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Abstract

Fatty acid amides represent a diverse and underappreciated family of lipids found in vertebrates 

and invertebrates. The most recognized, most studied, and best understood members of the fatty 

acid amide family are N-arachidonoylethanolamine (anandamide) and oleamide. Over 70 other 

fatty acid amides have been identified from biological systems and these non-anandamide and 

non-oleamide fatty acid amides are not well understood: their cellular functions, transport, 

biosynthesis, and degradation are, at best, partially elucidated. Most of the fatty acid amides are 

“orphan” ligands for “orphan” or unknown receptors. Interest in the fatty acid amides will wane 

without a more complete understanding of their function in vivo and most of these lipids will be 

mentioned in a few sentences in reviews on ananamide and/or olemide. In this commentary, we 

suggest that one strategy to dramatically increase our understanding of any member of the fatty 

acid amide family is the design, synthesis, and proper use of binding-based profiling probes 

(BBPPs) based on the structure of a specific fatty acid amide. A BBPP is an analog of a fatty acid 

amide that enables the controlled covalent attachment of the probe to a fatty acid amide-binding 

protein and, also, possesses a chemical moiety that will allow the purification and/or detection of 

the BBPP-labeled proteins. The identification of the proteins that specifically bind a fatty acid 

amide will foster a better understanding of the function, transport, and metabolism of a fatty acid 

amide.

The discovery of the fatty acid amides in biological systems

The biological occurrence of a fatty acid amide traces back to the 1880’s with the discovery 

of sphingomyelin by Thudichum [1] and its subsequent structural characterization by 

Levene in 1916 [2]. The identification of N-palmitoylethanolamine (3, Figure 1) from egg 

yolk [3] and a set of five long chain fatty acid primary amides from human plasma [4] that 

included both saturated and unsaturated fatty acid components showed that the fatty acid 

amides were found in biological systems as “stand alone” entities and not only as a 

component of more complex lipids like the ceramides. Interest in the fatty acid amides 
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increased dramatically with the recognition that N-arachidonoylethanolamine (anandamide, 

1) is the endogenous ligand to the cannabinoid receptor type 1 (CB1) [5] and that oleamide 

(2) was a regulator of the sleep/wake cycle [6].

The synthesis and degradation of fatty acid amides is not a fully understood process. A 

number of N-acyltransferases have been identified that contribute to the biosynthesis of 

these compounds, and fatty acid amide hydrolase (which contributes to their hydrolysis) has 

emerged as a potential therapeutic target. Given the number of these enzymes and their 

various substrate specificities, it seems clear that the regulation of these compounds is of 

biological importance. It is therefore surprising that there have been few reported efforts on 

elucidating the biological targets for these well-regulated compounds. One of the very few 

that have received attention are the cannabinoid receptors.

The fatty acid amidome

Endocannabinoids are the family of endogenous molecules that bind to the CB1 and CB2 

receptors; the first identified member of this family was 1. The entire family of 

endocannabinoids found in a biological system is referred to as the endocannabinoidome. 

Not all endocannabinoids are fatty acid amides; one important endocannbinoid is 2- 

arachidonoylglycerol (4, Figure 2) [7]. It is probable some of the fatty acid amides are not 

endocannabinoids. Thus, the fatty acid amidome is a better term to describe the family of 

fatty acid amides found in a biological system. Numerous studies of the fatty acid amidome 

from vertebrates and invertebrates have been reported and the family of known biologically-

occurring fatty acid amides is >70, including the N-fatty acylethanolamines, N-fatty 

acyldopamines, N-fatty acylserotonins, long-chain fatty acid primary amides, and the 

lipoamino acids [8–10].

Hundreds of different fatty acid amides are possible given the diversity of fatty acids and 

biogenic amines found in living systems. Oxidation/hydroxylation of the fatty acyl moiety 

by lipoxygenase or cytochrome P450 serves to dramatically increase the potential number of 

different fatty acid amides [11]. An important example of a fatty acid amide possessing a 

hydroxylated fatty acyl chain is N-(17-hydroxylinolenoyl)-L-glutamine (volicitin. 5, an 

elicitor of plant volatiles), identified from the oral secretions of the beet armyworm [12].

The fatty acid amidome is actually a subset of a larger family of N-acylamines, the 

amidome. The N-myristoylation [13], N-palmitoylation [13], and N-acetylation [14,15] of 

proteins and peptides have been described, a family of N-succinoylated amines have been 

identified in C. elegans [16], the N-acetylation of amines is critical in xenobiotic- 

detoxification [17], the regulation of the urea cycle in mammals [18], and in the 

sclerotization of the cuticle in insects [19]. In short, the N-acylamines class of compounds, 

R-CO-NH-R’, are ubiquitous and clearly critical to life.

Fatty acid amides: possibilities and challenges

∆9-Tetahydrocannabinol (THC, 6, Figure 3) is the primary compound responsible for the 

psychoactive effects of marijuana [20] and, like anandamide, THC binds to the CB1 receptor 

with high affinity, Kd,CB1-anandamide = 80 nM and Kd,CB1-THC = 40 nM [21]. The strong ties 

Merkler and Leahy Page 2

Trends Res. Author manuscript; available in PMC 2019 February 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of anandamide, THC, and the cannabinoid receptors to human health are at the center the 

“medical marijuana” controversy, but also are an opportunity for the development of 

endocannabinoid system-based drugs to a variety of human diseases, including chronic pain, 

anxiety, depression, Parkinson’s disease, schizophrenia, obesity, and substance abuse. A list 

of clinically tested, endocannabinoid drugs is included in a recent review by Di Marzo [10]. 

Two examples from this list are rimonabant (7) and BIA10–2474 (8). Rimonabant, a 

selective CB1 reverse agonist, was approved for use in Europe in 2006 to treat obesity, drug 

addiction, and smoking [22]. Approval for rimonabant was rescinded in 2009 due to serious 

side effects: severe depression and suicidal behavior [23,24]. BIA 10–2474, an irreversible 

inhibitor of fatty acid amide hydrolase, was in Phase 1 clinical trials for the treatment of 

neuropathic pain, anxiety, and other CNS indications based on its ability to increase the 

cellular levels of anandamide [10,25]. The Phase 1 trials of 8 were a disaster resulting in the 

death of one volunteer and long-lasting, mild-to-severe neurological symptoms in four 

others [26] The complexity of the endocannabinoid system coupled with undesirable 

outcomes when 7 and 8 were used clinically highlight the challenges in developing drugs 

targeting the endocannabinoid system. These challenges can be viewed as either a deterrent 

or an opportunity to future efforts in developing endocannabinoid system-targeted drugs.

We view the challenges as an opportunity – an opportunity that can only be exploited by a 

deeper understanding of the endocannabinoid system coupled to a deeper understanding of 

the structurally-related fatty acid amide system. One underappreciated issue in considering 

drugs targeting the endocannabinoid system are how such drugs could alter the fatty acid 

amidome and/or bind to off-target fatty acid amide-binding proteins. Since FAAH is likely 

involved in the hydrolytic degradation for most of the fatty acid amides [27], inhibition of 

FAAH would increase the cellular levels of not only anandamide, but also other fatty acid 

amides. Furthermore, it is certainly plausible that a drug designed to bind to CB1 or CB2 

could, also, bind to another fatty acid amide-binding protein because of the structural 

similarity between the different classes of the fatty acid amides. We [28] and others [8,10] 

have pointed out that little is known about the proteins that bind most of the fatty acid 

amides: receptors, transporters, enzymes involved in biosynthesis and degradation, and 

proteins allosterically regulated by individual fatty acid amides.

The design and implementation of binding-based pro-filing probes targeted 

against specific fatty acid amides

Developed by the Cravatt group [29], activity-based proteomic profiling (ABPP) is a superb 

technology to identify proteins that bind to a ligand. Arguably, the most important aspect to 

the proper use of ABPP technology is the design of the ABPP probe – an analogue of ligand 

that possesses a reactive group to attach the probe to proteins that bound the ligand and a 

group that enabled the purification and/or purification of probe labeled proteins. ABPP has 

been used to identify novel enzymes and receptors [30]; selective, tight-binding inhibitors 

[31]; off-targets for drugs [32]; new metabolic pathways [30]; and even novel substrates for 

known enzymes [33].
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ABPP probes were first designed to label a reactive amino acid with the active site of 

mechanistically related enzymes. However, the ABPP approach does not work well with 

proteins that do not contain a reactive amino acid in the probe binding site: receptors, 

transporters, or a protein that binds the probe at an allosteric site. One solution to this 

limitation is to construct a binding-based proteomic profiling (BBPP) probe that 

incorporates a photoactivatable moiety that provides a controllable method to attach the 

probe into a chemically inert probe-binding site (Figure 4). The construction of BBPP 

probes that possess a diaziridine or azido functionality are obvious choices. Upon UV 

irradiation, diazirines form carbenes and azides form nitrenes; reactive moieties that can 

insert into C-H and N-H bonds to covalently (and thus irreversibly) decorate an unreactive 

binding site with the probe. BBPP probe-labeled proteins can be visualized and/or purified 

by either incorporating a biotin or fluorescent group directly into the probe or incorporating 

an alkyne moiety into the probe to “click-in” [34] a biotin or fluorescent group (R*) into the 

probe after the probe-labeled proteins have been produced. We have designed BBPP probes 

based on 8-azido-adenosine analogues to profile adenosine/adenylated binding proteins in 

mouse neuroblastoma N18TG2 cells [35] and Niphakis et al. [36] generated diazirine-

containing analogs of anandamide to profile anandamide-binding proteins in HEK293T 

cells. One intriguing result from Niphakis et al. [36] was that anandamide specifically binds 

to nucleobindin-1 (NUCB1). NUCB1 is found in the Golgi and was thought to bind Ca(II) 

and DNA [37] and was not known to bind lipids. Data presented by Niphakis et al. [37] 

indicate that NUCB1 may function in vivo to transport fatty acid amides to FAAH for 

degradation. This result demonstrates the power and utility of the BBPP strategy to identify 

novel lipid binding proteins. BBPP probes like these discussed here have been designed to 

profile proteins that bind other lipids, including the ceramides [38], sphingosine [39], 

diacylglycerols [40], and Lipid II [41]. In fact, Bockelmann et al. [38] used their ceramide-

based BBPP probe to identify a novel ceramide-binding protein.

BBPP probes targeted against any fatty acid amide can be readily synthesized, methods to 

use the probes to profile soluble and membrane-bound proteomes have been described, and 

protocols to validate the probe-labeled proteins as true lipid-of-interest-binding proteins 

have been described. It is time to apply the power of BBP to the fatty acid amides to foster a 

better understanding of their function and to define the proteins to which these binds. The 

identification of protein binding partners for specific fatty acid amides will foster a greater 

understanding of their function, of their biosynthesis and degradation, will identify new 

targets for the development novel human therapeutics and may reveal off-target proteins for 

drugs targeted against the endocannabinoid system.

Acknowledgements

This work has been supported, in part, by grants from the University of South Florida (a Creative Scholarship Grant 
from the College of Arts and Sciences), the Shirley W. and William L. Griffin Charitable Foundation, the National 
Institute of Drug Abuse at the National Institutes of Health (R03-DA034323) and the National Institute of General 
Medical Science of the National Institutes of Health (R15-GM107864) to D.J.M.

References

1. Spillane JD (1974) A memorable decade in the history of neurology 1874–84--II. Br Med J 4: 757–
759. [PubMed: 4613426] 

Merkler and Leahy Page 4

Trends Res. Author manuscript; available in PMC 2019 February 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2. Levene PA (1916) Sphingomyelin. III. J Biol Chem 24: 69–89.

3. Kuehl FA, Jacob TA, Ganley OH, Ormond RE, Meisinger MAP (1957) The Identification of N-(2-
hydroxyethyl)-palmitamide as a naturally occurring anti-inflammatory agent. J Am Chem Soc 79: 
5577–5578.

4. Arafat ES, Trimble JW, Andersen RN, Dass C, Desiderio DM (1989) Identification of fatty acid 
amides in human plasma. Life Sci 45: 1679–1687. [PubMed: 2586225] 

5. Devane WA, Hanus L, Breuer A, Pertwee RG, Stevenson LA, et al. (1992) Isolation and structure of 
a brain constituent that binds to the cannabinoid receptor. Science 258: 1946–1949. [PubMed: 
1470919] 

6. Cravatt BF, Prospero-Garcia O, Siuzdak G, Gilula NB, Henriksen SJ, et al. (1995) Chemical 
characterization of a family of brain lipids that induce sleep. Science 268: 1506–1509. [PubMed: 
7770779] 

7. Mechoulam R, Ben-Shabat S, Hanuš L, Ligumsky M, Kaminski NE, et al. (1995) Identification of 
an endogenous 2-monoglyceride, persent in canine gut, that binds to the cannabinoid receptors. 
Biochem Pharmacol 50: 83–90. [PubMed: 7605349] 

8. Bradshaw HB, Lee SH, McHugh D (2009) Orphan endogenous lipds and orphan GPCRs: a good 
match. Prostaglandins Other Lipid Mediat 89: 131–134. [PubMed: 19379823] 

9. Tortoriello G, Rhodes BP, Takacs SM, Stuart JM, Basnet A, et al. (2013) Targeted lipidomics in 
Drosophila melanogaster identifies novel 2-monoacylglycerols and N-acyl amides. PLoS One 8: 
e67865. [PubMed: 23874457] 

10. Di Marzo V (2018) New approached and challenges to targeting the endocannabinoid system. Nat 
Rev Drug Discov 17: 623–639. [PubMed: 30116049] 

11. Urquhart P, Nicolaou A, Woodward DF (2015) Endocannabinoids and their oxygenation by cyclo-
oxygenases, lipoxygenases and other oxygenases. Biochim Biophys Acta 1851: 366–376. 
[PubMed: 25543004] 

12. Alborn HT, Turlings TCJ, Jones TH, Stenhagen G, Loughrin JH, et al. (1997) An elicitor of plant 
volatiles from beet armyworm oral secretion. Science 276: 945–949.

13. Resh MD (2016) Fatty acylation of proteins: The long and the short of it. Prog Lipid Res 63: 120–
131. [PubMed: 27233110] 

14. Van Damme P, Arnesen T, Gevaert K (2011) Protein alpha-N-acetylation studied by N-
terminomics. FEBS J 278: 3822–3834. [PubMed: 21736701] 

15. Ali I, Conrad RJ, Verdin E, et al. (2018) Lysine acetylation goes global: From epigenetics to 
metabolism and therapeutics. Chem Rev 118: 1216–1252. [PubMed: 29405707] 

16. Artyukhin AB, Yim JJ, Srinivasan J, Izrayelit Y, Bose N, et al. (2013) Succinylated octopamine 
ascarosides amd a new pathway of biogenic amine metabolism in Caenorhabditis elegans. J Biol 
Chem 288: 18778–18783. [PubMed: 23689506] 

17. Weber WW, Hein DW (1985) N-acetylation pharmacogenetics. Pharmacol Rev 37: 25–79. 
[PubMed: 2860675] 

18. Shigesada K, Aoyagi K, Tatibana M (1978) Role of acetylgluamate in ureotelism. Variations in 
acetylglutamate level and its possible significance in control of urea synthesis in mammalian liver. 
Eur J Biochem 85: 385–391. [PubMed: 565715] 

19. Andersen SO (2010) Insect cuticular sclerotization: a review. Insect Biochem Mol Biol 40: 166–
178. [PubMed: 19932179] 

20. Gaoni Y, Mechoulam R (1964) Isolation, structure, and partial synthesis of an active constituent of 
hashish. J Am Chem Soc 86: 1646–1647.

21. Palmer SL, Thakur GA, Makriyannis A (2002) Cannabinergic ligands. Chem Phys Lipids 121: 3–
19. [PubMed: 12505686] 

22. Tucco SA, Halford JCG, Harrold JA, Kirkham TC (2006) Therapeutic potential of targeting the 
endocannabinoids: implications for the treatment of obesity, metabolic syndrome, drug abuse and 
smoking. Curr Med Chem 13: 2669–2680. [PubMed: 17017918] 

23. Christensen R, Kristensen PK, Bartels EM, Bliddal H, Astrup A (2007) Efficacy and safety of the 
weight-loss drug rimonabant: a meta-analysis of randomised trials. Lancet 370: 1706–1713. 
[PubMed: 18022033] 

Merkler and Leahy Page 5

Trends Res. Author manuscript; available in PMC 2019 February 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



24. Leite CE, Mocelin CA, Petersen GO, Leal MB, Thiesen FV (2009) Rimonabant: an antagonist 
drug of the endocannabinoid system for the treatment of obesity. Pharmacol Rep 61: 217–224. 
[PubMed: 19443932] 

25. Chaikin P (2017) The Bial 10–2474 Phase 1 Study-A drug development perspective and 
recommendations for future first-in-human trials. J Clin Pharmacol 57: 690–703. [PubMed: 
28387940] 

26. Kerbrat A, Ferré JC, Fillatre P, Ronzière T, Vannier S, et al. (2016) Acute Neurologic Disorder 
from an Inhibitor of Fatty Acid Amide Hydrolase. N Engl J Med 375: 1717–1725. [PubMed: 
27806235] 

27. Bisogno T, De Petrocellis L, Di Marzo V (2002) Fatty acid amide hydrolase, an enzyme with many 
bioactive substrates. Possible therapeutic implications. Curr Pharm Des 87: 533–547.

28. Farrell EK, Merkler DJ (2008) Biosynthesis, degradation and pharmacological importance of the 
fatty acid amides. Drug Discov Today 13: 558–568. [PubMed: 18598910] 

29. Cravatt BF, Wright BF, Kozarich JT (2008) Activity-based protein profiling: from enzyme 
chemistry to proteomic chemistry. Annu Rev Biochem 77: 383–414. [PubMed: 18366325] 

30. Chiang KP, Niessen S, Saghatelian A, Cravatt BF (2006) An enzyme that regulates ether lipid 
signaling pathways in cancer annotated by multidimensional profiling. Chem Biol 13:11041–1050

31. Lahav D, Liu B, van den Berg RJBHN, van den Nieuwendijk AMCH, Wennekes T, et al. (2017) A 
fluorescence polarization activity-based protein profiling assay in the discovery of potent, selective 
inhibitors for human nonlysosomal glucosylceramidase. J Am Chem Soc 139: 14192–14197. 
[PubMed: 28937220] 

32. van Esbroeck ACM, Janssen APA, Cognetta AB III, Ogasawara D, Shpak G, et al.(2017) Activity-
based protein profiling reveals off-target proteins of the FAAH inhibitor BIA 10–2474. Science 
356: 1084–1087. [PubMed: 28596366] 

33. Saghatelian A, Trauger SA, Want EJ, Hawkins EG, Siuzdak G, et al. (2004) Assignment of 
endogenous substrates to enzymes by global metabolite profiling. Biochemistry 43: 14332–14339. 
[PubMed: 15533037] 

34. Rostovtsev VV, Green LG, Fokin VV, Sharpless KB (2002) A stepwise Huisgen cycloaddition 
process: copper(I)-catalyzed regioselective “ligation” of azides and terminal alkynes. Angew 
Chemie Int Ed 41: 2596–2599.

35. Mahajan S, Manetsch R, Merkler DJ, Stevens SM, Jr (2015) Synthesis and evaluation of a novel 
adenosine-ribose probe for global-scale profiling of nucleoside and nucleotide-binding proteins. 
PLoS One 10: e0115644. [PubMed: 25671571] 

36. Niphakis MJ, Lum KM, Cognetta AB, 3rd, Correia BE, Ichu TA, et al. (2015) A global map of 
lipid-binding proteins and their ligandability in cells. Cell 161: 1668–1680. [PubMed: 26091042] 

37. Kapoor N, Gupta R, Menon ST, Fota-Stogniew E, Raleigh DP et al. (2010) Nucleobindin 1 is a 
calcium-regulated guanine nucleotide dissociation inhibitor of Gai1. J Biol Chem 285: 31647–
31660. [PubMed: 20679342] 

38. Bockelmann S, Mina JGM, Korneev S, Hassan DG, Müller D, et al. (2018) A search for ceramide 
binding proteins using bifunctional lipid analogues yields CERT-related protein Star D7. J Lipid 
Res 59: 515–530. [PubMed: 29343537] 

39. Haberkant P, Stein F, Höglinger D, Gerl MJ, Brügger B, et al. (2016) Bifunctional sphingosine for 
cell-based analysis of protein-sphingolipid interactions. ACS Chem Biol 11: 222–230. [PubMed: 
26555438] 

40. Höglinger D, Nadler A, Haberkant P, Kirkpatrick J, Schifferer M, et al. (2016) Trifunctional lipid 
probes for comprehensive studies of single lipid species in living cells. Proc Natl Acad Sci USA 
114: 1566–1571.

41. Sarkar S, Libby EA, Pidgeon SE, Dworkin J, Pires MM (2016) In vivo probe of lipid II-interacting 
proteins. Angew Chem Int Ed Engl 55: 8401–8404. [PubMed: 27225706] 

Merkler and Leahy Page 6

Trends Res. Author manuscript; available in PMC 2019 February 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Earliest known fatty acids amides and their biosynthesis/catabolism
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Figure 2. 
Endocannabinoid regulation and other members of the fatty acid amidome
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Figure 3. 
Exogenous cannabinoid ligands
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Figure 4. 
Schematic of covalently attaching and utilizing an ABPP
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