elucidate additional functions of FATP1.  Using a 

combination of immunoprecipitation of endogenous FATP1 and mild formaldehyde 

cross-linking to stabilize protein-protein interactions, we identified proteins of the 2-

oxoglutarate dehydrogenase complex (OGDH) as a likely binding partner for FATP1.  

In the absence of cross-linking, the E1 subunit of OGDH was identified as the major 

FATP1 associated protein (Figure 2, Table 2).  Using cross-linking, a large number of 

mitochondrial and mitochondrially associated proteins were identified consistent with a 

large supramolecular complex of multiple proteins and functional activities.  Amongst 

those identified in the cross-linking experiment was long-chain acyl-CoA synthetase 1 

(ACSL1).  Schaffer and colleagues previously co-immunoprecipitated epitope-tagged 

FATP1 and ACSL1 using lentiviral over expression in 3T3-L1 adipocytes (15).  Recent 

work has shown that ACSL1 is not involved in LCFA influx in adipocytes but may be 

linked to re-esterification of fatty acids following lipolysis (43).  Therefore, the true 

function of the FATP1-ACSL1 interaction is still unknown.  These results in sum 

conclude that FATP1 is a mitochondrially-associated protein.  Consistent with this, both 
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bioinformatic analysis and immunofluorescence microscopy indicated that FATP1 is 

localized to mitochondria in 3T3-L1 adipocytes (Table 1, Figure 1).  Moreover, during 

the preparation of this manuscript, Garcia-Martinez and colleagues published work 

demonstrating that FATP1 localizes to mitochondria in both cultured myotubes and 

human skeletal muscle (44).  As such, findings in multiple systems conclude that 

FATP1 has additional functions beyond facilitating fatty acid influx.   

 

In order to determine whether the proposed FATP1-OGDH interaction is functionally 

significant, we developed detergent-free FATP1 proteoliposomes for in vitro analysis.  

FATP1 purified in DDM-micelles is unstable at 37 °C (Figure 3B).  However, 

reconstitution of FATP1 into SUVs resulted in the surprising finding that the enzyme 

activity was markedly stabilized when maintained at 37 °C.  Characterization of FATP1 

proteoliposomes revealed an approximately 30-fold increase in thermostability 

compared to FATP1 in DDM-micelles (Figure 3B).  These changes in protein function 

may be explained by an altered structural conformation in the N-terminal catalytic 

domain.  Consistent with this view tryptic cleavage of reconstituted FATP1 resulted in a 

stable 15 kDa protein fragment containing amino acids 192-215 of the N-terminal 

catalytic domain in contrast to the stable 25 kDa protein fragment generated from 

FATP1 in DDM-micelles (Figure 3A).  Because the lipid vesicles represent a more 

physiological environment and result in increased thermostability of FATP1, the altered 

structure of FATP1 is believed to represent the natural conformation found in vivo.  

This suggests that FATP1 proteoliposomes could be used in subsequent in vitro studies. 
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Using FATP1 proteoliposomes and purified OGDH, we found that FATP1 enhanced 

OGDH activity in a concentration-dependent manner that was independent of ATP and 

fatty acids and, therefore, independent of the acyl-CoA synthetase activity of FATP1 

(Figure 4).  This observation was corroborated in the FATP1 knockdown adipocytes 

where OGDH activity was decreased 20% (Figure 5).  Because we were unable to 

measure OGDH protein levels due to lack of a functional commercial antibody, we 

cannot rule out the possibility that OGDH levels are altered in the FATP1-silenced 

adipocytes.  However, because FATP1 was able to enhance purified OGDH activity in 

vitro, it is strongly suggestive that the interaction is direct and that the loss of FATP1 in 

the silenced cells is at least in part directly responsible for the observed decrease in the 

OGDH activity.  Fatty acyl-CoAs have been previously shown to attenuate OGDH 

activity in vitro at low micromolar levels (35-40).  While we were unable to observe 

any OGDH inhibition in the presence of 6 µM palmitoyl-CoA (data not shown), it is 

likely that the lipid vesicles in this study act as a sink for fatty acyl-CoAs due to their 

amphiphilic nature.  We therefore cannot exclude the possibility that FATP1 acyl-CoA 

synthetase activity influences OGDH in vivo. 

 

OGDH catalyzes one of the rate-limiting steps in the TCA cycle (45, 46) and uses 

NAD+ for the oxidative decarboxylation of α-ketoglutarate to succinyl-CoA, producing 

NADH.  The NADH produced at this step and subsequent steps in the TCA cycle 

provide the electrons necessary for maintaining the mitochondrial membrane potential.  

Because TCA cycle activity is intimately linked to the cellular redox state and energy 

homeostasis (47-51), we hypothesized that the decrease in OGDH activity in the FATP1 
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knockdown adipocytes would manifest in decreased TCA cycle activity and further lead 

to alterations in other energy-producing pathways.  We demonstrated that TCA cycle 

activity is decreased substantially (60%) in the FATP1 knockdown adipocyte 

mitochondria as measured by [2-14C]-pyruvate oxidation (Figure 6A).  This is consistent 

with the decrease in the NADH levels and, hence, increases in the NAD+/NADH ratio 

(Figure 6C, D), indicating altered mitochondrial energy metabolism.  Attenuated TCA 

cycle activity has also been linked to increases in compensatory glycolysis in the 

cytoplasm (52-55), in part due to the decrease flux of pyruvate through the TCA cycle, 

as well as increases in fatty acid oxidation (56).  Accordingly, lactate production was 

increased over two-fold (Figure 7A) and total mitochondrial fatty acid oxidation 

increased 17% in the FATP1-silenced cells (Figure 7B, C).  Previous work from Lobo 

et al. has shown that FATP1 knockdown adipocytes have a 10% increase in basal 

glucose uptake (3).  While this would in part contribute to an increase in lactate 

production (57, 58), the magnitude of this increase correlates with the magnitude of the 

decrease in TCA cycle activity.  Further work is needed to explore the mechanistic links 

between FATP1, TCA activity, and alterations in mitochondrial function.  

 

The work of Garcia-Martinez and colleagues also linked FATP1 to glucose oxidation in 

skeletal myotubes (44).  In their studies FATP1 over expression in myotubes resulted in 

enhanced glucose oxidation while fatty acid oxidation was decreased.  These results 

mirror our own observations in the FATP1 knockdown adipocytes.  Garcia-Martinez 

and colleagues also found that the increase in glucose oxidation was consistent with an 

increase in the activity of the pyruvate dehydrogenase complex (PDH) although the 
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mechanism through which FATP1 increases the activity of PDH remained unknown.  

PDH belongs to the 2-oxo acid dehydrogenase superfamily and includes OGDH and the 

branched-chain keto acid dehydrogenase complex (BCKDH).  All three of these 

dehydrogenase complexes are structurally similar and are comprised of 3 subunits (E1, 

E2, and E3), where the E1 and E2 subunits are unique to each of the dehydrogenases 

while sharing the same E3 (59).  While assessing FATP1 activation of purified OGDH 

using our FATP1 proteoliposome system, we found that purified PDH was similarly 

activated by FATP1 in a concentration-dependent manner (data not shown).  This 

suggests that the enhancing ability of FATP1 on OGDH activity also pertains to PDH 

activity.  Furthermore, BCKDH was also identified as a candidate FATP1-protein 

interaction (Table 3).  Together, our data suggest the ability of FATP1 to enhance 

dehydrogenase activity may be conserved for all 2-oxo acid dehydrogenase superfamily 

members.  It is unclear as to why none of the unique PDH subunits were identified as 

candidate FATP1-protein interactions.  One explanation is that the proteins were simply 

excluded when the IgG gel bands were excised and discarded.  Another possibility is 

that endogenous FATP1 interacts with PDH at relatively low stoichiometry in 

adipocytes, making it difficult to detect the interaction.  While our current study 

correlates the decrease in OGDH activity with the decrease in TCA cycle activity in the 

FATP1 knockdown adipocytes, PDH activity within the knockdowns was not assessed.  

Therefore, it is possible that a decrease in PDH activity exists in the FATP1 

knockdowns and may be contributing to the decreased TCA cycle activity.  Further 

studies are needed to better understand the nature of the physical interactions between 
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FATP1 and the dehydrogenases and the contribution of each of the dehydrogenases to 

TCA cycle activity in adipocytes.   

 

Interestingly, cardiomyocyte-specific over expression of FATP1 results in cardiac 

lipotoxicity (19), while Fatp1-/- mice maintain insulin sensitivity even on a high-fat diet 

(7).  While the effects of FATP1 in these systems has been solely considered with 

regard to fatty acid influx, it is possible that the changes in mitochondrial FATP1 levels 

and the associated modulation of TCA cycle function are also contributing to these 

phenotypes.  Fatp1-/- mice are also cold intolerant due to a defect in nonshivering 

thermogenesis in brown adipose tissue (60).  Wu et al. indicated that FATP1 plays an 

important role in the early phase of thermogenesis as indicated by a decrease in oxygen 

consumption and CO2 production, prior to the increase in FATP1 protein expression 

during the late phase of thermogenesis (60).  These observations are also consistent with 

the decreases in TCA cycle activity and NADH levels we observed in the FATP1 

knockdowns and may even result in attenuation of mitochondrial membrane potential in 

brown adipocytes (61).  This would retard the rate of electron transport uncoupling, and, 

in part, attenuate thermogenesis.  Additional studies are needed to confirm the role of 

mitochondrial FATP1 in these systems. 

 

In summary, we demonstrate that FATP1 is localized to mitochondria and enhances 

OGDH activity in vitro.  This is consistent with an attenuation of OGDH activity in 

cultured FATP1 knockdown adipocytes and correlates with a decrease in TCA cycle 

activity.  Furthermore, the FATP1 knockdown adipocytes have an increased 
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NAD+/NADH ratio due to decreased NADH levels.  These changes in the cellular redox 

status correlate with the observed increase in lactate production and fatty acid oxidation 

in the FATP1 knockdowns.  This work, along with the work of Garcia-Martinez and 

colleagues, reveals a novel role for FATP1 in the regulation of TCA cycle function and 

energy homeostasis via its protein interactions with key proteins in the TCA cycle. 
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CHAPTER 5: 
 

FATP1 MEDIATES LONG-CHAIN FATTY ACID-INDUCED ACTIVATION OF 
AMP-ACTIVATED PROTEIN KINASE IN 3T3-L1 ADIPOCYTES 
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SUMMARY 

Fatty acid transport proteins are integral membrane acyl-CoA synthetases implicated in 

adipocyte fatty acid influx and esterification.  FATP-dependent production of AMP was 

evaluated using FATP4 proteoliposomes, and fatty acid-dependent activation of AMP-

activated protein kinase (AMPK) was assessed in 3T3-L1 adipocytes.  Insulin-

stimulated fatty acid influx (palmitate or arachidonate) into cultured adipocytes resulted 

in an increase in the phosphorylation of AMPK and its downstream target acetyl-CoA 

carboxylase.  Consistent with the activation of AMPK, palmitate uptake into 3T3-L1 

adipocytes resulted in an increase in intracellular [AMP]/[ATP].  The fatty acid-induced 

increase in AMPK activation was attenuated in a cell line expressing shRNA targeting 

FATP1.  Taken together, these results demonstrate that, in adipocytes, insulin-

stimulated fatty acid influx mediated by FATP1 regulates AMPK and provides a 

potential regulatory mechanism for balancing de novo production of fatty acids from 

glucose metabolism with influx of preformed fatty acids via phosphorylation of acetyl-

CoA carboxylase.   

 

 



 

 133 

INTRODUCTION 

Long-chain fatty acid (LCFA) flux in tissues such as cardiac and skeletal muscle, liver, 

and adipose is a highly regulated and complex process involving both diffusional and 

protein-mediated components (1-3).  A number of proteins have been identified and 

shown to play roles in LCFA influx (2,4-7) including fatty acid translocase/CD36, 

plasma membrane fatty acid-binding protein, caveolin-1, as well as fatty acid transport 

proteins (FATPs).  Members of the FATP family are integral membrane proteins and 

have been shown to exhibit coenzyme A (CoA) and ATP-dependent long-chain and 

very long-chain fatty acyl-CoA synthetase activity (8-12).  FATPs facilitate LCFA 

influx, at least in part, by coupling the diffusion of LCFA through the plasma membrane 

with CoA-esterification on the inner membrane in a process termed vectoral acylation, 

producing a fatty acyl-CoA, AMP, and pyrophosphate (13-15).   

 

Mammals possess six FATP isoforms (FATP1-6) that have varying tissue expression 

and subcellular localization (3,16).  Overexpression of FATPs in mammalian cells 

results in increased LCFA influx (9,17-20) and several isoforms, though not all, can 

rescue the decrease in LCFA influx in yeast lacking the FATP homologue, Fat1p (11).  

Functional studies using primary adipocytes from FATP1 null mice (21) and FATP1 

knockdown 3T3-L1 adipocytes (3) have shown FATP1 is required for insulin-

stimulated LCFA uptake but has only a minor role in basal LCFA influx, consistent 

with the insulin-stimulated translocation of FATP1 to the plasma membrane (3,5). 

Consistent with its localization to internal membranes functional studies of FATP4 have 

shown that the protein does not play a role in LCFA uptake in adipocytes (3).  
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AMP-activated protein kinase (AMPK) has been described as the cellular fuel gauge, 

regulating glucose and fatty acid metabolism (22-25).  In terms of fatty acid 

metabolism, AMPK activation decreases de novo fatty acid and triacylglycerol 

synthesis and increases β-oxidation.  Fatty acid influx has been shown in cardiac, 

skeletal muscle and liver to induce phosphorylation and activation of AMPK (26-29).  

However, the mechanistic linkage between LCFA influx and AMPK activation has not 

been addressed in adipocytes. 

 

In this report, we analyze FATP1-dependent production of AMP both in vitro and in 

3T3-L1 cells.  We demonstrate that in 3T3-L1 adipocytes, fatty acid influx temporally 

increases the intracellular [AMP]/[ATP].  This increase in [AMP]/[ATP] occurred 

coincident with an increase in AMPK phosphorylation and an increase in the 

phosphorylation of AMPK’s downstream target, acetyl-CoA carboxylase (ACC), 

indicating increased AMPK activity.  Activation of AMPK was attenuated in cell lines 

expressing shRNA targeting FATP1.  These results demonstrate that insulin-stimulated 

fatty acid influx increases [AMP]/[ATP] that in turn regulates AMPK in an FATP1-

dependent manner and serves as a possible regulatory mechanism to balance de novo 

lipogenesis with fatty acid influx in adipocytes.   
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EXPERIMENTAL PROCEDURES 

Reagents and cell culture—Cell culture reagents were obtained from Invitrogen.  Cell 

culture-grade porcine insulin, puromycin, methylisobutylxanthine, and dexamethasone 

were obtained from Sigma-Aldrich.  Non-radiolabeled fatty acids were obtained from 

Nu-Chek Prep, Inc (Elsyian, MN).  [3H]lignoceric acid was obtained from American 

Radiochemicals Co.  [3H]palmitate and [α-32P]ATP were obtained from GE Healthcare 

Life Sciences.  n-dodecyl-β-D-maltopyranoside was obtained from MBL International 

Corp.  Dioleoylphosphatidylcholine (DOPC), dioleoylphosphatidylethanolamine 

(DOPE), dioleoylphosphatidyl-L-serine (DOPS), and cholesterol were obtained from 

Avanti Polar Lipids, Inc.  Antibodies used were obtained as follows:  rabbit anti-FATP4 

(a gift from Dr. Paul Watkins, Kennedy Krieger Research Institute, Baltimore, MD); 

rabbit anti-phospho-acetyl-CoA carboxylase (Ser79) (Millipore); rabbit anti-phospho-

AMPKα (Thr172) mAb and rabbit anti-AMPKα (Cell Signaling Technology); HRP-

conjugated goat anti-rabbit IgG (Jackson ImmunoResearch Laboratories, Inc); and 

IRDye 700-conjugated goat anti-rabbit IgG (Li-Cor Biosciences).  All other reagents 

were of analytical grade and obtained from Sigma-Aldrich. Differentiation and 

maintenance of stable 3T3-L1 cell lines expressing shRNA targeting FATP1, FATP4, 

or a scrambled sequence were previously described (3). 

 

Purification and reconstitution of purified FATP into small unilamellar vesicles 

(SUVs)—Purification of murine FATP1-Myc/His and murine FATP4-Flag was 

performed as previously described (8,10).  Purity of elution fractions was determined by 

Coomassie Blue staining and quantitation was performed using densitometry.  
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Reconstitution of FATP1 was performed as described in Chapter 4 of this thesis.  

Reconstituted FATP was kept on ice and used immediately. 

 

Adenine nucleotide formation and separation using thin layer chromatography—Fatty 

acyl-CoA synthetase assay was initiated as above except that the final reaction volume 

contained 2 mM ATP, 70 µCi/mL [α-32P]ATP and was assayed for 1 h at 37 °C.  5 µL 

of the reaction was subsequently spotted onto a PEI-cellulose thin-layer plate, dried, and 

developed as described (30).  The thin-layer plate was air-dried, exposed in a 

PhosphorImager cassette (FujiFilm) and scanned using a Fuji FLA-5000.  Adenine 

nucleotide migration was determined by spotting standards of non-radioactive ATP, 

ADP, and AMP in parallel with samples. 

 

Analysis of intracellular AMP and ATP by HPLC—Nucleotide analysis was performed 

as described by Huang et al. (31).  Briefly, cells were lysed in 10% trichloroacetic acid, 

the acid was removed by diethyl ether extraction, and the samples concentrated using a 

SpeedVac.  HPLC analyses were performed using 70 μL of sample injected onto a SAX 

column at a flow rate of 0.750 mL/min.  After 5 minutes of isocratic separation in buffer 

A (7 mM H2PO4, pH 3.8), a linear gradient of 0-80% buffer B (250 mM NH4H2PO4, pH 

4.7) was applied over 30 minutes followed by a 10 minutes of isocratic buffer B.  Prior 

to analyzing the nucleotides, standard solutions of ATP, AMP, and UMP were 

chromatographed in order to determine their elution times and peak areas.  AMP and 

ATP nucleotide concentrations were obtained by integrating the area under each peak. 
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Analysis of cellular fatty acid uptake—Fatty acid uptake was performed essentially as 

described (3).  Briefly, cells were serum starved for 2 h using Kreb-Ringers’s HEPES 

(KRH) buffer (20 mM HEPES, 120 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO4, 1.3 mM 

CaCl2, 5 mM NaHCO3), pH 7.4 containing 5.4 mM glucose and 0.1% fatty acid-free 

BSA prior to a 20 min pre-treatment with 100 nM insulin.  Fatty acids were complexed 

to fatty acid-free BSA so that the free fatty acid concentration was ~100 nM as 

calculated using the equations described by Richieri, et al. (32).  After addition of 

LCFA:BSA complex to cells for various times, cells were washed three times in ice-

cold KRH containing 0.1% BSA and 200 µM phloretin and solubilized in 0.5% SDS.  

Samples were analyzed for total lipid influx via liquid scintillation counting.   

 

Evaluation of AMPK activation during insulin-stimulated fatty acid uptake in 3T3-L1 

adipocytes—Cells were rapidly washed in ice-cold PBS twice and immediately scraped 

into lysis buffer (50 mM Tris-HCl, pH 7.5, 50 mM NaF, 5 mM sodium pyrophosphate, 

1 mM EDTA, 1 mM DTT, 10% (v/v) glycerol, 1% (v/v) Triton X-100, 2 µM pepstatin 

A, Complete-Mini Protease Inhibitor cocktail (Roche), and phosphatase inhibitors).  

Lysates were precipitated by the addition of PEG-8000 (10% final).  Pellets were re-

solubilized in 2% SDS and total protein concentration was determined by bicinchoninic 

acid assay. Protein was separated by SDS-PAGE on an 8.5% SDS-polyacrylamide gel 

and subjected to immunoblot analysis. 

 

Statistical analysis—The data are represented as the mean ± standard deviation (SD) or 

as the mean ± standard error of the mean (SEM) as indicated.  Statistical significance 
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was determined using the two-tail Student’s t-test and two-way ANOVA where 

appropriate.  p < 0.05 was considered to be statistically significant. 

 

RESULTS 

In addition to the formation of long-chain fatty acyl-CoA, AMP and pyrophosphate are 

also predicted to form as acyl-CoA synthetase reaction products. We took advantage of 

the FATP proteoliposomes established in Chapter 4 of this thesis to experimentally 

demonstrate that AMP is a product.  FATP4 displays the greatest specific activity 

(Chapter 2) and therefore was used as a FATP family representative to assess AMP 

formation (Figure 1).  Using [α-32P]ATP, CoA, and palmitate as substrates, the products 

of the reaction were subjected to thin-layer chromatography and confirmed that AMP 

was produced as a product of the long-chain acyl-CoA synthetase reaction.  
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Figure 1.  Analysis of AMP production by FATP.  Reconstituted FATP4 was assayed 
for AMP formation using a modified version of the acyl-CoA synthetase activity assay using 
[α-32P]ATP as described in Experimental Procedures.  After 1 h, 5 µL was spotted onto a PEI-
cellulose thin layer plate and developed. The (C) lane represents the no enzyme control.  
Adenine nucleotide separation was determined by spotting adenine nucleotide standards in 
parallel with samples.  The data shown is representative of three independent experiments. 
 

Based on the vectoral acylation hypothesis, LCFA influx is predicted to increase the 

intracellular [AMP]/[ATP] ratio and activate the AMP-activated protein kinase 

(AMPK).  Since LCFA influx is greatest during insulin stimulation (5), we measured 
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intracellular [AMP] and [ATP] during insulin-stimulated LCFA influx using palmitate 

as a model fatty acid.  Insulin treatment led to a marked reduction in intracellular 

[AMP]/[ATP], consistent with increases in glucose uptake and metabolism, while 

subsequent insulin-stimulated palmitate influx temporally increased intracellular 

[AMP]/[ATP] compared to insulin alone (Figure 2B).  While palmitate influx increases 

linearly during the 20 min incubation (Figure 2A), intracellular [AMP]/[ATP] increased 

during the first 5-10 min of palmitate influx then returned to basal levels. (Figure 2B).  

Consistent with the changes in intracellular [AMP]/[ATP], AMPK phosphorylation on 

the catalytic α-subunit on Thr172 decreased 75% upon insulin treatment while 

palmitate influx transiently increased AMPK phosphorylation 60% compared to insulin 

alone (Figure 2C), paralleling changes in [AMP]/[ATP].  AMPK activation was 

manifest in the paralleled phosphorylation changes of the AMPK protein substrate, 

acetyl-CoA carboxylase (ACC) (Figure 2D).  Following insulin-stimulated translocation 

of FATP1 to the plasma membrane, arachidonate addition led to a statistically 

significant increase in AMPK activation (Figure 3A, 3B) while oleate addition exhibited 

a trend towards increased AMPK phosphorylation. 
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Figure 2.  Insulin-stimulated palmitate influx into 3T3-L1 adipocytes increases the 
intracellular [AMP]/[ATP] ratio and AMPK activation.  A. Time course of insulin-
stimulated palmitate influx.  Serum-starved 3T3-L1 adipocytes were insulin treated for 30 min 
and palmitate influx was initiated upon addition of [3H]palmitate (palmitate:BSA 5:1). n = 3, 
mean ± SEM.  B. Intracellular [AMP]/[ATP] during insulin-stimulated palmitate influx. 3T3-L1 
adipocytes were incubated with palmitate:BSA (5:1) and at various times, the [AMP] and [ATP] 
levels were determined by HPLC. n = 4, mean ± SEM.  C & D. p-AMPK and p-ACC levels 
during insulin-stimulated palmitate influx.  Blots shown are representative of three independent 
experiments.  The blots of were quantitated and graphically represented as the mean ± SEM., n 
= 6.  For B-D, a, p = 0.10; *, p < 0.05 relative to absence of palmitate; ##, p < 0.01; ###, p < 
0.001 relative to absence of insulin.  
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Figure 3.  Exogenous long-chain fatty acids induce AMPK phosphorylation in 3T3-
L1 adipocytes.  Serum-starved 3T3-L1 adipocytes were pretreated with 100 nM insulin for 30 
min and then incubated with fatty acid-free BSA or BSA-buffered palmitate (C16:0), oleate 
(C18:1), or arachidonate (C20:4) plus insulin for 10 min such that the free fatty acid 
concentration was 100 nM.  30 µg of protein was subjected to SDS-PAGE and immunoblot 
analysis using anti-p-AMPK (A) and anti-p-ACC (B) antibodies.  The blots were quantitated via 
densitometry and graphically represented as the mean ± SEM, n = 6.  Relative to BSA alone: a, 
p = 0.15; *, p < 0.05; **, p < 0.01. 
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The increase in intracellular [AMP]/[ATP] observed during insulin-stimulated palmitate 

influx is consistent with the reaction mechanism for FATPs.  FATP1, but not FATP4, 

facilitates the insulin-stimulated component of fatty acid uptake into 3T3-L1 adipocytes 

(3).  These observations together with the increase in [AMP]/[ATP] led us to 

hypothesize that the AMPK activation during insulin-stimulated fatty acid influx in 

adipocytes would be dependent on FATP1.  To that end, we evaluated the fatty acid-

dependent activation of AMPK in 3T3-L1 adipocytes stably expressing a lentiviral-

directed shRNA targeting FATP1 or a control scrambled shRNA (3).  When insulin-

treated FATP1 knockdown and control 3T3-L1 adipocytes were incubated with 

palmitate for 10 minutes and AMPKα phosphorylation assessed, the control cells 

exhibited an increase of 2.5-fold compared to the absence of palmitate (Figure 4A).  

Consistent with AMPKα activation, phosphorylated ACC levels correlated with the 

levels of AMPKα phosphorylation and increased 8-fold compared to the absence of 

palmitate (Figure 4B).  In contrast, insulin-treated FATP1-silenced adipocytes exhibited 

only a 1.6-fold increase in phosphorylated AMPKα and a 2.3-fold increase in ACC 

phosphorylation in response to palmitate influx (Figure 4A, 4B).  These results suggest 

that the fatty acid-induced activation of AMPK during insulin-stimulation is dependent 

on FATP1 and is consistent with the vectoral acylation model for LCFA influx.  
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Figure 4.  Adipocyte AMPK activation during insulin-stimulated fatty acid uptake is 
dependent on FATP1.  A & B. Serum starved, 3T3-L1 Scr (white bars) or FATP1 (black bars) 
knockdown adipocytes were pretreated with 100 nM insulin for 20 min and incubated in the 
absence or presence of 100 nM free palmitate for 10 min.  Cells were washed, lysed, and 
proteins analyzed by immunoblotting using the anti-AMPK, anti-p-AMPK (B), or anti-p-ACC  
(C) antibodies.  Blots shown are representative of three independent experiments.  The blots of 
each of the experiments were quantitated and graphically represented as the mean ± SEM, n = 6.  
Relative to the absence of palmitate: a, p = 0.065; *, p < 0.05; ***, p < 0.001.  Relative to Scr: 
#, p < 0.05; ###, p < 0.001. 
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DISCUSSION 

Taking advantage of the increased enzymatic stability (Chapter 4), FATP 

proteoliposomes were used to show for the first time that AMP is formed during the 

FATP acyl-CoA synthetase reaction (Figure 1), giving further evidence that FATPs 

share the same reaction mechanism as other long-chain acyl-CoA synthetases.  This 

result, taken together with the requirement of FATP1 in adipocyte insulin-stimulated 

LCFA influx (3,21), is consistent with the observed increase in intracellular 

[AMP]/[ATP] and increase in AMPK activation during insulin-stimulated LCFA influx 

(Figure 2 & 3). Furthermore, reducing FATP1 expression via lentivirus mediated gene 

silencing attenuated LCFA-induced AMPK activation during insulin stimulation (Figure 

4).   

 

While the increase in intracellular [AMP]/[ATP] is consistent with AMPK activation in 

adipocytes, it does not rule out the possibility that additional mechanisms are involved.  

In skeletal myocytes, Watt et al. showed that LCFA-induced AMPK activation was 

AMP-independent and suggested that LCFA influx led to a change in the interaction of 

the AMPKβ and γ regulatory subunits with the catalytic α-subunit, allowing LKB1 to 

phosphorylate AMPKα more effectively (28).  Therefore, it is possible that in 

adipocytes fatty acyl-CoAs produced by FATP1 or downstream lipid metabolites 

potentiate the AMPK activation in addition to changes in intracellular [AMP]/[ATP].  

However, Taylor et al. demonstrated that long-chain fatty acyl-CoAs inhibit AMPK 

activity in vitro through prevention of Thr172 phosphorylation by LKB1 (33), 

suggesting that increasing levels of fatty acyl-CoAs could antagonize the fatty acid-
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induced AMPK activation and prevent hyperactivation of AMPK.  It is unclear whether 

such regulation is manifest under the conditions of the current study. 

 

Whereas FATP1 mediates insulin-stimulated LCFA influx, it is likely that other 

proteins participate in the influx process.  Ample evidence links CD36 to LCFA influx 

in adipocytes (2,34-37), suggesting the possibility of a functional synergy between 

FATP1 and CD36 in insulin-stimulated LCFA uptake.  CD36 may function as a LCFA 

"receptor" while FATP1 catalyzes the esterification reaction trapping the fatty acid 

internally.  Linking the two functions, Kleinfeld and colleagues have suggested that a 

"true" LCFA transporter exists in adipocytes and mediates transit across the plasma 

membrane.  Taken together, the results suggest that a complex of proteins mediate basal 

and/or insulin-stimulated LCFA influx leading to increased acyl-CoA formation, 

increased intracellular [AMP]/[ATP] and AMPK activation that could result in an 

attenuation of de novo lipogenesis via the phosphorylation of ACC (Figure 5).  Such a 

regulatory mechanism in adipocytes would provide for molecular control between the 

de novo fatty acid synthetic and fatty acid influx pathways.  The molecular linkage 

between acyl-CoA synthetase activity and activation of AMPK need not be limited to 

reactions of LCFA influx.  Indeed, Gauthier et al. reported that the activation of AMPK 

in adipocytes during hormone-stimulated lipolysis was dependent on a undefined acyl-

CoA synthetase (25) that is most likely to be ACSL1 (38).  These results in sum suggest 

a general mechanism through which acyl-CoA synthetases, depending on their 

physiological location and function, regulate AMPK activation. 
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Figure 5.  Model of long-chain fatty acid-induced AMPK activation during insulin 
stimulation.  Insulin-stimulated glucose uptake increases the flux of glucose through 
glycolysis.  Glycolysis produces ATP which antagonizes AMP-activated protein kinase 
(AMPK) and promotes de novo fatty acid synthesis.  Fatty acids enter the adipocyte and are 
esterified to their CoA-esters via CD36 and FATP1.  The utilization of ATP and production of 
AMP increases intracellular [AMP]/[ATP] and results in the activation of AMPK.  AMPK 
phosphorylates and inhibits ACC, thereby attenuating de novo fatty acid synthesis in the 
presence of exogenous fatty acids. 
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In 1994, Jean Schaffer and Harvey Lodish used a mouse cDNA library to overexpress 

proteins in mammalian cells in order to identify candidate proteins involved in long-

chain fatty acid (LCFA) influx (1).  The result of this screen was the identification of a 

novel protein they called fatty acid transport protein (FATP).  Since then, five 

additional family members have been identified, many resulting in increased LCFA 

influx when overexpressed in mammalian cell lines (2,3) and yeast (4).  However, when 

FATP1 was identified in 1994, it was not yet appreciated that this family of proteins all 

were in fact acyl-CoA synthetases and were predicted to have no structural resemblance 

to traditional transports such as the glucose transporter family.  This inspired a model 

for LCFA influx, termed vectoral acylation, where fatty acids entered a cell driven by a 

concentration gradient and were immediately esterified with coenzyme A, both 

maintaining the influx of LCFAs and channeling the fatty acyl-CoAs to various 

metabolic fates.  It has since been shown that members of long-chain acyl-CoA 

synthetase family can also increase LCFA influx, both using large lipid vesicles (5) and 

overexpression in cells.  While it is still debated whether or not FATPs in fact require 

their acyl-CoA synthetase activity to elicit LCFA influx, it has become clear that FATPs 

have varying subcellular localizations and that this often correlates with whether or not 

they participate in LCFA influx (6-8). 

 

Work contained in Chapter 2 of this thesis characterized the acyl-CoA synthetase 

activity of FATP4 and has contributed to the biochemical characterization of all FATPs.  

Despite the fact that both the long-chain and very long-chain acyl-CoA synthetase 

activities of FATP4 are  ~30-fold and 10-fold higher in vitro, respectively, than FATP1, 
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FATP4 has no role in LCFA influx in adipocytes and is completely localized to internal 

structures (Chapter 3).  On the other hand, FATP1 translocates to the plasma membrane 

upon insulin treatment of adipocytes (Chapter 3, (9)) and this translocation correlates 

with the necessity of FATP1 in insulin-stimulated LCFA influx but not basal influx 

(Chapter 3, (10)). 

 

Having a long-chain acyl-CoA synthetase linked to LCFA influx revealed the 

possibility that FATP1 could regulate fatty acid synthesis, communicating the rates of 

LCFA influx to the de novo lipogenesis pathway via FATP1’s production of AMP.  The 

AMP produced would subsequently activate AMPK and attenuate de novo lipogenesis.  

When this hypothesis was investigated (Chapter 5), the data confirmed that insulin-

stimulated LCFA influx in adipocytes could in fact activate AMPK and that this 

activation was attenuated when FATP1 was depleted.  However, under the conditions 

tested, the response of AMPK activation to LCFA influx was transient, reaching 

maximum activation in ten minutes and dissipating back to baseline ten minutes later.  

This brings into question the physiological importance of the LCFA-induced AMPK 

activation.  Future experiments will need to be done to determine how this phenomenon 

occurs in vivo while taking into account the coordinate actions of insulin secretion, lipid 

entrance into plasma, and subsequent lipid clearance. 

 

Despite the established role of FATP1 in insulin-stimulated LCFA influx, the 

observation that the majority of FATP1 still resides on internal structures begs the 

existence of functional roles aside from cellular LCFA influx.  This is exemplified in 
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the observation that FATP1 plays an important role in brown adipocytes and 

nonshivering thermogenesis (11).  Uncoupling of the mitochondrial electron transport 

chain primarily through uncoupling protein 1 results in heat generation, and oxidation 

of LCFA provides an abundance of electrons for this purpose.  While brown adipocyte 

FATP1-dependent LCFA influx is important during the late-phase of thermogenesis 

supplying brown adipocytes with additional LCFA, FATP1 is also important during the 

early-phase of thermogenesis and suggests a mitochondrial function.  Additionally, 

silencing FATP1 in 3T3-L1 adipocytes results in a trended increase in AMPK 

phosphorylation with elevated ACC phosphorylation (Wiczer, B. M., unpublished) 

suggesting increased AMPK activity.  This is the opposite observation of what would be 

expected from a purely LCFA influx standpoint but would be consistent with an 

alteration in mitochondrial metabolism (12,13).  Indeed, FATP1 was found localized to 

mitochondria, and silencing FATP1 decreased TCA cycle function and altered 

mitochondrial metabolism (Chapter 4).  These phenotypes are consistent with the role 

of FATP1 as a 2-oxoglutarate dehydrogenase complex (OGDH) enhancer via their 

direct protein-protein interaction (Chapter 4).  The proteomic study described in chapter 

4 of this thesis also lists several other candidate FATP1-interacting mitochondrial 

proteins that most likely represent components of a supramolecular complex or 

complexes. 

 

It is surprising that the acyl-CoA synthetase activity of FATP1 was not required for the 

OGDH enhancing activity, determined through the absence of ATP and fatty acids.  It 

should be noted that the FATP1 used in these studies was still catalytically active and 
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remains to be seen if the OGDH enhancing activity of FATP1 relies on functional 

FATP1.  The question still remains as to why an acyl-CoA synthetase would have this 

additional, non-enzymatic function.  While it is conceivable that the catalytic activity of 

FATP1 is dispensable in the regulation of OGDH, another possibility is that FATP1 

utilizes substrates other than LCFAs.  This is certainly the case for FATP5, whose 

primary function is as a bile acid-CoA ligase (8,14).  The branched-chain fatty acyl-

CoA, phytanoyl-CoA, is a potent inhibitor of OGDH, unlike the mild inhibitory 

property of palmitoyl-CoA (15).  Therefore FATP1 may utilize phytanic acid and other 

branched-chain fatty acids and would allow FATP1 to act as a regulatory protein by 

virtue of both its interaction with OGDH and its acyl-CoA synthetase activity.  On the 

other hand, the traditional view is that fatty acids already exist as their CoA derivatives 

within the mitochondria.  This raises the intriguing possibility that FATP1 has an 

enzymatic activity in addition to its acyl-CoA synthetase activity.  Recently, Abe et al. 

observed that acetyl-CoA synthetase and luciferase, both adenylate-forming enzymes, 

possess amide bond synthetic activity dependent on the formation of AMP (16).  While 

the physiological significance of this reaction is unclear, it reiterates the idea that 

FATP1 could catalyze a novel reaction through similar chemistries.  Interestingly, a 

parallel can be drawn with FABPpm, another protein involved in LCFA influx that also 

has both dual localizations and functions.  As discussed in Chapter 1, FABPpm is also 

known as mitochondrial aspartate aminotransferase 2/glutamate oxaloacetate 

transaminase 2, and it is unclear if FABPpm must be catalytically active for facilitating 

LCFA influx while at the plasma membrane.  It is interesting to note that FABPpm was 

also identified in the FATP1 co-immunoprecipitation study in Table 3, Chapter 4  (i.e., 
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glutamate oxaloacetate transaminase 2, mitochondrial), as well as other related enzymes 

involved in amino acid metabolism.  It is therefore tempting to speculate that FATP1 

also has a role in amino acid metabolism, but further research will be needed to address 

this hypothesis. 

 

A couple of additional questions arise with the discovery of this mitochondrial role for 

FATP1.  How do the mitochondrial levels of FATP1 correlate with metabolic 

disorders?  Oxidative stress is a major contributor to the onset and persistence of 

metabolic disorders and much of the cellular oxidative stress derives from the 

mitochondrion (17-20).  Because FATP1 positively regulates TCA cycle activity, it is 

possible that increasing mitochondrial FATP1 results in increased reactive oxygen 

species through a parallel change in oxidative equivalents of NADH without proper 

compensation of detoxifying enzymes.  This would contribute to increased cellular 

oxidative stress and insulin resistance. 

 

On a related note, how is FATP1 mitochondrial localization regulated?  A number of 

mechanisms are known to regulate mitochondrial protein import.  Protein structural 

stability and the rate of unfolding impact the rate of polypeptide chain entrance into the 

mitochondrion through the import machinery (21,22).  Sometimes this allows the 

protein to remain active during the import process and permits the protein to transiently 

perform a cellular function while at the outer mitochondrial membrane, such as in the 

case of the steroidogenic acute regulatory protein (23,24).  Sebastian et al. recently 

found that FATP1 increases both fatty acid oxidation into acid soluble metabolites and 
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CO2 when overexpressed in cultured myotubes, and this may function in a larger 

complex with CPT1 (25), suggesting that FATP1 can exist at the mitochondrial outer 

membrane.  The fatty acid oxidation results partially conflict with those presented in 

Chapter 4 of this thesis and may have to due with the particular cell line used in 

combination with effects due to overexpression.  Nonetheless, both FATP1’s intrinsic 

structural stability (Chapter 4) and the degree of protein-protein interactions at the outer 

mitochondrial membrane might impact the rate of FATP1 mitochondrial import.  

Another more intriguing mechanism of import regulation would be through the status of 

cellular metabolic processes.  Fumarase from Saccharomyces cerevisiae is a dually 

localized protein equally partitioned in the cytosol and mitochondria (26), participating 

in the glyoxylate shunt and the TCA cycle, respectively.  Regev-Rudzki et al. recently 

showed that if the glyoxylate shunt was inhibited, fumarase became virtually 100% 

localized to mitochondria (27).  This has shown for the first time that the localization of 

a protein with dual subcellular localization could shift depending upon the status of 

metabolic processes.  Other studies have also reported that fumarase in mammalian 

liver has a similar dual localization and derives from a single gene product (28), 

however the localization differences may have more to due with the alternative 

translational initiation at two in-phase AUG codons.  Because such a regulatory 

mechanisms could apply to FATP1, it will be important to determine the extent that 

alterations in particular metabolic processes, such as lipid storage, impact FATP1 

mitochondrial localization, how this impacts mitochondrial and cellular metabolism, 

and if this is at all linked to insulin resistance. 

 



 

 157 

The physiological function of FATP4 is still unknown.  While studies have shown that 

FATP4 is essential for maintaining the lipid barrier in the skin (29-31), recent studies 

have concluded FATP4 has no role in LCFA influx into the intestine despite its high 

levels of expression (32).  Even the work described in Chapter 3 of this thesis has failed 

to give any better understanding as to the function of FATP4 in adipocytes, other than 

decreasing the levels of FATP4 improves insulin sensitivity.  One possibility is that 

FATP4 may be important for the formation of sphingomyelin through its very long-

chain acyl-CoA synthetase activity.  The pro-inflammatory lipid, ceramide, is derived 

from sphingomyelin.  Therefore decreased sphingomyelin would result in decreased 

ceramide production and increased insulin sensitivity.  Another possibility is that 

FATP4 has a mitochondrial role that is distinct from FATP1.  Certainly, the 

bioinformatics analysis in Chapter 4 indicates that FATP4 is likely to be mitochondrial 

and has been confirmed in preliminary cellular fractionation studies (Wiczer, B. M., 

unpublished).  Taking a proteomic approach to understanding FATP4 function should 

yield promising results as it did for FATP1.  Future studies will be needed to determine 

if FATP4 indeed has a mitochondrial role and, through this role, influence cellular 

energy homeostasis. 

 

In conclusion, the work contained within this thesis has made a large contribution to the 

understanding the adipocyte FATPs, FATP1 and 4.  FATP1 is no longer viewed as 

simply a protein involved in cellular LCFA influx.  It now has a newly appreciated role 

in the regulation of mitochondrial function through its involvement in TCA cycle 

function.  While on the other hand FATP4 is still a black box, its probable role in the 
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mitochondrion should make for an exciting story and shed light on how FATP4 

promotes lipid accumulation.  This is likely a common theme for the FATP family, in 

which their major function is not directly in LCFA influx but rather in other aspects of 

metabolism, dependent on their activity, subcellular localization and protein-protein 

interactions. 
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