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Abstract of the Dissertation 
 

Role of Fatty Acid Binding Proteins and FAAH-2 in Endocannabinoid Uptake and  
 

Inactivation 
 

by  
 

Martin Kaczocha 
 

Doctor of Philosophy 
 

in 
 

Molecular and Cellular Biology 
 

Stony Brook University 
 

2009 
 

In the central nervous system, the endocannabinoid system regulates numerous 

physiological processes including analgesia, motor coordination, and memory. The 

endocannabinoids, including anandamide, are lipophilic signaling molecules that serve as 

ligands for cannabinoid receptors. Similar to hydrophilic neurotransmitters such as 

dopamine, anandamide signaling is terminated by cellular uptake and metabolic 

inactivation. Due to its lipophilicity, anandamide likely requires intracellular carriers to 

traverse the hydrophilic cytosol and reach its principal catabolic enzyme FAAH, 

localized on the ER. To date, mechanisms mediating intracellular anandamide trafficking 

have not been well characterized. In the current study, COS-7 cells stably expressing 

FAAH-eGFP proteins with localizations restricted to the ER, mitochondria, or the Golgi 

apparatus were generated. Anandamide was internalized and hydrolyzed with similar 

rates in cells expressing these spatially-restricted FAAH-eGFP variants, suggesting that 

intracellular trafficking of anandamide may be mediated by cytosolic carrier proteins. 
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FABPs were identified as anandamide carriers. Anandamide uptake and hydrolysis were 

potentiated following overexpression of FABP5 and FABP7 and reduced following their 

inhibition. These results establish FABPs as the first known intracellular carriers for 

endocannabinoids and suggest that this family of proteins may comprise the endogenous 

repertoire of endocannabinoid carriers. 

A second FAAH enzyme (termed FAAH-2) was recently identified in human 

tissues. In contrast to FAAH, FAAH-2 is not found in the genomes of mice and rats and 

has therefore eluded characterization. In the current study, a thorough biochemical 

characterization of FAAH-2 was performed. The enzyme hydrolyzed anandamide and 

PEA with rates ten to thirty times lower than FAAH in vitro. Despite its low in vitro 

activity, FAAH-2 hydrolyzed anandamide and PEA with rates approximately one third 

that of FAAH in intact cells. FAAH-2 localized to cytoplasmic lipid droplets, which are 

intracellular organelles that serve as sites for lipid storage and liberation. The N-terminus 

of FAAH-2 was identified as a lipid droplet targeting sequence and was essential for the 

expression of a catalytically competent FAAH-2 enzyme. Intracellular delivery of 

anandamide to lipid droplets was similar as to the ER. Collectively, these results 

demonstrate that FAAH-2 is an efficient NAE hydrolyzing enzyme that localizes to lipid 

droplets, thereby establishing these organelles as novel intracellular sites of NAE 

inactivation.  
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CHAPTER 1 

 

 

 

INTRACELLULAR TRANSPORT OF ANANDAMIDE IS MEDIATED BY FABPs 

 

 

SUMMARY 

 

 The endocannabinoid anandamide is a neuromodulatory lipid that activates 

cannabinoid and vanilloid receptors on the plasma membrane. Anandamide is hydrolyzed 

principally by the endoplasmic reticulum (ER)-localized enzyme fatty acid amide 

hydrolase (FAAH). The transient nature of anandamide signaling requires an efficient 

mechanism(s) for ligand clearance and inactivation. Due to its lipophilicity, it is likely 

that anandamide employs intracellular carrier proteins to accelerate its diffusion from the 

plasma membrane to FAAH-containing membranes. To date, no proteins capable of 

intracellularly transporting anandamide have been identified.  

In the current study, anandamide trafficking was examined in COS-7 expressing 

FAAH-eGFP variants localized to the ER, mitochondria, or the Golgi apparatus. 

Anandamide uptake and hydrolysis were indistinguishable between cells expressing these 

FAAH variants, lending support to the hypothesis that anandamide may use intracellular 

carriers to reach FAAH. Fatty acid binding proteins (FABPs) are ubiquitously expressed 

cytosolic carriers for fatty acids and are therefore suitable candidates as putative 
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intracellular transporters for anandamide. FABP3, FABP5, and FABP7 are the only 

members of the FABP family expressed in brain. Transfection of neuroblastoma N18TG2 

or COS-7 cells expressing FAAH with FABP5 and FABP7, but not FABP3, significantly 

potentiated the uptake and hydrolysis of anandamide. Treatment of COS-7 or N18TG2 

cells with the competitive FABP ligand oleic acid or the reversible FABP inhibitor 

BMS309403 significantly reduced anandamide uptake and metabolism at time points as 

early as 3 sec. RT-PCR analysis confirmed that N18TG2 cells express FABP3 and 

FABP5, confirming that FABPs may function as endogenous anandamide carriers in 

these cells. Collectively, these results identify the first intracellular transport proteins for 

the endocannabinoid anandamide and suggest that intracellular endocannabinoid 

trafficking in mammalian tissues may be coordinated by multiple cytosolic transporters. 
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INTRODUCTION 

A. The Endocannabinoid System 

 The endocannabinoids are a class of endogenous neuromodulatory lipids. The 

prototypical members of this family, anandamide and 2-AG, serve as ligands for 

cannabinoid receptors (CB) (Howlett, et al., 2002). Similar to 9-tetrahydracannabinol, 

the psychoactive constituent of marijuana, anandamide is a partial agonist at both CB1 

and CB2 receptors, and unlike 9-tetrahydracannabinol, also activates vanilloid TRPV1 

receptors (de Lago, et al., 2002, Devane, et al., 1988, Matsuda, et al., 1990, Munro, et al., 

1993, Zygmunt, et al., 1999). CB1 receptors are expressed throughout the central nervous 

system in brain, spinal cord, and the eye, and in peripheral tissues including testes, 

adipose tissue, liver, and pancreas (Garcia-Ovejero, et al., 2009, Herkenham, et al., 1991, 

Hohmann, et al., 1995, Jeong, et al., 2008, Regard, et al., 2008, Starowicz, et al., 2008, 

Yazulla, et al., 1999). Within the central nervous system, CB1 receptors localize 

primarily to axon terminals of neurons (Katona, et al., 1999, Oropeza, et al., 2007). 

The expression of CB2 receptors is restricted to cells of immune origin, including 

the microglia of the central nervous system and peripheral macrophages (Cabral and 

Marciano-Cabral, 2005, Cabral, et al., 2008, Carlisle, et al., 2002, Facchinetti, et al., 

2003, Shiratsuchi, et al., 2008). There is still considerable controversy whether CB2 

receptors are expressed in neurons of the central nervous system (Van Sickle, et al., 

2005). TRPV1 receptors are primarily expressed by sensory neurons and are activated by 

endogenous ligands such as anandamide and N-arachidonoyl dopamine, by exogenous 

ligands such as capsaicin, and by noxious stimuli including pH and heat (Davis, et al., 
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2000, Ferrer-Montiel, et al., 2004, Huang, et al., 2002, Starowicz, et al., 2007, Zygmunt, 

et al., 1999). 

Upon activation, CB1 and CB2 receptors couple to inhibitory Gi/o G-proteins, 

resulting in the activation of potassium channels, inhibition of calcium channels, and 

activation of mitogen-activated protein kinase pathways (Lambert and Fowler, 2005, 

Mackie and Hille, 1992, Mackie, et al., 1993, Mackie, et al., 1995, Sarker, et al., 2003). 

In neurons of the central nervous system, such changes in cellular permeability to sodium 

and potassium ions result in hyperpolarization of the cell’s membrane potential. The net 

effect of these alterations is the suppression of neuronal excitability under physiological 

and pathophysiological conditions. It is therefore not surprising that CB1 receptors 

mediate depolarization-induced suppression of inhibition, a type of short term plasticity 

in the brain (Ohno-Shosaku, et al., 2001, Wilson, et al., 2001, Wilson and Nicoll, 2001). 

Cannabinoid receptors also mediate other physiological processes including analgesia, 

vasodilation, neuroprotection, cell migration, cancer cell invasion, and the regulation of 

food intake (for review, see (Howlett, et al., 2002, Lambert and Fowler, 2005)).  

 The physiological actions of anandamide are tightly controlled through its 

enzymatic synthesis and degradation (Ahn, et al., 2008). In contrast to classical 

hydrophilic neurotransmitters that are stored in vesicles and released upon depolarization 

of presynaptic neurons, lipophilic endocannabinoids utilize “on demand” synthetic 

mechanisms (for review, see (Bisogno and Di Marzo, 2007, Hashimotodani, et al., 

2007)). Specifically, upon neuronal depolarization, the rise in intracellular calcium 

concentrations induces endocannabinoid synthesis (Di Marzo, et al., 2005, 

Hashimotodani, et al., 2005, van der Stelt, et al., 2005).  
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Anandamide is synthesized from its N-arachidonoyl phosphatidylethanolamine    

precursor by three possible pathways: (1) direct cleavage of N-arachidonoyl 

phosphatidylethanolamine to anandamide and phosphatidic acid by N-acyl 

phosphatidylethanolamine phospholipase D (Okamoto, et al., 2004), (2) double de-

acylation of N-arachidonoyl phosphatidylethanolamine to glycerophospho-anandamide 

by alpha-beta hydrolase 4 followed by cleavage to anandamide by 

glycerophosphodiesterase 1 (Simon and Cravatt, 2006, Simon and Cravatt, 2008), or (3) 

phospholipase C-mediated cleavage of N-arachidonoyl phosphatidylethanolamine to 

phospho-anandamide followed by phosphatase-mediated cleavage to anandamide (Liu, et 

al., 2006). It is currently not known whether all of these pathways coordinate the 

synthesis of anandamide in the central nervous system or whether one pathway 

predominates. It was recently demonstrated that similar to CB1, N-acyl 

phosphatidylethanolamine phospholipase D localizes to presynaptic axons in the mouse 

brain (Egertova, et al., 2008). 

 

B. FAAH  

Following the discovery of anandamide as an endogenous ligand for cannabinoid 

receptors, our laboratory first demonstrated that an enzymatic activity present in neuronal 

cells and rat tissues hydrolyzed anandamide to arachidonic acid (Figure 1) (Deutsch and 

Chin, 1993). This activity was present in several organs including brain, liver, kidney, 

and lung. The enzyme mediating anandamide hydrolysis was subsequently identified as 

FAAH (Cravatt, et al., 1996). FAAH displays considerable catalytic promiscuity, 

hydrolyzing N-acylethanolamines (NAEs) such as anandamide, PEA and OEA, N-acyl 
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taurines, N-acyl dopamines, N-acyl glycines, 2-AG, and primary fatty acid amines such 

as oleamide (Figure 2) (Burstein, et al., 2002, Cravatt, et al., 1996, Cravatt, et al., 2001, 

Goparaju, et al., 1998, Huang, et al., 2002, Rimmerman, et al., 2008, Saghatelian, et al., 

2004). In addition to FAAH, a recently discovered FAAH-2 enzyme found in primates 

but not mice or rats, and NAAA, an acid amidase expressed in macrophages, have been 

reported to hydrolyze anandamide and PEA in vitro (Sun, et al., 2005, Tsuboi, et al., 

2005, Wei, et al., 2006). Conversion of anandamide to bioactive prostamides by 

cyclooxygenase -2 (COX-2) and other metabolites by the lipoxygenase (LOX) and 

cytochrome P450 pathways have been reported (Figure 1) (Maccarrone, et al., 2000, 

Snider, et al., 2007, Snider, et al., 2008, Stark, et al., 2008, Yu, et al., 1997). 

FAAH is inhibited by various inhibitors including phenylmethylsulfonyl fluoride 

and the phospholipase A2 inhibitor methyl arachidonyl fluorophosphonate, typical of a 

serine hydrolase (De Petrocellis, et al., 1997, Deutsch and Chin, 1993, Deutsch, et al., 

1997, Koutek, et al., 1994). Indeed, FAAH is a member of the amidase signature 

superfamily of serine hydrolases, characterized by a conserved stretch of approximately 

160 amino acids (Figure 3A) (Chebrou, et al., 1996, Cravatt, et al., 1996). The enzyme 

possesses an unusual Serine-Serine-Lysine catalytic triad that is conserved among 

amidase signature enzymes (Omeir, et al., 1999, Patricelli and Cravatt, 1999). The N-

terminal transmembrane segment of FAAH is dispensable for activity since a FAAH 

variant lacking the N-terminus (ΔTMFAAH) retains its membrane binding capability and 

is catalytically active (Arreaza and Deutsch, 1999, Patricelli, et al., 1998). FAAH is a 

dimeric monotopic membrane protein and interacts with membranes through an α-helical 

membrane binding domain (Figure 3A and B) (Balali-Mood, et al., 2009, Bracey, et al., 
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2002, Bracey, et al., 2004). FAAH also possesses a polyproline domain predicted to 

interact with Src homology 3 domain containing proteins. The enzyme localizes to the 

cytoplasmic face of ER membranes in vivo and in cultured cells (Arreaza and Deutsch, 

1999, Glaser, et al., 2003, Gulyas, et al., 2004, Patricelli, et al., 1998, Wei, et al., 2006). 

FAAH KO mice possess highly elevated levels of NAEs including anandamide, 

PEA and OEA, and N-acyl taurines (Cravatt, et al., 2001, Cravatt, et al., 2004). The 

dramatic elevation of anandamide levels in FAAH KO mice suggests that FAAH is the 

principal anandamide inactivating enzyme in vivo (Cravatt, et al., 2001). FAAH KO mice 

exhibit antinociceptive and anti-inflammatory phenotypes resulting from enhanced 

signaling via CB1 and peroxisome proliferator-activated receptor alpha (PPARα), 

suggesting that FAAH may represent a promising therapeutic target (Cravatt, et al., 2001, 

Cravatt, et al., 2004, Lichtman, et al., 2004, Lo Verme, et al., 2005, Webb, et al., 2008).  

 

C. Membrane Transport of Anandamide  

 The endogenous anandamide tone is regulated by synthetic and inactivating 

enzymes. In the rodent brain, CB1 receptors and the putative anandamide synthesizing 

enzyme N-acyl phosphatidylethanolamine phospholipase D localize to axon terminals of 

presynaptic neurons, while FAAH localizes to somatodendritic compartments of 

postsynaptic neurons (Egertova, et al., 1998, Egertova, et al., 2003, Egertova, et al., 

2008, Gulyas, et al., 2004). This complementary distribution pattern suggests that 

anandamide may be synthesized in presynaptic cells and signal in an autocrine fashion 

(Egertova, et al., 2008), requiring transport into postsynaptic cells for inactivation by 

FAAH.  
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 The mechanism(s) governing the membrane transport of anandamide is not well 

understood. It was originally proposed that anandamide may enter cells via a putative 

membrane transporter based upon saturability, temperature dependency, and competitive 

inhibitor studies (Beltramo, et al., 1997, Di Marzo, et al., 1994, Hillard, et al., 1997). 

Despite years of intensive research, a membrane transporter has not been identified. 

Therefore, an alternative hypothesis that anandamide may cross the plasma membrane 

unaided was proposed (Patricelli and Cravatt, 2001). Our laboratory was the first to 

demonstrate that anandamide membrane transport occurred by simple diffusion in 

cultured neuroblastoma and astrocytoma cells (Glaser, et al., 2003). These studies were 

subsequently confirmed in non-neuronal cells, including RBL-2H3, rabbit platelets, and 

erythrocyte ghosts (Bojesen and Hansen, 2005, Fasia, et al., 2003, Kaczocha, et al., 

2006). These data are consistent with the ability of all cell-types, including those lacking 

a functional endocannabinoid system, to take up and hydrolyze anandamide when 

transfected with FAAH (for review, see (Glaser, et al., 2005, Hillard and Jarrahian, 

2000)).  

  

D. Anandamide uptake is coupled to its hydrolysis by FAAH  

Exogenously applied anandamide is rapidly taken up by cells and inactivated by 

FAAH (Glaser, et al., 2003, Kaczocha, et al., 2006). By hydrolyzing internalized 

anandamide, FAAH reduces its intracellular concentration and maintains an inward 

concentration gradient, thereby enhancing anandamide accumulation in the steady-state 

(Figure 4A) (Day, et al., 2001, Deutsch, et al., 2001). This concept is best exemplified by 

data from a recent publication (Kaczocha, et al., 2006). In RBL-2H3 cells, which express 
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FAAH (Bisogno, et al., 1997), anandamide is promptly taken up and hydrolyzed (Figure 

4B). Over the time course tested, these cells continue to internalize anandamide in a non-

saturable manner. In contrast, anandamide uptake approaches equilibrium when FAAH 

activity is abolished by the inhibitor CAY10400. Note that the ability of FAAH activity 

to enhance anandamide uptake is temporally-dependent and is not readily observable at 

very early time points (< 25 sec) in the cultured cell system employed. Importantly, 

anandamide uptake in the absence of FAAH is significantly lower than in cells with 

function enzyme at longer time points (90 sec and 5 min). It is the FAAH-driven 

component of anandamide uptake that can be modulated by FAAH inhibitors, compounds 

that interfere with anandamide delivery to FAAH, or proteins that enhance anandamide 

trafficking to FAAH.  

In the absence of FAAH activity, intact anandamide is internalized and 

accumulates in cells in concentrations exceeding those in the extracellular media, giving 

rise to the idea of an intracellular anandamide “sink” (Hillard and Jarrahian, 2000, Hillard 

and Jarrahian, 2003). This “sink” may represent anandamide that is either dissolved in 

intracellular lipid membranes and therefore not in equilibrium with extracellular 

anandamide, or anandamide bound to an intracellular binding protein(s) (Glaser, et al., 

2005, Hillard and Jarrahian, 2003).   

 

E. Intracellular transport of anandamide: role of FABPs 

 Anandamide is a lipophilic molecule with a predicted octanol/water partition 

coefficient (Log P) value of 5.1 (Fezza, et al., 2008), suggesting that its hydrophobic 

character may limit its solubility and diffusion through the aqueous cytosol. Since FAAH 
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localizes to ER membranes, it is likely that efficient delivery of anandamide to FAAH 

requires intracellular binding proteins (Deutsch, et al., 2001, Glaser, et al., 2003, Hillard 

and Jarrahian, 2003, Kaczocha, et al., 2006, Patricelli and Cravatt, 2001). To date, no 

intracellular anandamide carriers have been identified.  

 Indirect support for the carrier hypothesis was provided in a study from our 

laboratory (Kaczocha, et al., 2006). We found that compounds described by others to be 

anandamide transmembrane transporter inhibitors (OMDM2 and AM1172), which were 

devoid of FAAH inhibitory activity (Fegley, et al., 2004, Ortar, et al., 2003), reduced 

anandamide accumulation in a temporally-dependent manner (Figure 5). As expected, 

these compounds were only effective upon the FAAH-dependent component of 

anandamide uptake (Kaczocha, et al., 2006). Since these inhibitors are structural analogs 

of anandamide, their efficacy may stem from competition with anandamide for binding to 

intracellular carriers. 

 Since anandamide is efficiently delivered to FAAH in FAAH-transfected cells 

normally devoid of a functional endocannabinoid system (for review, see (Glaser, et al., 

2005, Hillard and Jarrahian, 2000, Hillard and Jarrahian, 2003)), candidate intracellular 

trafficking proteins should be widely expressed and bind a variety of ligands. As such, it 

is unlikely that anandamide possesses dedicated trafficking machinery. Rather, it is likely 

that anandamide may utilize translocation machinery used by other lipophilic molecules.  

The structural similarity of endocannabinoids with fatty acids suggests that both 

families of molecules may share a common trafficking mechanism. There are a number 

of proteins reported to carry lipophilic compounds, including cellular retinoic acid-

binding protein, sterol carrier protein-2, and FABPs (Furuhashi and Hotamisligil, 2008, 
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Schroeder, et al., 2007, Sessler and Noy, 2005). Of these, only the FABP family displays 

considerable affinity for free fatty acids (see below) and other ligands such as retinoic 

acid (Hanhoff, et al., 2002, Richieri, et al., 2000, Schug, et al., 2007, Xu, et al., 1996, 

Zimmerman, et al., 2001). 

FABPs are small (~15 kDa), soluble proteins that bind fatty acids and mediate 

their cytoplasmic and nuclear transport (Furuhashi and Hotamisligil, 2008, Schug, et al., 

2007). There are ten known mammalian members of the FABP family. These include 

FABP1 (Liver FABP), FABP2 (Intestinal FABP), FABP3 (Heart FABP), FABP4 

(Adipocyte FABP), FABP5 (Epidermal FABP), FABP6 (Ileal FABP), FABP7 (Brain 

FABP), FABP8 (Myelin FABP), FABP9 (Testis FABP), and FABP12 (Testis/Retinal 

FABP) (for review, see (Furuhashi and Hotamisligil, 2008, Liu, et al., 2008)). While the 

expression of certain FABPs is restricted to a few tissues (e.g., FABP2), others are widely 

expressed. FABP3 and FABP5 are found in numerous tissues including heart, skin, brain, 

kidney, lung, liver, and retina (Furuhashi and Hotamisligil, 2008). Importantly, FABP3, 

FABP5, and FABP7 are expressed throughout the brain (Murphy, et al., 2004, Owada, et 

al., 1996, Owada, et al., 2002, Owada, et al., 2002, Pelsers, et al., 2004). FABP3 and 

FABP5 are found in neuronal populations while FABP7 expression is restricted to cells 

of glial origin (Owada, et al., 1996).  

FABPs bind fatty acids with high affinity, with reported Kd values ranging from 2 

to 2500 nM depending on the study and method used (Hanhoff, et al., 2002, Richieri, et 

al., 2000, Xu, et al., 1996, Zimmerman, et al., 2001). FABPs bind saturated, 

monounsaturated, and polyunsaturated fatty acids with similar affinities (Hanhoff, et al., 

2002, Richieri, et al., 2000, Xu, et al., 1996, Zimmerman, et al., 2001). This binding 
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promiscuity of FABPs suggests that they may also interact with fatty acid derivatives 

such as the endocannabinoids. Indeed, binding of endocannabinoids to FABPs was very 

recently reported in a symposium abstract (Sun, et al., 2008). In this study, anandamide 

and arachidonic acid both interacted with FABP7 with a three-fold higher affinity than 

FABP3, establishing a possible role for FABPs as intracellular carriers for anandamide 

(Sun, et al., 2008).  

 FABP3, FABP5, and FABP7 KO mice have been generated (Murphy, et al., 

2004, Murphy, et al., 2005, Owada, et al., 2002, Owada, et al., 2002, Owada, et al., 

2006). Uptake of fatty acids, including arachidonic acid, was significantly reduced in the 

hearts and brains of FABP3 KO mice (Murphy, et al., 2004, Murphy, et al., 2005). Fatty 

acid uptake studies were not performed with FABP5 and FABP7 KO mice.  

 Understanding endocannabinoid uptake and inactivation is important from a basic 

science and therapeutic standpoint. Inhibition of anandamide degradation by FAAH 

produces antinociceptive and anti-inflammatory phenotypes (Cravatt, et al., 2001, 

Cravatt, et al., 2004), suggesting that pharmacological blockade of anandamide 

inactivation may present a promising therapeutic strategy for ailments associated with 

pain and other disorders (Koutek, et al., 1994). While it has been shown that anandamide 

transmembrane transport is consistent with passive diffusion (Kaczocha, et al., 2006), it 

is currently not known how cells ferry endocannabinoids within the cell. The goal of the 

present study was to examine the rate of anandamide delivery to intracellular FAAH and 

determine whether (1) anandamide intracellular trafficking is rapid and independent of 

FAAH’s subcellular localization and (2) determine whether FABPs mediate anandamide 

intracellular transport. 
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Figure 1. Metabolism of anandamide. In cultured cells and tissues, anandamide is 
hydrolyzed into arachidonic acid and ethanolamine principally by FAAH. FAAH-2 and 
NAAA also hydrolyze anandamide. Anandamide is also converted into bioactive 
prostamides by COX-2. LOX- and cytochrome P450-mediated conversion of anandamide 
respectively into hydro(pero)xides and epoxyeicosatrienoic acid ethanolamides has also 
been observed.   
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Figure 2. Diversity of FAAH substrates. FAAH substrates include NAEs such as 
anandamide, PEA and OEA, primary fatty acid amines such as oleamide, N-arachidonoyl 
dopamine, and N-arachidonoyl taurines.  
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Figure 3. Structural features of FAAH. (A) FAAH possesses several domains 
including a predicted N-terminal transmembrane helix that is dispensable for activity, an 
amidase signature sequence bearing the Serine-Serine-Lysine catalytic triad, a 
polyproline sequence, and a membrane binding domain. (B) Crystal structure of dimeric 
rat ΔTMFAAH with bound inhibitor (MAP) in the enzyme’s active site. The active site of 
FAAH faces the lipid bilayer and is in proximity to the α18/19 membrane binding 
domain through which its lipid substrates are believed to enter the active site. Figure 
adapted from (Ahn, et al., 2008, McKinney and Cravatt, 2005). 
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Figure 4. Hydrolysis of anandamide maintains an inward concentration gradient. 
(A) Exogenously applied anandamide is rapidly taken up by cells and hydrolyzed by ER-
localized FAAH into arachidonic acid. Anandamide hydrolysis by FAAH reduces its 
intracellular concentration and maintains an inward concentration gradient that promotes 
continued non-saturable uptake of anandamide into the cell. (B) Time course of 
[14C]anandamide uptake and hydrolysis in RBL-2H3 cells. Over a 5 min time course, 
[14C]anandamide uptake and metabolism increase proportionally. Anandamide hydrolysis 
is significantly reduced in cells treated with the FAAH inhibitor CAY10400. This 
triggers a collapse of the anandamide gradient maintained by FAAH, resulting in 
accumulation of intact anandamide inside cells and the onset of equilibrium. Note that at 
the earlier time points (25 and 45 sec), FAAH activity does not have a significant impact 
upon anandamide uptake due to the initial influx of exogenous [14C]anandamide. Figure 
taken from (Kaczocha, et al., 2006). 
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Figure 5. Inhibition of anandamide uptake by “transport” inhibitors. RBL-2H3 cells 
were incubated with [14C]anandamide for 25 sec, 90 sec, or 5 min in the presence of (A) 
100 nM CAY10400, (B) 10 µM OMDM2, or (C) 10 µM AM1172. Anandamide uptake 
was quantified and compared to accumulation in vehicle treated cells. *, p < 0.05 and **, 
p < 0.01. Figure taken from (Kaczocha, et al., 2006). 
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MATERIALS AND METHODS 

Chemicals. Anandamide, oleic acid, and URB597 ([3-(3-carbamoylphenyl)phenyl] N-

cyclohexylcarbamate) were from Cayman Chemical (Ann Arbor, MI). BMS309403 (((2′-

(5-Ethyl-3,4-diphenyl-1H-pyrazol-1-yl)(1,1′-biphenyl)-3-yl)oxy)-acetic acid) was from 

Calbiochem (San Diego, CA). Fatty acid-free BSA and PMSF were from Sigma. 

[14C]anandamide (arachidonoyl [1-14C]ethanolamide, 53 mCi/mmol) was provided by the 

Drug Supply Program at the National Institute on Drug Abuse. 

Cell Culture and Generation of Stable Cell-lines. COS-7 and N18TG2 cells were 

grown in DMEM supplemented with 10% fetal bovine serum, 100 U/ml 

penicillin/streptomycin, 2 mM L-glutamine, and 1 mM sodium pyruvate in a humidified 

incubator containing 95% air and 5% CO2. Transfections were carried out using 

Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the manufacturer’s 

instructions. For stable cell selection, forty eight hours after transfection, cells were 

expanded in medium containing 750 µg/ml geneticin (Invitrogen, Carlsbad, CA). 

Following four weeks in selection media, stable cells expressing identical levels of the 

indicated FAAH-eGFP fusion proteins were obtained by flow cytometry at the Flow 

Cytometry Core Facility in Stony Brook University and expanded.  

Cloning of Spatially Restricted FAAH Variants and FABPs. Rat FAAH was PCR 

amplified and subcloned into the eGFP-N1 plasmid (Clonetech) using XhoI and KpnI and 

the following primers: forward 5’-

TATACTCGAGGCCACCATGGTGCTGAGCGAAGTGTG-3’ and reverse 5’-

TATATGGTACCGACGATGGCTGCTTTTGAGG-3’. Underlined nucleotides represent 

restriction sites while those in bold represent a Kozak consensus sequence. ΔTMFAAH 
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was subcloned into eGFP-N1 using XhoI and KpnI and the following primers: forward 

5’-TATATCTCGAGCGATGGACCGGGCGCCAG-3’ and reverse 5’-

GATATATGGTACCGACGATGGCTGCTTTTGAGG-3’. To localize FAAH to 

mitochondrial outer membranes, TOM20 (residues 1-33) was fused to the N-terminus of 

ΔTMFAAH-eGFP using NheI and XhoI and the following primers: forward 5’-

GATATAGCTAGCGCCACCATGGTGGGCCGGAACAGC-3’ and reverse 5’-

GATATACTCGAGGTTGGGGTCACTCCGCCTTT-3’. To localize FAAH to the outer 

membranes of the Golgi apparatus, Grasp65 was fused to the N-terminus of ΔTMFAAH-

eGFP using NheI and EcoRI. The following primers were used: forward 5’-

GATATAGCTAGCGCCACCATGGGGCTAGGGGCAAGC-3’ and reverse 5’-

GATATAGAATTCCAGCCCAGGCTCTGGATCTGG-3’. FABP3, FABP5, and FABP7 

were cloned from mouse brain RNA using PCR and the following primers: FABP3 

forward 5’-GATATAAAGCTTGCCACCATGGCGGACGCCTTTGTC-3’ and reverse 

5’- GATATACTCGAGTCACGCCTCCTTCTCATAAGTC-3’, FABP5 forward 5’- 

GATATAAAGCTTGCCACCATGGCCAGCCTTAAGGATC-3’ and reverse 5’-

GATATACTCGAGTCATTGCACCTTCTCATAGAC-3’, and FABP7 forward 5’-

GATAGGTACCGCCACCATGGTAGATGCTTTCTGCGCAA-3’ and reverse 5’- 

GATATACTCGAGCTATGCCTTTTCATAACAGCGAAC-3’. FABP3 and FABP5 

were digested with HindIII and XhoI while FABP7 was digested with XhoI and KpnI and 

inserted into pcDNA4. All constructs were verified by DNA sequencing. 

Immunolocalization of Fusion Proteins. COS-7 cells stably expressing FAAH-eGFP 

fusion proteins were plated unto coverslips. To assess mitochondrial localization, the 

cells were treated with 175 nM Mitotracker Red CM-H2XRos (Molecular Probes, 
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Eugene, OR) in DMEM + 10% fetal bovine serum for 25 min at 37oC, followed by 

fixation in 3% paraformaldehyde for 15 minutes. The cells were subsequently 

permeabilized with 0.2% Triton X-100 for 5 min at 4oC and treated with rabbit anti-

calreticulin antibodies (1:200) (Affinity Bioreagents, Golden, CO) or mouse anti-GM130 

antibodies (1:100) (BD Transduction Labs, San Jose, CA) in 5% normal goat serum 

followed by donkey anti-rabbit or donkey anti-mouse IgG Alexa Fluor 594 antibodies 

(1:800) (Molecular Probes, Eugene, OR). All images were acquired using a Zeiss LSM 

510 META NLO Two-Photon Laser Scanning Microscope.  

Western Blotting. All samples were run on a 10% SDS-PAGE gel. Following transfer to 

a nitrocellulose membrane at 100V for 25 min, the blots were blocked for one hour in 5% 

non-fat dry milk in PBST. The blots were probed with rabbit anti-eGFP (1:2000) 

(Molecular Probes, Eugene, OR), mouse anti-β actin (1:30000) or mouse anti-FABP3 

(1:100) (Abcam, Cambridge, MA), rabbit anti-FABP5 (1:100) or rabbit anti-FABP7 

(1:100) (Santa Cruz Biotechnology, Santa Cruz, CA) antibodies for 1 hour with shaking. 

The blots were rinsed three times with PBST followed by incubation with goat anti-

mouse or goat anti-rabbit IgG HRP-conjugated antibodies (1:8000) (Molecular Probes, 

Eugene, OR) for 1 hour. The blots were rinsed three times with PBST, developed using 

the Immun-Star HRP substrate (Bio-Rad, Hercules, CA) and exposed to film. 

Proteinase K Protection Analysis. COS-7 cells were homogenized by passage through a 

26 gauge needle in buffer A (10mM HEPES-NaOH, pH 7.5, containing 1mM EDTA, 

1.5mM MgCl2, 10mM KCl and 250 mM sucrose). Unbroken cells and nuclei were 

pelleted by centrifugation at 1000g for 10 min and the resulting supernatant was 

subjected to centrifugation at 100,000g for 60 min at 4oC. The pellet containing 
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membranes was resuspended in buffer B (50 mM Tris pH 8, 3 mM CaCl2, 1.5 mM 

MgCl2, 10 mM KCl, 100mM NaCl, 250mM sucrose) and treated with 500 µg/ml 

proteinase K for 30 min at 37oC in the presence or absence of 1% Triton X-100, or left 

untreated. The reactions were quenched by the addition of 20 mM PMSF. The samples 

were separated by SDS-PAGE and visualized by immunoblotting with anti-eGFP and 

anti-calreticulin antibodies (1:2000) (Affinity Bioreagents, Golden, CO).  

FAAH Enzyme Assays. Cell homogenates were incubated with 100 µM anandamide + 

0.1 µCi [14C]anandamide in Tris-HCl (pH 9) containing 0.1% BSA. For activity analyses, 

the time and total protein concentration were adjusted to maintain substrate conversion at 

approximately 10%. For inhibitor studies, 50 µg of COS-7 or 100 µg N18TG2 cell 

homogenates were pre-treated with 100 µM oleic acid, 100 µM BMS309403, or vehicle 

(DMSO) control for 15 min followed by incubation with [14C]anandamide (100 µM) for 

1 or 30 min, respectively. Reactions were stopped by the addition of two volumes of 1:1 

chloroform:methanol and the phases separated by centrifugation. The methanol phase 

(containing [14C]ethanolamine) was sampled and quantified using a Beckman LS 6500 

scintillation counter. 

Determination and Inhibition of anandamide Cellular Uptake and Hydrolysis. Cells 

were plated at ~90% confluency in 35mm dishes, washed twice in DMEM and 

preincubated with the desired pharmacological compounds or vehicle controls (EtOH or 

DMSO). The cells were washed twice in DMEM and subsequently incubated for 10 min, 

5 min, 10 sec, or 3 sec with 750 µl [14C]anandamide + unlabeled anandamide (100 nM or 

10 µM) that was pre-equilibrated for 75 min in medium containing 0.15% BSA. The 

equilibration step is necessary to avoid uneven distribution of the radiotracer and to 
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ensure that it is stable in solution pre-bound to BSA. Less than 1% of anandamide was 

hydrolyzed during this pre-equilibration step. Following the incubation, 750 µl of ice-

cold DMEM + 0.15% BSA was added to the plates, the media separated from cells, 

which were then washed with DMEM + 0.15% BSA to remove non-specifically bound 

anandamide. The cells were scraped three times with 400 µl of ice-cold 2 mM EDTA in 

PBS and two volumes of chloroform:methanol (1:1) added to the media and cells, and the 

phases separated by centrifugation. The resulting aqueous (containing [14C]ethanolamine) 

and organic (containing intact [14C]anandamide) phases were counted by liquid 

scintillation counting. [14C]anandamide uptake was determined by summing the 

production of [14C]ethanolamine in the media and cells with intact cellular 

[14C]anandamide. Hydrolysis of [14C]anandamide was quantified by production of 

[14C]ethanolamine in the media and cells. Blanks consisting of either untransfected COS-

7 cells or N18TG2 cells treated with 100 nM URB597 were subtracted from all 

conditions except the 3 sec time point. 

RT-PCR Analysis of Endogenous FABP Expression. One microgram of RNA 

extracted from mouse brain or N18TG2 cells using the RNeasy mini kit (Qiagen, 

Valencia, CA) was subjected to cDNA synthesis using the Superscript III first strand 

synthesis kit (Invitrogen, Carlsbad, CA). The resulting cDNAs were subjected to PCR 

using primers specific for FABP3, FABP5, FABP7, or β-actin. The following primers 

were used. For FABP3, forward 5’-CATCGAGAAGAACGGGGATA-3’ and reverse 5’-

TGCCATGAGTGAGAGTCAGG-3’; FABP5 forward 5’-

CAAAACCGAGAGCACAGTGA-3’ and reverse 5’-CACGATCATCTTCCCATCCT-

3’; FABP7 forward 5’-AGTGGGAAACGTGACCAAAC-3’ and 5’-
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TTTCTTTGCCATCCCACTTC-3’; and β-actin forward 5’-

AGATGACCCAGATCATGTTTGA-3’ and reverse 5’-

CACAGCTTCTCCTTAATGTCA-3’. The following cycling conditions were used: 

denaturation at 94oC for 30 sec, annealing at 58oC for 30 sec, and extension at 72oC for 

30 sec for a total of 30 cycles. The resulting products were visualized on an agarose gel.  

Statistical Analyses. Results are expressed as means ± standard error. Statistical 

significance was evaluated using two tailed unpaired t-tests against vector transfected or 

vehicle treated controls.  
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RESULTS 

A. Generation of FAAH-eGFP variants with distinct subcellular localizations. 

 FAAH variants with discrete intracellular localizations were designed to explore 

putative intracellular trafficking mechanisms for anandamide. It is expected that if the 

intracellular delivery of anandamide to FAAH is mediated by cytosolic binding proteins, 

then its rate of hydrolysis by FAAH will be unaffected if FAAH is re-localized to distinct 

subcellular organelles. FAAH was first tagged with eGFP at its C-terminus (FAAH-

eGFP) (Figure 6). To localize FAAH to mitochondrial outer membranes, the 

mitochondrial localization sequence of TOM20 (residues 1-33) (Kanaji, et al., 2000) was 

fused to the N-terminus of ΔTMFAAH-eGFP, generating TOM-ΔTMFAAH-eGFP. To 

localize FAAH to the Golgi apparatus, ΔTMFAAH-eGFP was fused to the Golgi 

apparatus resident protein GRASP65 (Barr, et al., 1997), yielding GRASP-ΔTMFAAH-

eGFP.  

 Stable cell-lines expressing these fusion proteins were generated in COS-7 cells, 

which do not natively express FAAH (Wei, et al., 2006). Similar levels of protein 

expression and activity were confirmed by western blotting and enzymatic analysis 

(Figure 7A and B), respectively. FAAH-eGFP localized to the endoplasmic reticulum and 

mostly co-localized with an ER marker, as previously reported (Figure 8A) (Oddi, et al., 

2005). FAAH-eGFP did not localize to the Golgi apparatus as judged by lack of co-

localization with the Golgi apparatus marker GM130. TOM-ΔTMFAAH-eGFP co-

localized with the mitochondrial dye, Mitotracker CM-H2Xros (Figure 8A). There was 

no co-localization with the ER marker calreticulin. GRASP-ΔTMFAAH-eGFP was 

confined to the Golgi apparatus as judged by co-localization with GM130.  
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Protease protection analysis revealed that FAAH-eGFP, TOM-ΔTMFAAH-eGFP, 

and GRASP-ΔTMFAAH-eGFP proteins were cleaved following treatment of COS-7 

membranes with proteinase K in the absence of Triton X-100 (Figure 8B). In contrast, 

calreticulin, a luminal ER membrane protein, was cleaved by proteinase K only in the 

presence of detergent. These data confirm that all three FAAH variants localized to the 

cytoplasmic face of membranes. Therefore, in cells expressing these spatially restricted 

FAAH variants, the cytosol presents the sole barrier for anandamide delivery from the 

plasma membrane to FAAH. 

 

B. Anandamide uptake and hydrolysis by spatially-restricted FAAH-eGFP variants. 

 Anandamide uptake and hydrolysis assays were carried out to determine whether 

re-localization of FAAH to the mitochondria or the Golgi apparatus affected the rate of 

anandamide delivery to FAAH. As shown in Figure 9A, anandamide uptake and 

hydrolysis were similar in cells expressing FAAH-eGFP, TOM-ΔTMFAAH-eGFP, and 

GRASP-ΔTMFAAH-eGFP following a 5 min incubation with [14C]anandamide. Since 

this time point may allow for anandamide to be taken up by one mechanism and 

potentially redistributed intracellularly, these experiments were repeated using shorter 

time points. Similar results were obtained following a 10 sec incubation with 

[14C]anandamide (Figure 9B). Identical results were also found when intracellular 

anandamide hydrolysis following uptake was examined at 3 sec, with similar rates of 

anandamide metabolism in cells expressing the three FAAH variants and significantly 

lower hydrolysis in cells lacking FAAH (Figure 9C). Collectively, these data suggest that 
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anandamide transport through the plasma membrane and its subsequent intracellular 

delivery to FAAH occurs by a rapid and organelle non-specific mechanism.  

 

C. Anandamide uptake and hydrolysis are enhanced by FABPs. 

The present results suggest that anandamide may utilize intracellular carriers for 

its cytosolic transport. Since FABPs are widely expressed and three FABP members are 

expressed in the brain including FABP3, FABP5, and FABP7 (Furuhashi and 

Hotamisligil, 2008, Owada, et al., 1996, Owada, 2008), these proteins were examined as 

putative anandamide carriers.  

To determine whether brain FABPs can potentiate anandamide uptake and 

hydrolysis, COS-7 cells expressing FAAH-eGFP were transfected with each FABP and 

anandamide uptake and metabolism analyzed. Overexpression of FABP5 and FABP7, but 

not FABP3, enhanced [14C]anandamide uptake by 32% and 35%, respectively (Figure 

10). Anandamide hydrolysis was respectively elevated by 31% and 36% in FABP5 and 

FABP7 overexpressing cells. Western blotting confirmed that all three FABPs were 

successfully expressed in COS-7 cells (Figure 11). Since FAAH-eGFP and FABPs utilize 

a common promoter for expression, it was imperative to confirm that overexpression of 

FABPs did not artifactually affect anandamide uptake by modulating FAAH expression 

and/or activity. As shown in Figure 12, [14C]anandamide hydrolysis was similar in 

homogenates of FAAH-eGFP expressing cells transfected with FABPs or vector controls. 

To confirm that the ability of FABPs to potentiate anandamide uptake is 

independent of cell-type, these experiments were repeated in mouse neuroblastoma 

N18TG2 cells. These cells express CB1 receptors, FAAH, and they take up and 
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hydrolyze anandamide (Glaser, et al., 2003, Howlett, 1985, Maurelli, et al., 1995). In 

N18TG2 cells, overexpression of FABP5 and FABP7 significantly enhanced the uptake 

of [14C]anandamide by 36% and 42%, respectively (Figure 13). Anandamide hydrolysis 

was respectively elevated by 44% and 53% in FABP5 and FABP7 transfected cells. 

FABP3 overexpression did not potentiate anandamide uptake or hydrolysis. Western 

blotting confirmed that similar to COS-7 cells, all three FABPs were successfully 

overexpressed in N18TG2 (Figure 11). To confirm the endogenous expression of these 

FABPs in untransfected N18TG2 cells, RT-PCR analysis was performed in N18TG2 

cells and mouse brain as a control. As expected, FABP3, FABP5 and FABP7 were 

expressed in brain while FABP3 and FABP5, but not FABP7, were expressed in N18TG2 

cells (Figure 14). Collectively, these data provide evidence that FABPs act as 

intracellular carriers for anandamide.    

 

D. Inhibition of FABPs reduces anandamide uptake and hydrolysis. 

 Competitive FABP ligands were employed to examine the contributions of 

endogenous FABPs towards anandamide uptake and inactivation by FAAH. Initially, 

COS7-FAAH-eGFP and N18TG2 cells were incubated with the FABP ligand oleic acid 

(Hanhoff, et al., 2002) and [14C]anandamide uptake and hydrolysis measured following a 

5 min incubation. Oleic acid reduced [14C]anandamide uptake in both COS7-FAAH-

eGFP cells and in N18TG2 cells by 25% and 53%, respectively (Figure 15). These 

inhibition studies were repeated using the novel FABP inhibitor BMS309403 (Sulsky, et 

al., 2007). BMS309403 is a competitive inhibitor of FABPs with reported IC50 values of 

250 and 350 nM for FABP3 and FABP5, respectively (Furuhashi and Hotamisligil, 2008, 
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Sulsky, et al., 2007). Treatment of COS7-FAAH-eGFP cells or N18TG2 cells with 20-

100 µM BMS309403 resulted in dose-dependent reductions in [14C]anandamide uptake 

and hydrolysis (Figure. 16). Significant effects in N18TG2 cells were only observed in 

cells treated with 50 µM and 100 µM BMS309403. The maximal inhibition of 

anandamide uptake was 48% in COS7-FAAH-eGFP cells and 57% in N18TG2 cells. 

Anandamide hydrolysis was also significantly reduced. The efficacy of BMS309403 was 

preserved when cells were pretreated with this inhibitor but subsequently incubated with 

[14C]anandamide alone (Figure 17). This suggests that BMS309403 did not artifactually 

reduce anandamide uptake by competing with anandamide for binding to BSA. 

Similar to the results at 5 min, BMS309403 also reduced intracellular 

[14C]anandamide hydrolysis following uptake at 3 sec in COS7-FAAH-eGFP and 

N18TG2 cells (Figure 18). At the highest concentration tested (100 µM), BMS309403 

inhibited [14C]anandamide hydrolysis by ~42% in COS7-FAAH-eGFP cells and ~68% in 

N18TG2 cells. Oleic acid and BMS309403 did not inhibit FAAH activity over the 

concentration range used in the current study (Figure 19), suggesting that their effects 

upon [14C]anandamide uptake stem from inhibition of intracellular transport rather than 

FAAH. 
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Figure 6. Constructs used in this study. FAAH-eGFP is shown with its N-terminal 
transmembrane helix (residues 1-29) in red, residues 30-579 in black, and eGFP in green. 
This N-terminal helix was replaced with TOM20 (residues 1-33, shown in blue) in TOM-
ΔTMFAAH-eGFP. In GRASP-ΔTMFAAH-eGFP, the Golgi resident protein grasp65 
(grey) was fused to the N-terminus of ΔTMFAAH-eGFP. 
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Figure 7. Expression of FAAH variants in COS-7 cells. (A) Western blot analysis 
indicates similar expression levels of FAAH-eGFP variants in COS-7 cells stably 
expressing FAAH-eGFP, TOM-ΔTMFAAH-eGFP or GRASP-ΔTMFAAH-eGFP. Blots 
were probed with eGFP antibodies with β-actin serving as a loading control. (B) Similar 
rates of [14C]anandamide hydrolysis (p > 0.05) by FAAH-eGFP, TOM-ΔTMFAAH-
eGFP and GRASP-ΔTMFAAH-eGFP expressing COS-7 homogenates (n=3). 
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Figure 8. Subcellular localization and membrane orientation of FAAH variants.  (A) 
FAAH variants localize to specific organelles. Top panel shows FAAH-eGFP fusion 
proteins (green), middle panel depicts the marker of interest (red), and the bottom panel is 
the merged image (yellow). FAAH-eGFP localized to the ER and mostly overlapped with 
the ER marker calreticulin. TOM-ΔTMFAAH-eGFP co-localized with the mitochondrial 
dye Mitotracker CM-H2Xros and was excluded from the ER. GRASP-ΔTMFAAH-eGFP 
localized to the Golgi apparatus as judged by co-localization with GM130. Note that 
overexpression of GRASP-ΔTMFAAH-eGFP resulted in an enlargement of the Golgi 
apparatus. (B) Proteinase K protection analysis of FAAH-eGFP, TOM-ΔTMFAAH-
eGFP and GRASP-ΔTMFAAH-eGFP proteins in membrane fractions of COS-7 cells. 
Membranes were either left untreated or were incubated with 500 µg/ml proteinase K in 
the presence or absence of 1% Triton X-100. Samples were resolved by SDS-PAGE and 
probed with eGFP and calreticulin antibodies. 
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Figure 9. Anandamide inactivation in COS-7 cells expressing spatially restricted 
FAAH variants. [14C]anandamide uptake (black bars) and hydrolysis (grey bars) were 
similar (P > 0.05) in COS7-FAAH-eGFP, TOM-ΔTMFAAH-eGFP or GRASP-
ΔTMFAAH-eGFP cells following (A) 5 min or (B) 10 sec incubations (n = 3). (C) 
Similar levels (p > 0.05) of intracellular [14C]anandamide hydrolysis following uptake at 
3 sec in COS7-FAAH-eGFP, TOM-ΔTMFAAH-eGFP or GRASP-ΔTMFAAH-eGFP. 
Hydrolysis of [14C]anandamide in untransfected COS-7 cells was significantly lower than 
in FAAH-eGFP controls. **, p < 0.01 (n = 3). 
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Figure 10. Effect of FABP overexpression upon anandamide uptake and hydrolysis. 
Following a 10 minute incubation, [14C]anandamide uptake (black bars) and hydrolysis 
(grey bars) were significantly elevated in COS7-FAAH-eGFP cells following FABP5 or 
FABP7, but not FABP3, transfection. **, p < 0.01 compared to vector transfected 
controls (n = 3-5).  
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Figure 11. Overexpression of FABPs in COS7-FAAH-eGFP and N18TG2 cells. 
Western blot analysis of overexpressed FABP3, FABP5 or FABP7 in COS7-FAAH-
eGFP and N18TG2 cells. Blots were probed with the respective antibodies. Β-actin 
serves as a loading control. 
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Figure 12. Effect of FABP overexpression upon FAAH activity in COS7-FAAH-
eGFP cells. Overexpression of FABP3, FABP5, or FABP7 had no effect upon 
[14C]anandamide hydrolysis by COS7-FAAH-eGFP homogenates (p > 0.05). 
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Figure 13. Effect of FABP overexpression upon anandamide uptake and hydrolysis 
in N18TG2 cells. [14C]anandamide uptake (black bars) and metabolism (grey bars) by 
N18TG2 cells were enhanced following transfection with FABP5 and FABP7, but not 
FABP3.  *, p < 0.05 and **, p < 0.01 compared to vector transfected controls (n = 3-5). 
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Figure 14. Expression of FABPs in N18TG2 cells and mouse brain. RT-PCR analysis 
confirmed the endogenous expression of FABP3, FABP5, and FABP7 in mouse brain 
and FABP3 and FABP5 in N18TG2 cells. β-actin serves as a loading control. 
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Figure 15. Effect of oleic acid upon anandamide uptake and hydrolysis. Treatment of 
COS7-FAAH-eGFP and N18TG2 cells with 100 µM oleic acid significantly reduced 
[14C]anandamide uptake (black bars) and hydrolysis (grey bars) at 5 min. *, p < 0.05 
compared to vehicle-treated controls (n = 3-5) 
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Figure 16. Effect of BMS309403 upon anandamide uptake and hydrolysis. 
[14C]anandamide uptake (black bars) and hydrolysis (grey bars) at 5 min were 
significantly reduced following treatment of (A) COS7-FAAH-eGFP or (B) N18TG2 
cells with 20-100 µM BMS309403. *, p < 0.05 and **, p < 0.01 compared to vehicle 
controls (n = 3-5). 
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Figure 17. Inhibition of anandamide uptake and inactivation by BMS309403 is 
preserved in pretreated cells. [14C]anandamide uptake (black bars) and hydrolysis (grey 
bars) at 5 min were significantly reduced in COS7-FAAH-eGFP cells following pre-
incubation and co-incubation with 50 µM BMS309403 as well as in cells following a pre-
incubation only. **, p < 0.01 compared to vehicle controls (n = 3).  
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Figure 18. Effect of BMS309403 upon intracellular anandamide hydrolysis at 3 sec. 
BMS309403 (20-100 µM) reduced the hydrolysis of [14C]anandamide following uptake 
in (A) COS7-FAAH-eGFP or (B) N18TG2  cells. *, p < 0.05 and **, p < 0.01 compared 
to vehicle treated controls (n = 3-5). 
 
 

 

 

 

 

 

 

 

 

 

 

 58



A 

 

B 

 
 

 59



 

 

 

 

 

 

 

 

 

 
Figure 19. Effect of BMS309403 and oleic acid upon FAAH activity in vitro. 
[14C]anandamide hydrolysis by (A) COS7-FAAH-eGFP or (B) N18TG2 homogenates 
was not inhibited (p>0.05) by 100 µM oleic acid or BMS309403 (n = 3). 
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DISCUSSION 

 Regulation of lipid neurotransmitter signaling poses unique challenges to 

mammalian systems. In contrast to hydrophilic neurotransmitters, endocannabinoids are 

hydrophobic and are not stored in synaptic vesicles. Instead, they are generated when 

needed through a process known as “on demand” synthesis (Hashimotodani, et al., 2007). 

The transient nature of endocannabinoid signaling requires efficient synthetic enzymes 

and a mechanism(s) for rapid ligand clearance and inactivation. The presence of 

cannabinoid receptors on the plasma membrane and FAAH on the ER ensures that sites 

of anandamide signaling are spatially separated from its site of catabolism. The low 

solubility of anandamide in the hydrophilic cytosol presents a diffusional barrier and 

suggests that intracellular proteins may facilitate its trafficking from the plasma 

membrane to FAAH (Deutsch, et al., 2001, Patricelli and Cravatt, 2001). Despite years of 

intense effort, proteins mediating anandamide trafficking have not been identified. 

Herein, FABPs are identified as the first proteins capable of intracellularly transporting 

anandamide.  

The hydrophilic cytoplasm also presents a diffusional barrier to the transport of 

free fatty acids. To obviate this, intracellular proteins such as FABPs orchestrate the 

movement of fatty acids inside cells (Furuhashi and Hotamisligil, 2008, Stremmel, et al., 

2001). The wide distribution of FABPs throughout the mammalian brain and peripheral 

tissues (Liu, et al., 2008, Owada, et al., 1996, Pelsers, et al., 2004) suggests that these 

proteins may represent the primary repertoire of intracellular fatty acid and 

endocannabinoid carriers.    

 62



The data presented herein are in line with the hypothesis that binding proteins 

such as FABPs act as intracellular anandamide transporters. The rapid and organelle non-

specific delivery of anandamide to FAAH is consistent with trafficking via FABPs. 

Overexpression of FABP5 and FABP7, but not FABP3, enhanced the uptake and 

hydrolysis of anandamide, suggesting that these proteins may bind anandamide with 

greater affinity than FABP3. This is consistent with a recent report demonstrating that 

anandamide binds FABP7 with a three-fold higher affinity than FABP3 (IC50 values of 5 

vs. 15 µM, respectively), as judged by displacement of a fluorescent probe (Sun, et al., 

2008). Similar displacement values were observed for arachidonic acid. The inability of 

FABP3 to potentiate anandamide inactivation is somewhat surprising given that brain 

uptake of arachidonic acid was significantly reduced in FABP3 KO mice (Murphy, et al., 

2005). This suggests that intracellular transport of arachidonic acid and endocannabinoids 

may be functionally uncoupled or that FABP3 may serve as a lower affinity auxiliary 

carrier for the endocannabinoids.  

The importance of FABPs as anandamide carriers was further demonstrated 

through inhibition studies. Both oleic acid and the selective FABP inhibitor BMS309403 

significantly reduced anandamide uptake and hydrolysis in COS7-FAAH-eGFP and 

N18TG2 cells. Neither oleic acid nor BMS309403 completely blocked anandamide 

uptake, reflecting incomplete FABP inhibition, non-specific binding to BSA or other 

cellular proteins, or other unknown inhibitor-insensitive anandamide carriers. 

 The involvement of FABPs as intracellular anandamide carriers may resolve 

several unexplained phenomena of anandamide uptake. For example, all cells, including 

those devoid of a functional endocannabinoid system, possess the ability to internalize 
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anandamide and deliver it to FAAH following transfection with FAAH. Therefore, it is 

likely that the capability of many cell-types to take up anandamide may coincide with the 

expression of FABPs. Another unresolved phenomenon involves the efficacy of 

anandamide “transport” inhibitors, which were designed as inhibitors of a putative 

anandamide membrane transporter. Since most of these compounds are structural analogs 

of anandamide (Alexander and Cravatt, 2006, Dickason-Chesterfield, et al., 2006, 

Fegley, et al., 2004, Ortar, et al., 2003), it is likely that their efficacy may reflect 

inhibition of FABPs and/or other unidentified intracellular anandamide carriers (Glaser, 

et al., 2003, Hillard and Jarrahian, 2003, Kaczocha, et al., 2006, Ortega-Gutierrez, et al., 

2004).  

 The binding promiscuity of FABPs suggests that they may also serve as carriers 

for other NAEs such as PEA and OEA, and the endocannabinoid 2-AG. In addition, 

FABPs may also shuttle these lipids to the nucleus. A recent report revealed that FABP5 

mediates the nuclear translocation of retinoic acid and enhances its activation of nuclear 

PPAR receptors (Schug, et al., 2007). This finding is intriguing since endocannabinoids 

and related NAEs have all been shown to varying extents to activate PPAR receptors 

(Bouaboula, et al., 2005, Fu, et al., 2003, Lo Verme, et al., 2005, Rockwell, et al., 2006). 

Indeed, it was recently reported that FABPs may potentiate NAE-mediated activation of 

nuclear PPARs (Sun, et al., 2008).  

 In conclusion, the results presented herein represent a major advance in our 

understanding of endocannabinoid inactivation. Prior to these findings, it was not known 

how hydrophobic endocannabinoids traverse the aqueous cytosol for their inactivation. In 

addition to providing a mechanism for anandamide uptake, FABPs may also represent 
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attractive therapeutic targets. For example, inhibition of FABPs abrogates diet-induced 

insulin resistance and diabetes, and ameliorates atherosclerosis (Furuhashi, et al., 2007, 

Furuhashi, et al., 2008, Hotamisligil, et al., 1996, Maeda, et al., 2005). These favorable 

outcomes coupled with the anti-inflammatory and analgesic phenotypes of FAAH KO 

mice suggest that a therapeutic strategy targeting both of these systems may be desirable.  
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CHAPTER 2 

 

 

 

BIOCHEMICAL CHARACTERIZATION OF FAAH-2 

 

 

SUMMARY 

 NAEs constitute a functionally diverse family of signaling molecules that includes 

anandamide. Spatiotemporal regulation of NAE signaling relies upon the expression, 

localization, and activity of synthetic and catabolic enzymes. FAAH is the principal 

enzyme that mediates NAE inactivation in vivo since FAAH KO mice possess highly 

elevated NAE levels and are hypersensitive to NAE administration. Recently, a novel 

FAAH enzyme (FAAH-2) was discovered in higher mammals that is not found in murid 

genomes, suggesting that NAE inactivation in higher mammals may be coordinated by 

both FAAH enzymes. Similar to FAAH, FAAH-2 is a membrane protein of the amidase 

signature family of serine hydrolases and hydrolyzed numerous NAE substrates in vitro. 

FAAH-2 was proposed by others to reside on the luminal surface of ER membranes. Its 

role in NAE inactivation in intact cells and its subcellular localization were not examined.     

 To explore the role of FAAH-2 in NAE inactivation, a thorough biochemical 

analysis of the enzyme was performed. FAAH-2 catalyzed anandamide and PEA 

hydrolysis with rates approximately 10 to 30 fold lower than FAAH in vitro. However, 

FAAH-2 hydrolyzed anandamide and PEA with rates approximately one third that of 
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FAAH in intact cells, indicating its physiological relevance. The novel observation was 

made that FAAH-2 localized primarily to cytoplasmic lipid droplets. FAAH-2 chimeras 

attaining cytoplasmic or luminal membrane orientations lacked activity, suggesting that 

FAAH-2 is adapted to enzymatic catalysis on lipid droplet membranes. The N-terminus 

of FAAH-2 was identified as a lipid droplet targeting sequence and was both necessary 

and sufficient to mediate lipid droplet localization. Lastly, a FAAH chimera localizing to 

lipid droplets hydrolyzed anandamide in intact cells with rates comparable to wild-type 

FAAH, suggesting that NAEs are readily delivered to lipid droplets for catabolism. 

Collectively, these data support a model in which FAAH and FAAH-2 both mediate NAE 

inactivation and suggest that sites of NAE catabolism are spatially separated in cells of 

higher mammals.  
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INTRODUCTION 

A. NAE Inactivation by FAAH. 

 NAEs constitute a family of signaling lipids that activate distinct receptor 

systems. The endocannabinoid anandamide serves as a ligand for plasma membrane CB1 

and TRPV1 receptors (Felder, et al., 1993, Zygmunt, et al., 1999) while PEA and OEA 

activate nuclear PPAR receptors (Fu, et al., 2003, Lo Verme, et al., 2005). Despite their 

distinct molecular targets, NAEs share a common catabolic enzyme, FAAH. FAAH is 

expressed in most mammalian tissues, including brain, spinal cord, liver, retina, small 

intestine, ovary, spleen, but not in heart or muscle (Deutsch and Chin, 1993; Cravatt, et 

al., 2001, Cravatt, et al., 2004, El-Talatini, et al., 2009, Fu, et al., 2007, Glaser, et al., 

2005, Wei, et al., 2006, Yazulla, et al., 1999). The wide distribution of FAAH suggests a 

primary role for this enzyme in NAE inactivation. FAAH KO mice possess significantly 

elevated levels of NAEs including anandamide and PEA, and display CB1-mediated 

antinociceptive and PPAR-dependent anti-inflammatory phenotypes (Cravatt, et al., 

2001, Cravatt, et al., 2004, Lo Verme, et al., 2005). These results establish FAAH as the 

principal NAE catabolizing enzyme in vivo.  

 

B. FAAH-2 as a Second NAE Hydrolyzing Amidase Signature Enzyme. 

 A novel amidase signature serine hydrolase capable of metabolizing NAEs was 

recently cloned from human cells (Wei, et al., 2006). This enzyme, termed FAAH-2, only 

shares ~20% sequence identity along its primary structure with FAAH, with high 

conservation around the catalytic triad (Figure 20). Both enzymes possess a predicted N-

terminal transmembrane helix, an amidase signature sequence, and a Ser-Ser-Lys 
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catalytic triad (Figure 20). Similar to FAAH, FAAH-2 is a membrane protein with a pH 

optimum of 9, and it hydrolyzes numerous NAEs including anandamide and PEA (Wei, 

et al., 2006). However, FAAH-2 metabolizes these lipids with lower rates than FAAH in 

vitro, hydrolyzing anandamide and PEA respectively with a Vmax of 0.46 and 0.2 

nmol/mg/min compared to 17 and 2.1 nmol/mg/min for FAAH (Wei, et al., 2006). In 

contrast to the cytoplasmically-facing FAAH, FAAH-2 appears to reside in luminal 

membrane compartments and is not subject to N-linked glycosylation. RT-PCR analysis 

revealed that FAAH-2 is expressed in human heart, kidney, liver, lung, prostate, and 

ovary. Finally, FAAH-2 is found in the genomes of humans and other primates, and in 

other species including opossum, frog, zebrafish, pufferfish, and chicken. The FAAH-2 

gene resides on the pericentromeric region of the short arm of the X-chromosome, a 

region prone to rearrangements and deletions, possibly explaining the absence of this 

enzyme in murid genomes (Wei, et al., 2006). 

 Apart from this preliminary characterization of FAAH-2, nothing is known about 

other features of this enzyme, including its subcellular localization and its ability to 

inactivate NAEs in intact cells. The goal of this project was to perform a full biochemical 

investigation of FAAH-2.  
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Figure 20. Sequence comparison of FAAH and FAAH-2. The amidase signature 
sequences of both enzymes are underlined, the predicted N-terminal transmembrane 
helices are marked with dashed lines, and the Ser-Ser-Lys catalytic triads are marked 
with asterisks. Conserved residues are shown in black color. Figure adapted from (Wei, et 
al., 2006).  
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MATERIALS AND METHODS 

Materials. Anandamide and PEA were from Cayman Chemical (Ann Arbor, MI). 

URB597 (cyclohexylcarbamic acid 3'-carbamoyl-biphenyl-3-yl ester) was from Biomol 

International. [14C]anandamide [ethanolamine-1-14C] (53 mCi/mmol) and [14C]PEA 

[ethanolamine-1-14C] (53 mCi/mmol) were from the National Institute on Drug Abuse 

Drug Supply Program. BSA was from Sigma. BODIPY 493/503 was from Molecular 

Probes (Carlsbad, CA). 

Cloning. FAAH-2 cDNA was kindly provided by Benjamin F. Cravatt (The Scripps 

Research Institute). The FAAH-2 cDNA provided to us differed from the published 

sequence in three positions as follows: T99C, G1077A, and C1404T. These changes did 

not alter the corresponding amino acid sequence of FAAH-2. To generate FLAG-tagged 

FAAH-2, a FLAG epitope was incorporated into the C-terminus of FAAH-2 using PCR 

and the appropriate primers and was subcloned into pcDNA4 using XhoI and KpnI. To 

generate Myc-tagged FAAH-2, the FAAH-2 cDNA (lacking a stop codon) was inserted 

into the pcDNA4/TO/myc-HisA plasmid (Clontech) using XhoI and KpnI. To generate 

CAL-ΔTMFAAH2-FLAG, the N-terminus of FAAH-2 was replaced by the mouse 

calreticulin signal sequence (1-26). CAL-ΔTMFAAH-FLAG was generated by fusion of 

the calreticulin signal sequence to the N-terminus of ΔTMFAAH-FLAG. FAAH(N)-

ΔTMFAAH2-FLAG contains the N-terminus of human FAAH (residues 1-32). 

MΔTMFAAH2-FLAG contains residues 35-532 of FAAH-2 and an N-terminal 

methionine. CAL-ΔTMFAAH2(2-532)-FLAG was produced by replacing the first 

methionine of FAAH2-FLAG with the calreticulin signal sequence. FAAH2(N)-RFP and 

FAAH2(N)-rΔTMFAAH-FLAG contain the N-terminus of FAAH-2 (residues 1-35) 
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fused to the N-terminus of DsRed2 or rat ΔTMFAAH (residues 30-579), respectively. To 

generate a secreted form of FABP3, the FABP3 cDNA was subcloned into the 

pSecTag2/Hygro C plasmid using HindIII and XhoI. The expression plasmid for ADRP 

was a kind gift from Deborah A. Brown (Stony Brook University). All constructs were 

confirmed by sequencing.  

Immunofluorescence. Immunolocalization experiments were performed as in Chapter 1. 

The antibodies used were as follows: rabbit anti-calreticulin (1:200) (Affinity 

Bioreagents, Golden, CO), mouse anti-FLAG M2 (1:500) (Sigma), and mouse anti-Myc 

(1:500) (provided by Jen-Chih Hsieh, Stony Brook University). To visualize neutral 

lipids, COS-7 or HeLa cells were respectively incubated with 1 or 2 µg/ml BODIPY 

493/503 during secondary antibody incubations. 

Western blotting. Western blot analysis was performed as in Chapter 1. The following 

antibodies were used: mouse anti-FLAG M2 (1:2000), mouse anti-β actin (1:20000) 

(Abcam, Cambridge, MA), mouse anti-FABP3 (1:100) (Abcam, Cambridge, MA) and 

mouse anti-Myc (1:5000). The blots were subsequently probed with goat anti-mouse IgG 

HRP-conjugated antibodies (1:8000) (Molecular Probes, Eugene, OR) and visualized on 

film. 

Enzyme assays. COS-7 or HeLa homogenates, transfected with the indicated construct, 

were incubated with [14C]anandamide or [14C]PEA (0.1-100 µM) in 100 mM Tris (pH 9) 

supplemented with 0.1% BSA at 37oC. Incubation times and protein concentrations were 

adjusted to allow approximately 10-15% substrate conversion. For pH studies, 

incubations were performed in 50 mM Bis-Tris Propane, 50 mM CAPS, 50 mM citrate, 

150 mM NaCl (pH range 5 to 9). The reactions were terminated by addition of two 
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volumes of 1:1 chloroform:methanol and the phases separated by centrifugation. The 

methanol phase containing [14C]ethanolamine was counted in a Beckman LS 6500 

scintillation counter. 

PNGase F treatment of cells. COS-7 cells transfected with the indicated plasmids were 

homogenized with a 26-guage needle and the resulting homogenates centrifuged for 10 

min at 1000g to pellet unbroken cells. The supernatants were denatured by heating for 10 

min at 100oC and subsequently treated with PNGase F for 1 hour at 37oC in the presence 

of 1% NP-40 (New England Biolabs, Ipswich, MA). The samples were then separated by 

SDS-PAGE and visualized with mouse anti-FLAG or mouse anti-β actin antibodies.  

Protein secretion into the media. HeLa cells were transfected with the indicated 

plasmids. Twenty four hours later, the media were replaced with serum-free OptiMEM 

media (Invitrogen, Carlsbad, CA) for 12 hours. The media were subsequently collected 

and centrifuged for 10 min at 1000g to pellet cellular debris. Proteins in the media were 

precipitated with acetone. Following incubation with 80% acetone for 60 min at -20oC, 

the media were centrifuged at 13,000g for 10 min and the pellets containing precipitated 

proteins dried and resuspended in water. The samples were subsequently denatured with 

SDS-loading buffer and resolved by SDS-PAGE. 

Lipid droplet isolation. HeLa cells grown in 10 cm dishes were co-transfected with the 

indicated plasmids and ADRP using Lipofectamine 2000. Five hours later, the media 

were replaced with DMEM supplemented with 10% fetal bovine serum and 400 µM oleic 

acid complexed to BSA (oleic acid to BSA ratio of 6.6:1) and incubated overnight as 

described (Listenberger, et al., 2007). Cells fed overnight with oleic acid accumulate 

neutral lipids and possess enlarged lipid droplets. Three plates of FAAH2-FLAG, one 
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plate of FAAH-FLAG and two plates of FAAH2(N)-rΔTMFAAH-FLAG transfected 

cells were homogenized in 10 mM Hepes/5 mM EDTA containing 10% sucrose and 

protease inhibitor cocktail (Roche Applied Science), and centrifuged at 1000g to pellet 

unbroken cells. The resulting supernatant (700 µl) was overlaid with ~ 4.3 ml of 10 mM 

Hepes/5 mM EDTA and spun in a Beckman L8-55 centrifuge at 280,000g for 3 hrs at 

4oC. Fractions (~700 µl) were collected from the top and the pellet was resuspended in 

Hepes buffer. The samples were separated by SDS-PAGE and immunoblotted with rabbit 

anti-calnexin (1:5000) (Novus Biologicals, Littleton, CO), mouse anti-FLAG (1:2000), or 

guinea pig anti-ADRP antibodies (1:400) (RDI Division of Fitzgerald Industries, 

Concord, MA). The blots were subsequently incubated with goat anti-mouse, goat anti-

rabbit, or rabbit anti-guinea pig IgG HRP-conjugated antibodies (1:8000) (Molecular 

Probes, Eugene, OR) and visualized on film. 

Statistical analysis. All results represent means ± standard error of at least three 

independent experiments. Statistical analyses were performed using two tailed unpaired 

Student’s t tests with Graphpad Prism. 
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RESULTS 

A. Kinetic analysis of FAAH-2. 

 The enzyme kinetics of FAAH-2 were examined in homogenates of HeLa cells 

expressing FAAH-2 using [14C]anandamide or [14C]PEA as substrates. The Vmax and Km 

for anandamide were 0.71 ± 0.04 nmol/mg/min and 7.9 ± 1.5 µM, respectively. For PEA, 

the Vmax and Km values were 1.21 ± 0.1 nmol/mg/min and 4.3 ± 1.4 µM, respectively 

(Figure 21). FAAH-2 attained maximum activity at a pH of 9 (Figure 22), confirming 

previous results (Wei, et al., 2006). 

 

B. Uptake and hydrolysis of anandamide and PEA by FAAH-2 in cultured cells. 

Uptake and hydrolysis assays determined the contribution of FAAH-2 towards 

anandamide and PEA inactivation in cells. A time course of [14C]anandamide uptake and 

hydrolysis revealed that HeLa cells expressing FAAH hydrolyzed ~74% of the 

[14C]anandamide taken up by cells at 1 min and ~85% at 5 min (Figure 23A). FAAH-2 

transfected cells hydrolyzed ~29% of the [14C]anandamide taken up by cells at 1 min and 

~61% at 5 min. [14C]anandamide uptake was significantly reduced in FAAH-2 

transfected cells at 5 min. Mock transfected cells hydrolyzed ~7% and ~8% of the 

anandamide taken up by cells at 1 and 5 min, respectively. To examine anandamide 

hydrolysis using more physiologically relevant time points, these experiments were 

repeated at 3 sec. Similar to the results above, intracellular anandamide hydrolysis in 

FAAH-2 expressing cells was significantly lower compared to cells transfected with 

FAAH (Figure 23B). Following subtraction of mock transfected cells, the data revealed 

that FAAH-2 hydrolyzed anandamide with a rate approximately one third that of FAAH.  
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 PEA hydrolysis by FAAH and FAAH-2 followed a similar trend. FAAH-2 

hydrolyzed ~29% and ~59% of the [14C]PEA take up by cells at 1 and 5 min, respectively 

(Figure 24A). As expected, [14C]PEA metabolism was greater in cells transfected with 

FAAH, with ~60% and ~77% hydrolysis at 1 and 5 min, respectively. [14C]PEA 

hydrolysis in mock transfected cells was lower, reaching ~7% and 11% at 1 and 5 min, 

respectively. It is noteworthy that in contrast to anandamide, PEA uptake does not appear 

to be coupled to its hydrolysis by FAAH (Jacobsson and Fowler, 2001). Similar results 

were obtained in this study (Figure 24A). One possible explanation is that PEA is 

sequestered intracellularly and is not in equilibrium with extracellular PEA. Similar to 

anandamide, [14C]PEA hydrolysis at 3 sec was significantly lower in cells expressing 

FAAH-2 compared to FAAH (Figure 24B). Following subtraction of [14C]PEA 

metabolism in mock transfected cells, FAAH-2 hydrolyzed [14C]PEA with a rate ~40% 

that of FAAH. Collectively, these data provide evidence that FAAH-2 is an efficient 

NAE hydrolyzing enzyme in intact cells. 

 

C. Subcellular localization of FAAH-2. 

The subcellular localization of FAAH-2 was examined by immunofluorescence. 

In COS-7 and HeLa cells, FAAH2-FLAG localized to ring-like, hollow cytoplasmic 

structures that did not overlap with the ER marker calreticulin (Figure 25). In addition, a 

small pool of ER-localized FAAH2-FLAG was also observed in COS-7 cells but rarely 

seen in HeLa cells. Typically, there were two distinct populations of COS-7 cells, with 

~40% of cells expressing FAAH-2 solely in the cytoplasmic structures and the remaining 

~60% in these structures and ER membranes. 
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These cytoplasmic structures are morphologically similar to lipid 

droplets/adiposomes (Smirnova, et al., 2006), which possess a core of neutral lipids 

surrounded by a phospholipid monolayer, and serve as sites of triglyceride and 

cholesteryl ester storage and mobilization (Thiele and Spandl, 2008). The neutral 

lipid/lipid droplet-specific dye BODIPY 493/503 was employed to determine whether 

FAAH-2 localized to adiposomes (Listenberger, et al., 2007). In COS-7 and HeLa cells, 

FAAH2-FLAG and FAAH2-Myc co-localized with BODIPY 493/503 (Figure 26A). 

These results confirm that FAAH-2 is present on lipid droplets and that its subcellular 

distribution is independent of the epitope tag and cell-type used. In accordance with the 

lipid droplet hypothesis, FAAH-2 was present solely on the ring-like surface of 

adiposomes (presumably phospholipid monolayers) and was excluded from 

BODIPY493/503-positive neutral lipid cores (Figure 26B) (Tauchi-Sato, et al., 2002). In 

contrast to FAAH-2, FAAH-FLAG did not localize to lipid droplets (Figure 27).  

The presence of FAAH-2 on lipid droplets was confirmed by subcellular 

fractionation. HeLa cells were co-transfected with either FAAH-FLAG or FAAH2-FLAG 

and the lipid droplet-localized protein ADRP, cultured in media supplemented with oleic 

acid, and subsequently fractionated by ultracentrifugation (Listenberger, et al., 2007). 

Following ultracentrifugation, fractions were collected from the top. The separation of 

lipid droplets from ER membranes was confirmed by the distribution of ADRP to 

fraction 1 and the ER marker calnexin to fraction 7 and the pellet (Figure 28). FAAH2-

FLAG was found primarily in the ADRP-positive fraction 1 but not in calnexin-positive 

fractions, suggesting that the minor ER-localized pool of FAAH-2 present under normal 

conditions may have redistributed to lipid droplets following oleate feeding of cells. As 
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expected, FAAH-FLAG distributed solely to the calnexin-positive pellet and was 

excluded from lipid droplets. Taken together, the fractionation and immunofluorescence 

results confirm that FAAH-2 localizes primarily to lipid droplets.  

 

D. Generation of cytoplasmically- and luminally-facing FAAH-2 variants. 

The localization of FAAH-2 to the lipid droplet surface suggests that this 

monotopic enzyme faces the cytosol and is not localized in the ER. FAAH-2 does not 

undergo N-linked glycosylation despite possessing a consensus N-linked glycosylation 

site, suggesting that it may not reside in luminal membrane compartments (Figure 29). 

However, it was previously proposed that FAAH-2 attains a luminal membrane 

orientation (Wei, et al., 2006). To resolve these seemingly contradictory results, 

cytoplasmically- and luminally/ER-facing FAAH-2 variants were generated and their 

subcellular localizations and in vitro activities examined. FAAH-2 is predicted to possess 

an N-terminal signal sequence for insertion into the ER lumen (Wei, et al., 2006). To 

localize FAAH-2 to the cytoplasmic face of membranes, the putative signal sequence of 

FAAH-2 (residues 1-34) was removed and either replaced with the N-terminus (residues 

1-32) of FAAH (generating FAAH(N)-ΔTMFAAH2-FLAG) or left without an N-

terminal transmembrane sequence (generating MΔTMFAAH2-FLAG) (see Appendix). 

To localize FAAH-2 to the ER lumen, the signal sequence from mouse calreticulin 

(Fliegel, et al., 1989) was fused to the N-terminus of ΔTMFAAH2-FLAG, generating 

CAL-ΔTMFAAH2-FLAG.  

Protease protection analysis of membrane fractions revealed that FAAH(N)-

ΔTMFAAH2-FLAG and MΔTMFAAH2-FLAG were present on the cytoplasmic face of 
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membranes while CAL-ΔTMFAAH2-FLAG was luminally facing (Figure 30). The 

membrane (non-lipid droplet) associated fraction of FAAH2-FLAG also displayed a 

luminally facing orientation, possibly reflecting the minor ER-localized pool of FAAH-2 

observed by immunofluorescence.  

Western blotting confirmed the successful expression of all constructs (Figure 

31A), except CAL-ΔTMFAAH2-FLAG, which was only visible upon significant 

overexposure of film (compare Figures 30 and 31A). The expression level of FAAH(N)-

ΔTMFAAH2-FLAG was similar to FAAH2-FLAG while that of MΔTMFAAH2-FLAG 

was significantly reduced. This suggests that FAAH-2, unlike FAAH (Patricelli, et al., 

1998), requires an N-terminal transmembrane helix for expression. Therefore, the 

significantly reduced expression of CAL-ΔTMFAAH2-FLAG may have resulted from 

instability of ΔTMFAAH2-FLAG following cleavage of the calreticulin signal sequence 

in the ER lumen. However, CAL-ΔTMFAAH2(2-532)-FLAG, a fusion protein that 

retains the N-terminus of FAAH-2 was also not successfully expressed, excluding 

instability as a factor for the reduced expression (Figure 31C). The lack of significant 

expression of CAL-ΔTMFAAH2-FLAG was also not due to secretion of the protein into 

the media (Figure 32). These data suggest that FAAH-2 does not natively localize to the 

ER lumen. Enzymatic analysis revealed that FAAH(N)-ΔTMFAAH2-FLAG, 

MΔTMFAAH2-FLAG, and CAL-ΔTMFAAH2-FLAG were catalytically inactive (Figure 

31B), suggesting that FAAH-2 does not normally reside on the cytoplasmic face of ER 

membranes.  

The re-localization of FAAH from the cytoplasmic to luminal face of membranes 

(CAL-ΔTMFAAH-FLAG), which was confirmed by proteinase K and PNGase F 
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analysis, did not abrogate its activity (Figures 29, 30 and 31). The reduced enzymatic 

activity of CAL-ΔTMFAAH-FLAG relative to FAAH mirrored its decline in expression, 

suggesting that FAAH retains its activity in the ER lumen. These data suggest that some 

amidase signature serine hydrolases are versatile enzymes, capable of functioning in 

reducing (cytosol) and oxidizing (ER lumen) environments. Importantly, 

immunofluorescence revealed that CAL-ΔTMFAAH2-FLAG, CAL-ΔTMFAAH-FLAG, 

and FAAH(N)-ΔTMFAAH2-FLAG were distributed in perinuclear compartments that 

did not co-localize with BODIPY493/503 (Figure 33). Collectively, these data suggest 

that FAAH-2 does not natively reside on the cytoplasmic or luminal faces of the ER and 

that the N-terminus of FAAH-2 is necessary for productive expression of functional 

enzyme. Therefore, the subpopulation of luminal FAAH-2 (Figure 30) may represent an 

intermediate in the translocation of FAAH-2 to cytoplasmic lipid droplets. In this respect, 

the presence of ER-localized FAAH-2 may reflect inefficient targeting of the 

overexpressed enzyme to lipid droplets in COS-7 cells. 

 

E. The N-terminus of FAAH-2 is a lipid droplet targeting sequence. 

Removal of the N-terminus of FAAH-2 abrogated its activity and lipid droplet 

localization (Figures 31B and 33), suggesting that it is required for adiposome targeting 

and the generation of a catalytically competent enzyme. To determine whether the N-

terminus of FAAH-2 mediates lipid droplet localization, this sequence was fused to RFP 

(generating FAAH2(N)-RFP) (see Appendix). In transfected cells, RFP localized to the 

cytoplasm and nucleus and did not co-localize with BODIPY 493/503 (Figure 34A). In 

contrast, FAAH2(N)-RFP co-localized with BODIPY 493/503, confirming that the N-
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terminus of FAAH-2 is sufficient to mediate lipid droplet localization (Figure 34A). The 

N-terminus of FAAH-2 was subsequently fused to FAAH (generating FAAH2(N)-

rΔTMFAAH-FLAG), resulting in re-localization of this enzyme to lipid droplets in COS-

7 and HeLa cells (Figure 34B). Note that rat, rather than human FAAH, was used in these 

studies since problems were encountered expressing this human FAAH variant. The 

intracellular distribution of FAAH2(N)-rΔTMFAAH-FLAG to lipid droplets was 

confirmed by subcellular fractionation (Figure 28). Protease protection analysis revealed 

that similar to FAAH-2, the membrane associated (non-lipid droplet) pool of FAAH2(N)-

rΔTMFAAH-FLAG attained a luminal membrane orientation (Figure 35). Collectively, 

these results demonstrate that the N-terminus of FAAH-2 serves as a lipid droplet 

targeting sequence.  

 

F. Anandamide readily diffuses to lipid droplets. 

 It is currently unclear whether the lower hydrolytic activity of FAAH-2 towards 

NAEs in intact cells reflects the relatively low expression and activity of the enzyme or 

reduced delivery of anandamide to lipid droplets. Since anandamide trafficking to lipid 

droplets likely employs FABPs and/or other cytosolic carriers, it is expected that it is 

delivered to lipid droplets with similar kinetics as to the ER. To examine this 

experimentally, HeLa cells were transfected with rFAAH-FLAG or FAAH2(N)-

rΔTMFAAH-FLAG. Since rFAAH-FLAG is expressed at a higher level than 

FAAH2(N)-rΔTMFAAH-FLAG (Figure 36A), its expression was titered down yielding 

rFAAH-FLAG(low). Western blotting and enzymatic assays confirmed that rFAAH-

FLAG(low) and FAAH2(N)-rΔTMFAAH-FLAG were expressed at similar levels (Figure 
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36A and B). Transport and hydrolysis assays revealed similar rates of anandamide uptake 

and inactivation between cells expressing rFAAH-FLAG(low) and FAAH2(N)-

rΔTMFAAH-FLAG at 1 and 5 min (Figure 37A). Intracellular anandamide hydrolysis 

following uptake at 3 sec was also similar between cells expressing rFAAH-FLAG(low) 

and FAAH2(N)-rΔTMFAAH-FLAG (Figure 37B). In contrast, anandamide hydrolysis 

was significantly reduced in cells expressing FAAH2-FLAG. Taken together, these data 

confirm that anandamide is delivered to lipid droplets with similar efficiency as the ER, 

thereby establishing lipid droplets as functional sites of NAE catabolism.    
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Figure 21. Enzyme kinetics of FAAH-2. HeLa homogenates expressing FAAH-2 were 
reacted with [14C]anandamide or [14C]PEA (0.1-100 µM). Anandamide was hydrolyzed 
with a Vmax and Km of 0.71 ± 0.04 nmol/mg/min and 7.9 ± 1.5 µM, respectively. PEA 
was hydrolyzed with a Vmax and Km of 1.21 ± 0.1 nmol/mg/min and 4.3 ± 1.4 µM, 
respectively (n = 7). 
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Figure 22. pH profile of FAAH-2. [14C]anandamide was reacted with homogenates of 
HeLa cells expressing FAAH-2 in buffers with pH values ranging from 5 to 9. Hydrolysis 
f [14C]anandamide at different pH values was normalized to activity at pH 9 (n = 3-5). o
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Figure 23. Uptake and hydrolysis of anandamide in HeLa cells expressing FAAH-2. 
(A) HeLa cells transfected with FAAH, FAAH-2, or mock controls were incubated with 
100 nM [14C]anandamide for 1 or 5 min and uptake (black bars) and hydrolysis (grey 
bars) determined. *, p < 0.05; **, p < 0.01; ***, p < 0.001 (n = 3). (B) Intracellular 
ydrolysis of [14C]anandamide following uptake at 3 sec. **, p < 0.01 (n = 3). h

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 88



A 
 

 
 
 

B 

 
 

 
 
 

 89



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 24. Uptake and hydrolysis of PEA in HeLa cells expressing FAAH-2. (A) 
HeLa cells transfected with FAAH, FAAH-2, or mock controls were incubated with 100 
nM [14C]PEA for 1 or 5 min and PEA uptake (black bars) and hydrolysis (grey bar) 
determined. **, p < 0.01 and ***, p < 0.001 (n = 3). (B) Intracellular hydrolysis of 
[14C]PEA following uptake at 3 sec. *, p < 0.05 and **, p < 0.01 (n = 3). 
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Figure 25. Subcellular localization of FAAH2-FLAG in COS-7 and HeLa cells. Cells 
transfected with FAAH2-FLAG were fixed, permeabilized, and probed with anti-FLAG 
and anti-calreticulin antibodies. Top panel represents FAAH2-FLAG, middle panel 
shows calreticulin, and the bottom panel is the merged image. 
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Figure 26. Localization of FAAH-2 to cytoplasmic lipid droplets. (A) Subcellular 
distribution of FAAH2-FLAG and FAAH2-Myc in COS-7 and HeLa cells. Top panel 
represents FAAH-2, middle panel shows BODIPY 493/503, and the bottom panel is the 
merged image. (B) Magnified image of FAAH2-FLAG and BODIPY 493/503 co-
localization in HeLa cells. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 94



  A 
 

 
 
 
 

  B 
 

 
 
 
 
 
 
 

 95

COS-7 COS-7 HeLa HeLa 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 27. FAAH-FLAG does not reside on lipid droplets. COS-7 or HeLa cells 
expressing FAAH-FLAG were fixed, permeabilized, and stained with anti-FLAG 
antibodies and BODIPY 493/503. Top panel shows FAAH-FLAG, middle panel 
BODIPY 493/503, and the bottom panel the merged image. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 96



 
 
 
 

 
 

 
 
 
 
 

 97



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 28. SDS-PAGE analysis of FAAH-FLAG, FAAH2-FLAG, and FAAH2(N)-
rΔTMFAAH-FLAG localization after subcellular fractionation. HeLa cells were co-
transfected with the indicated plasmids and ADRP, and grown overnight in media 
supplemented 400 µM oleic acid. The cells were harvested and the post-nuclear 
supernatants subjected to ultracentrifugation. Fractions were collected from the top with 
fraction 1 corresponding to the floating lipid droplet fraction, P representing the pellet, 
and S the unfractionated post-nuclear supernatant. The fractions were subsequently 
acetone precipitated, resolved by SDS-PAGE and probed with anti-FLAG, anti-calnexin, 
or anti-ADRP antibodies.  
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Figure 29. FAAH-2 does not undergo N-linked glycosylation. Post-nuclear 
supernatants of HeLa cell homogenates expressing the indicated proteins were treated 
with PNGase F for 1 hr at 37oC, or left untreated. The samples were subsequently 
resolved by SDS-PAGE and probed with anti-FLAG or anti-β actin antibodies. The 
luminally oriented CAL-ΔTMFAAH-FLAG serves as a positive control.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 100



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 101



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 30. Protease protection analysis of FAAH, FAAH-2, and their 
cytoplasmically- and luminally-oriented variants. Membrane fractions of COS-7 cells 
transfected with the indicated proteins were reacted with 500 µg/ml proteinase K in the 
presence or absence of 1% Triton X-100. Control samples were left untreated. The 
samples were resolved by SDS-PAGE and probed with FLAG and calreticulin antibodies. 
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Figure 31. Expression and activity of cytoplasmically- and luminally-facing FAAH 
and FAAH-2 variants. (A) Relative expression of FAAH-FLAG, FAAH2-FLAG, and 
cytoplasmically- and luminally-facing FAAH and FAAH-2 variants were determined by 
western blotting using anti-FLAG and anti-β actin antibodies. (B) Enzymatic activities of 
the aforementioned proteins. Activity of CAL-ΔTMFAAH-FLAG was compared to 
FAAH-FLAG. For the rest of the proteins, activities were compared to FAAH-2. **, p < 
0.01 and ***, p < 0.001. (n = 4-6). (C) Expression of CAL-ΔTMFAAH2(2-532)-FLAG 
in HeLa cells. 
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Figure 32. FAAH-2 is not secreted by cells. Twenty four hours after transfection, COS-
7 cells were incubated for 12 hrs in serum-free Opti-MEM media. Media (M) were 
collected and cell homogenates (C) generated, acetone precipitated, and analyzed by 
western blotting using anti-FLAG and anti-β actin antibodies. (A) Expression of a 
secretable form of FABP3 in media and cell homogenates of COS-7 cells. (B) Expressing 
of FAAH2-FLAG, CAL-ΔTMFAAH-FLAG, or CAL-ΔTMFAAH2-FLAG in media and 
cell homogenates of COS-7 cells. The residual β-actin signal in the media likely reflects 
actin released from broken cells.  
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Figure 33. Immunolocalization of luminally- and cytoplasmically-facing FAAH and 
FAAH-2 proteins. CAL-ΔTMFAAH2-FLAG, CAL-ΔTMFAAH-FLAG, or FAAH(N)-
ΔTMFAAH2-FLAG were expressed in COS-7 cells and visualized using anti-FLAG 
antibodies and stained with BODIPY 493/503. Top panel represents the proteins of 
interest, the middle panel shows BODIPY 493/503, and the bottom panel the merged 
images. 
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Figure 34. The N-terminus of FAAH-2 mediates lipid droplet targeting. (A) 
Localization of RFP and FAAH2(N)-RFP in COS-7 cells stained with BODIPY493/503. 
(B) Co-localization of FAAH2(N)-rΔTMFAAH-FLAG with BODIPY493/503 in COS-7 
and HeLa cells. Top panels represent the protein of interest, middle panels the BODIPY 
493/503 dye, and bottom panels the merged images. 
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Figure 35. Protease protection analysis of FAAH2(N)-rΔTMFAAH-FLAG. 
Membranes of COS-7 cells expressing FAAH2(N)-rΔTMFAAH-FLAG were treated with 
500 µg/ml proteinase K in the presence or absence of 1% Triton X-100. Control samples 
were left untreated. The samples were resolved by SDS-PAGE and probed with anti-
FLAG and anti-calreticulin antibodies. 
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Figure 36. Expression and activities of FAAH2(N)-rΔTMFAAH-FLAG and rFAAH-
FLAG(low). (A) Western blot analysis of rFAAH-FLAG, FAAH2(N)-rΔTMFAAH-
FLAG, rFAAH-FLAG(low), and FAAH2-FLAG expression in HeLa cells. Blots were 
probed with anti-FLAG and anti-β actin antibodies. (B) Similar rates (p > 0.05) of 
[14C]anandamide hydrolysis in homogenates of HeLa cells expressing rFAAH-
FLAG(low) and FAAH2(N)-rΔTMFAAH-FLAG (n = 3).  
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Figure 37. Anandamide uptake and hydrolysis in HeLa cells expressing rFAAH-
FLAG(low), FAAH2(N)-rΔTMFAAH-FLAG, or FAAH2-FLAG. (A) HeLa cells 
transfected with rFAAH-FLAG(low), FAAH2(N)-rΔTMFAAH-FLAG, FAAH2-FLAG, 
or vector controls were incubated with 100 nM [14C]anandamide for 1 or 5 min and 
uptake (black bars) and hydrolysis (grey bars) determined. *, p < 0.05; **, p < 0.01; ***, 
p < 0.001 (n = 5). (B) Intracellular hydrolysis of [14C]anandamide following uptake at 3 
sec in cells expressing the indicated proteins. **, p < 0.01 and ***, p < 0.001 (n = 5). 
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DISCUSSION 

 Regulation of cellular NAE pools requires a coordinated set of synthetic and 

catabolic enzymes. FAAH is the principal enzyme that degrades NAEs in mice (Cravatt, 

et al., 2001, Cravatt, et al., 2004). In addition to FAAH, the acid amidase NAAA 

hydrolyzes PEA, though its role in PEA degradation is restricted to macrophages (Sun, et 

al., 2005, Tsuboi, et al., 2005). Recently, FAAH-2 was identified as a second FAAH 

enzyme capable of hydrolyzing NAEs in vitro (Wei, et al., 2006). FAAH-2 is found in 

the genomes of higher mammals but not in mice and rats. The enzyme was reported to be 

a non-glycosylated luminal membrane protein (Wei, et al., 2006). The current study 

focused upon unraveling the role of FAAH-2 in NAE inactivation in intact cells and 

exploring its subcellular localization.  

 The in vitro activity profile of FAAH-2 in the current study is in agreement with 

the findings of Wei et al. (Wei, et al., 2006), and suggests that FAAH-2 hydrolyzes NAEs 

with rates ten to thirty times lower than FAAH. In contrast, in the current work FAAH-2 

metabolized anandamide and PEA in intact cells with rates approximately one third that 

of FAAH (Figures 23, 24, and 31A). This suggests that in vitro activities do not reveal 

the true capacity of these enzymes to inactivate NAEs in cells. Therefore, it is likely that 

FAAH and FAAH-2 may coordinate NAE inactivation in vivo, especially in tissues with 

similar expression of these enzymes such as the kidney, liver, lung and prostate (Wei, et 

al., 2006). In heart and ovary, which lack significant FAAH expression, FAAH-2 may 

constitute the primary NAE catabolizing enzyme.  

 Immunofluorescence and biochemical analyses revealed that FAAH-2 localizes to 

cytoplasmic lipid droplets. Lipid droplets/adiposomes serve as intracellular storage 
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depots for triacylglycerides and cholesteryl esters (Bartz, et al., 2007, Brown, 2001, 

Olofsson, et al., 2008, Olofsson, et al., 2008, Thiele and Spandl, 2008, Zehmer, et al., 

2009). Lipid droplets are composed of a neutral lipid core surrounded by a phospholipid 

monolayer (Tauchi-Sato, et al., 2002, Thiele and Spandl, 2008). Three classes of proteins 

localize to lipid droplets: lipid anchored proteins such as RAB18, amphipathic-helix 

containing proteins such as the perilipin, adipophilin, Tip47 family of proteins, and 

monotopic membrane proteins (Thiele and Spandl, 2008, Zehmer, et al., 2009). FAAH-2 

belongs to the latter category of monotopic membrane proteins. In contrast to FAAH-2, 

FAAH did not localize to lipid droplets. Instead, FAAH localization was restricted to ER 

membranes, in agreement with previous studies (Arreaza and Deutsch, 1999, Glaser, et 

al., 2003, Gulyas, et al., 2004, Oddi, et al., 2005, Patricelli, et al., 1998). However, it was 

recently proposed that a small pool of FAAH may localize to lipid droplets (Oddi, et al., 

2008).  

The finding that FAAH-2 localizes to cytoplasmic lipid droplets contrasts the 

predicted localization of the enzyme to the ER lumen (Wei, et al., 2006). This prediction 

was based upon inaccessibility of proteases towards FAAH-2 in membrane fractions of 

COS-7 cells following ultracentrifugation (this fraction lacks lipid droplets). In the 

current study, only a small pool of ER-localized FAAH-2 was detected. The presence of 

FAAH-2 in the ER lumen may reflect a translocation intermediate for FAAH-2 before 

reaching lipid droplets. Overrepresentation of this ER-localized pool of FAAH-2 in COS-

7 cells may reflect inefficient adiposome targeting due to overexpression of the enzyme.  

In the current study, active FAAH-2 enzymes were found on cytoplasmic lipid 

droplets while a FAAH-2 chimera localizing to the cytoplasmic face of ER membranes 
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was inactive. Active FAAH-2 was also observed in luminal membrane compartments 

(Wei, et al., 2006), suggesting that the ER lumen may represent a site of putative post-

translational modifications required to generate a catalytically active enzyme. It is 

noteworthy that most lipid droplet associated proteins exist in the cytoplasm prior to 

engaging the lipid droplet surface (Zehmer, et al., 2009). However, it was recently shown 

that apolipoprotein A-V, a protein possessing a cleavable signal sequence and destined to 

the ER lumen, ultimately localized to lipid droplets (Shu, et al., 2008). The mechanism 

responsible for translocating apolipoprotein A-V (and FAAH-2) from the ER lumen to 

lipid droplets is currently not known. However, this unusual translocation process 

resulting in escape of these proteins from the secretory pathway may be explained by a 

model in which nascent lipid droplets formed from ER membranes are selectively 

engaged by luminal ER membrane proteins bearing high affinity lipid droplet targeting 

sequences (Shu, et al., 2008). 

The N-terminus of FAAH-2 was subsequently identified as a lipid droplets 

targeting sequence. FAAH-2 variants lacking the N-terminus localized to perinuclear 

membranes and did not co-localize with the lipid droplet marker BODIPY 493/503. 

Transfer of the N-terminal sequence to RFP and FAAH re-localized both proteins to lipid 

droplets, suggesting that it is necessary and sufficient for adiposome targeting. The N-

terminus of FAAH-2 bears striking similarity to the N-terminal lipid droplet localization 

sequence of methyltransferase-like 7B (Zehmer, et al., 2008). Both peptides are 

hydrophobic with the sequence of FAAH-2 possessing interspersed charged residues. 

Curiously, the N-terminus of FAAH-2 contains several alpha helix disrupting glycines 
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and prolines (Figure 20), a common feature in lipid droplet localization sequences (Thiele 

and Spandl, 2008). 

Since lipid droplets represent novel intracellular sites of NAE catabolism, it was 

not clear whether NAEs were efficiently delivered to adiposomes. This possibility was 

examined in cells expressing a lipid droplet localized variant of FAAH. The rate of 

anandamide hydrolysis was similar between cells expressing lipid droplet and ER 

localized FAAH proteins, suggesting that intracellular transport of anandamide (and 

probably other NAEs) is rapid and organelle non-specific, supporting the FABP model of 

anandamide trafficking. These data are in agreement with the recent finding that 

anandamide partitions to lipid droplets in cells (Oddi, et al., 2008). 

Collectively, this study establishes FAAH-2 as a bone fide endocannabinoid (and 

NAE) inactivating enzyme. FAAH-2 localized to cytoplasmic lipid droplets with the N-

terminus of FAAH-2 serving as a lipid droplet localization sequence that was required for 

expression of functional enzyme. FAAH-2 efficiently hydrolyzed anandamide and PEA 

in intact cells, suggesting that the enzyme may serve as an efficient NAE inactivating 

enzyme in vivo. From a therapeutic perspective, it is noteworthy that ablation of FAAH 

promotes analgesic, anti-inflammatory and cardioprotective effects (Ahn, et al., 2008, 

Batkai, et al., 2007), suggesting that targeting FAAH and/or FAAH-2 may be 

therapeutically useful. 
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Appendix 
 

 
 
 
Constructs used in chapter 2. N(TM) represents the N-terminal transmembrane region 
of either FAAH or FAAH-2. CAL represents the signal sequence from calreticulin. In 
MΔTMFAAH2-FLAG, M represents the N-terminal methionine that was added to 
provide a translation start site. FAAH(N) and FAAH2(N) represent the N-terminal 
transmembrane regions of either enzyme. Black represents human FAAH, brown 
represents rat FAAH, blue shows FAAH-2, grey shows the FLAG tag, dark blue is the 
Myc tag, green is CAL, light blue is a methionine, and red is RFP. 
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