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Abstract
N-acylethanolamines (NAEs) are a group of lipid signaling molecules derived from the
phospholipid precursor N-acylphosphatidylethanolamine (NAPE). NAEs can be pro-
cessed by a wide range of metabolic processes including hydrolysis by fatty acid amide
hydrolase (FAAH), peroxidation by lipoxygenases (LOX), and conjugation by glycosyl-
and malonyl-transferases. The diversity of NAE metabolites points to participation in
multiple downstream pathways for regulation and function. NAEs with acyl chains of
18C are typically the most predominant types in vascular plants. Whereas in nonvascular
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plants and some algae, the arachidonic acid-containing NAE, anandamide (a functional
“endocannabinoid” in animal systems), was recently reported. A signaling role for anan-
damide and other NAEs is well established in vertebrates, while NAEs and their oxylipin
metabolites are recently becoming appreciated for lipid mediator roles in vascular
plants. Here, the NAE metabolism and function in plants are overviewed, with particular
emphasis on processes described in vascular plants where most attention has been
focused.

1. Introduction

N-acylethanolamines (NAEs) are conserved lipophilic acyl amides
well-recognized for their signaling roles in animals (Alhouayek, Stafberg,
Karlsson, Bergstrom, & Fowler, 2020; Dlugos, Childs, Stuhr, Hillard, &
de Wit, 2012). Significant attention was brought to this group of acyl
amides, due to their participation in a wide range of neurological processes.
For example, one of the most studied NAEs in mammals, NAE20:4
(anandamide), is an endogenous ligand for cannabinoid (CB) receptors that
triggers signaling cascades to regulate processes such as pain perception
(Alharthi et al., 2018; Clapper et al., 2010), inflammatory responses
(Lowin, Apitz, Anders, & Straub, 2015; Rettori, De Laurentiis, Zorrilla
Zubilete, Rettori, & Elverdin, 2012) and anxiety behaviors (Bluett et al.,
2014). This has captured the interest of many research groups, which see
the therapeutic potential of NAE-like molecules as pharmacological targets
(Bruijnzeel et al., 2016).

In plants, the understanding of NAE metabolism and function has gained
ground using both biochemical and genetic approaches. Several lines of
research have help to reveal the formation and metabolic fates of NAEs.
In addition, studies have demonstrated the involvement of NAE and
NAE-like metabolites in processes such as seedling establishment and devel-
opment (Cotter, Teaster, Blancaflor, & Chapman, 2011; Keereetaweep,
Blancaflor, Hornung, Feussner, & Chapman, 2013, 2015; Wang et al,,
2006), chloroplast development (Cannon & Chapman, 2021; Keereetaweep
et al., 2013; Yan et al., 2020), cellular organization (Blancaflor, Hou, &
Chapman, 2003; Motes et al., 2005), flowering (Teaster et al., 2012), and biotic
responses (Aziz & Chapman, 2020; Kang et al., 2008; Kim et al., 2009; Palmer,
Senechal, Mukherjee, Ané, & Blackwell, 2014; Zhang et al., 2019), all of
which have expanded our knowledge about these lipids. This information
may be useful for future applications in crop improvement or management.
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Here, a comprehensive overview of NAE metabolism and functions in plants is
provided with the hope to stimulate interest towards this class of signaling
molecules.

2. NAE occurence, formation and metabolic fates

2.1 NAE ocurrence in plants

N-acylethanolamines (NAEs) were initially thought to be lipophilic artifacts
with minor bioactive effects. However, over the past 30 years, many studies
have demonstrated the substantial biological impact associated with these
lipid molecules (Blancaflor et al., 2014; Chapman, 2004). The binary des-
ignation, namely, NAE(X):(Y), is one of the most common nomenclatures
to identity a particular NAE type. In this numeric based designation, X
and Y represent the length of the acyl chain linked to ethanolamine and
the number of double bonds in the acyl moiety, respectively. The reported
NAEs (Chilufya, Devaiah, Sante, & Kilaru, 2015) in plants mostly have acyl
chain lengths of 12—18C, and several degrees of unsaturation (up to 3 double
bonds) (Fig. 1); however, 20C NAEs also have been identified in some
nonvascular plants and algae (Gachet, Schubert, Calarco, Boccard, &
Gertsch, 2017).

In vascular plants, NAE content varies with tissue, stage of development
and plant species. NAEs are present in the range of nano- to micrograms
per gram of fresh weight. Concordantly, many analytical methods needed
to be adapted for their detection and quantification (Chapman, Tripathy,
Venables, & Desouza, 1998; Gachet et al, 2017; Keereetaweep &
Chapman, 2016; Venables, Waggoner, & Chapman, 2005). In crop seeds
(e.g., tomato and corn), endogenous NAE18:2, NAE18:1, NAE16:0,
NAE12:0, NAE18:0, and NAE14:0 have been identified, with NAE18:2
being the most abundant species. By contrast, in legumes such as alfalfa
(Medicago sativa) and Medicago truncatula, NAE18:3 represents the most abun-
dant NAE species (Table 1). Interestingly, in vegetative tissues, NAE profiles
markedly differ from that of seeds (Chapman, Venables, Markovic, Blair, &
Bettinger, 1999; Venables et al., 2005). Indeed, in seeds of the model plant
Avrabidopsis thaliana (hereafter referred to as Arabidopsis), the content of 18C
polyunsaturated NAEs (e.g., NAE18:2 or NAE18:3) were many times
greater than in seedling tissues (Fig. 2) (Wang et al., 2006). This shows that
NAE occurrence and composition are influenced by developmental
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Fig. 1 Unsaturated and saturated N-acylethanolamines (NAEs) reported in vascular and
nonvascular plants.

changes, and cell or tissue type. Further, these NAE-profiles indicate that
18C NAESs are major contributors of the total NAE pool.

In nonvascular plants, NAE occurrence has been assessed to understand
evolution of lipid signaling across multiple taxa. For a long time, it was
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Table 1 Endogenous concentrations of N-acylethanolamines (NAEs) in seeds of
selected angiosperms.

Plant Species NAE species (ug/g fresh weight)

NAE12:0 NAE14:0 NAE16:0 NAE18:0 NAE18:1 NAE18:2 NAE18:3

Solanum 0.15 0.03 0.1 0.03 0.13
lycopersicum

Zea mays 0.18 0.02 0.2 0.07 0.33
Gossypium 0.15 0.06 0.35 0.06 0.16
hirsutum

Abelmoschus 0.15 0.04 0.13 0.03 0.12
esculentus

Medicago <0.02 <0.02 10.4 4.28 9.4
sativa

Medicago <0.02 <0.02 1.7 0.6 2.9
truncatula cv.

Al7

Glycine max cv. 2.48 2.72 35.7 8.6 26.02
Dare

Cells in orange represent the most abundant NAE in a particular plant species.

Data derived from Chapman, K. D., Venables, B., Markovic, R., Blair, R. W., & Bettinger,-
C. (1999). N-acylethanolamines in seeds. Quantification of molecular species and their degradation
upon imbibition. Plant Physiology, 120, 1157-1164; Venables, B. J., Waggoner, C. A., & Chap-
man, K. D. (2005). N-acylethanolamines in seeds of selected legumes. Phytochemistry, 66, 1913—1918.

thought that the endogenous cannabinoid (NAE20:4) was present exclu-
sively in nonplant systems (Gomez-Boronat et al., 2019; Pacioni et al.,
2015). However, recent reports indicate that NAE20:4 alongside other
NAE species (e.g., NAE18:2) are present in many nonvascular plants and
even some algae. For instance, mosses (e.g., Physcomitrella patens), liverworts
(e.g., Conocephalum conicum), monilophytes (e.g., Salvinia molesta), hornworts
(e.g., Anthoceros agrestis), and even in the algae Chara vulgaris (Gachet et al.,
2017). Unlike the studies conducted for vascular plants, NAE quantification
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Fig. 2 NAE profile in Arabidopsis thaliana. Bar graphs depict the amount of NAEs
found in seed and seedling tissues. Data derived from Wang, Y. S., Shrestha, R, Kilaru, A.,
Wiant, W., Venables, B. J, Chapman, K. D,, et al. (2006). Manipulation of Arabidopsis fatty acid
amide hydrolase expression modifies plant growth and sensitivity to N-acylethanolamines.
Proceedings of the National Academy of Sciences of the United States of America, 103,
12197-12202.

in nonvascular plants was done using whole organisms (sample tissue), and
therefore, variations of NAE content associated with different tissues and
developmental stages remain to be more fully investigated. Nevertheless,
the detection of NAE20:4 in these taxonomic groups point to a previously
unrecognized evolutionary plasticity for these lipid-signaling molecules.

2.2 NAE biosynthesis via NAPE

In mammals, multiple metabolic pathways lead to the production of NAEs
(Fig. 3). One of the most common paths involves the use of membrane
lipid N-acylphosphatidylethanolamine (NAPE) as the precursor (Hussain,
Uyama, Tsuboi, & Ueda, 2017). NAPEs are found as minor membrane
lipids with respect to the total phospholipid pool (Hansen, Kleberg, &
Hassing, 2015). Their hydrolysis into NAEs is a conserved mechanism medi-
ated by a membrane-associated enzyme, namely, NAPE-phospholipase D
(NAPE-PLD) (Magotti et al., 2015). This phospholipase D type-enzyme
cleaves NAPE phosphodiester bond, releasing NAE and phosphatidic acid
(Janfelt et al., 2012). Further, NAPE-PLD catalytic activity is independent
of nature of the acyl chain, which enables the formation of NAE species of
various degrees of saturation and length.



N-acylethanolamines in plants 7

e e e e e e e e e e s e ->
"""" * Plants 1 PLC
1 N-Acyl-lyso-PE
> Animals : 0 ’ JL
= Plants and f"";&;“"Ho [‘HO‘C—R1 HO ﬁ’ O\/\N R
Animals : 0 J(i OH
5 1
- SR 1
1 |OH H 1
! LD Ny 1 PTN22
N\ LlysoPLD
y \
o] Sl
,/ O [—OH \\ 1
& o roc R HO-CH ¢ o \ d
P '/ Ry-C-0-CH o o o— PO\/\NJLR~~GDE]_ ¥ Y
/ otonde OH =~ [ Nae ]
H
] - we T ;
svnthase R o JL
.......... % o] \ Ny R
Rs G, w‘)‘ H
YT et +. 9
5 e
: (0]
Acyl-CoA )J\ Ethanolamine Othfr,,
’ HO R
Acyl-CoA NH fates
synthase HO/\/ 2

Fig. 3 NAE biosynthesis in plants and animals. Color-coded arrows represent
pathways that are exclusive or conserved in plants and animals. Abbreviations: NAE, N-
acylethanolamines; NAPE, N-acylphosphatidylethanolamine; NAPE-PLD, NAPE- phos-
pholipase D; PLA2, phospholipase A2; N-acyl-lyso-PE, N-acyl-lyso-phosphatidylethanol-
amine; lysoPLD, lyso phospholipase D; ABDH4, o/ domain-containing hydrolase
4; GDE1, glycerophosphodiesterase 1; PLC, phospholipase C; PTN22, protein tyrosine
phosphatase type 22; NAT, N-acyltransferase; PC, phosphatidylcholine; PE, phosphati-
dylethanolamine; FAAH, fatty acid amide hydrolase; FFA, free fatty acids; R, R1, or R2
represent different fatty acid acyl chains linked to the molecule.

In plants, NAE formation from NAPE was first proposed in studies
conducted with microsomes of cotton seedlings (Chapman, Lin, &
DeSouza, 1995; Chapman & Moore, 1993). Later, many PLD isoforms,
namely, o, ¥, and B were cloned from Arabidopsis cDNAs (Qin, Pappan, &
Wang, 1997) and transformed into Escherichia coli for recombinant protein
production and biochemical characterization. In wvitro assays revealed that
isoforms P and y were capable of hydrolyzing NAPE into NAE. Further,
"C radiolabeling experiments with tobacco cell suspensions shown that
NAE formation from NAPE was stimulated by exposure with GTPase
enhancers (e.g., mastoparan) (Chapman et al., 1998; Pappan, Austin-Brown,
Chapman, & Wang, 1998). Similarly, tobacco leaves treated with fungal elic-
itors (e.g., xylanase) induced the depletion of NAPE and increased NAE 14:0
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content (= 10-fold) compared to untreated controls (Tripathy, Kleppinger-
Sparace, Dixon, & Chapman, 2003; Tripathy, Venables, & Chapman,
1999). Altogether, these and other similar data support a PLD-mediated
formation of NAE from NAPE in a manner that is similar to that of the bon-
afide pathway in animals (Fig. 3) (Kilaru et al., 2012).

2.3 Alternative pathways for NAE formation from NAPE

In animals, NAPE also is reported to be converted to N-acyl-lyso-PE,
glycerophospho-NAE, and phospho-INAE intermediates, all of which ulti-
mately lead to NAE formation (Maccarrone, 2017; Ueda, Tsuboi, & Uyama,
2013). Evidence in animals showed that phospholipase A2 (PLA2) converts
NAPE into N-acyl-lyso-PE. Then, lyso phospholipase D (LysoPLD)
converts N-acyl-lyso-PE into NAE or it can be used by o/pf domain-
containing hydrolase 4 (ABDH4) to generate glycerophospho-NAE (Sun
et al.,, 2004; Simon & Cravatt, 2006), followed by the action of glycero-
phosphodiesterase 1 (GDE1) which removes the glycerol-3-phosphate group
to finally yield NAE (Simon & Cravatt, 2008). An additional pathway uses
phospholipase C (PLC) which removes 1,2-diacylglycerol from NAPE,
resulting in phospho-NAE, followed by protein tyrosine phosphatase type
22 (PTN22) activity that converts this intermediate into NAE (Liu et al.,
2006). These multistep routes constitute alternative pathways that lead to
NAE formation, in addition to the one-step canonical PLD-mediated
pathway (Fig. 3).

Attempts have been made to identify homologs of some of the mam-
malian enzymes for these alternative pathways in plants. For instance, the
Arabidopsis gene At4g24160 (a putative ABDH4 homolog) was solubilized
in vitro and shown to have acyltransferase, lipase and hydrolytic activities
(Ghosh, Chauhan, Rajakumari, Daum, & Rajasekharan, 2009). The seq-
uence similarity of At4g24160 to that of the mammalian enzyme, in addition
to the presence of a GXSXG lipase motif in its amino acid sequence, makes
this Arabidopsis gene a potential candidate for further experimental testing
using NAPE as substrate (Blancaflor et al., 2014); however, other reports
suggest that this gene encodes a homolog of the comparative gene identifier
58, a protein that was shown to facilitate acyl-CoA import into peroxisomes
in plant leaves (James et al., 2010; Park et al., 2013), so its role in NAPE
metabolism is uncertain. Further, the use of genomics and other similar tech-
nologies have made it possible to identify multiple phospholipase A and C
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gene families in corn, cotton, and Brassica napus (Igbal et al., 2020; Zhang,
Wang, & Liu, 2018; Zhu, Zhou, Li, & Li, 2020). Data derived from these
studies could be used in future work to identify A or C-type phospholipases
that might act upon NAPE to generate N-acyl-lyso-PE or phospho-NAE,
respectively.

2.4 NAPE formation

The acyltransferase, namely, N-acyltransferase (NAT) is responsible of
NAPE formation in multiple eukaryotic species (Fig. 3). NAT transfers
O-acyl groups of a phospholipid donor (e.g., phosphatidylcholine (PC))
to the amine head group (N-acyl position) of phosphatidylethanolamine
(PE) in a calcium dependent manner (Dosoky, Guo, Chen, Feigley, &
Davies, 2018; Ogura, Parsons, Kamat, & Cravatt, 2016). In fact, rat neuron
cells incubated with PC and nanomolar concentrations of Ca; produced
NAPE, whereas no evident synthesis was observed otherwise (Wellner,
Diep, Janfelt, & Hansen, 2013). The same experiment also revealed that acyl
moieties in glycerophospholipids in the sn-1 position, rather than free fatty
acids (e.g., oleic acid), were the preferred substrates used for NAPE
synthesis.

In plants, a candidate NAPE synthase gene was identified and bio-
chemically characterized in Arabidopsis (At1g78690p) (Faure et al.,
2009). Recombinant protein and membrane extracts were used to test
NAPE synthase activity from '*C-labeled lipid substrates. In both experi-
ments, NAPE synthase was capable of using acyl-CoA rather than free fatty
acids (Faure et al., 2009). Later work has suggested that this protein might
also synthesize other acyl lipids (Bulat & Garrett, 2011), so further work is
required to fully reconcile the role of this protein in NAPE formation.
Alternatively, an NAPE synthase activity associated with cottonseed micro-
somes was capable of producing NAPE from '*C-labeled free fatty acids much
more readily than from '*C-acyl CoA or '*C-labeled PC (Chapman & Moore,
1993). Later, three distinct bioactive isozymes were separated from the original
protein extract. Transient expression of YFP-tagged At1g78690p in tobacco
leaves showed exclusive localization to the plasma membrane whereas
NAPE synthase activity in cotton microsomes was detected in three mem-
brane compartments: plasma membrane, Golgi apparatus and the endoplas-
mic reticulum (Chapman & Moore, 1993). Further, spatiotemporal analysis
of At1g78690p in transgenic Arabidopsis lines, revealed preferential locali-
zation and expression of the synthase gene in roots and young tissues of
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embryos (Faure et al., 2009). Similar findings also support the notion that
NAPE production may differ depending on the plant species, and tissue
analyzed (Kotel'nikova, 2011).

Environmental cues also influence NAPE formation. For instance, evi-
dence has shown that chilling stress, and hydration/dehydration cycles
impact NAPE formation (Chapman & Sprinkle, 1996; Sandoval, Huang,
Garrett, Gage, & Chapman, 1995; Zhang & Tian, 2010). Similarly, increas-
ing NAPE content was detected in potato cells challenged under artificial
anoxic environments or treated with respiratory inhibitors (e.g., salicyl-
hydroxamate). These abiotic factors are associated with the release of free
fatty acids, and as a result, the cell counteracts the membrane destabilizing
effects by promoting NAPE formation from PE and free fatty acids
(Rawyler & Braendle, 2001). Overall, NAPE metabolic machineries adapt
to physiological and homeostatic conditions for subsequent NAE modula-
tion, but much remains to be learned about NAPE biosynthesis in plants.

2.5 NAE signal termination by fatty acid amide hydrolase

NAE:S can be processed by fatty acid amide hydrolase (FAAH) into ethanol-
amine and free fatty acids (Aziz, Wang, Tripathi, Bankaitis, & Chapman,
2019; Balsevich et al., 2018; Lin, Metherel, Jones, & Bazinet, 2017). A
cDNA encoding FAAH was first identified in rat, and following studies
in multiple nonplant organisms have reported NAE hydrolysis by FAAH.
For example, mouse, rat, and human FAAHs hydrolyzed NAE20:4 into
arachidonic acid and ethanolamine (Long, LaCava, Jin, & Cravatt, 2011;
Palermo et al., 2015; Strittmatter et al., 2012). Similarly, FAAH from the
slime mold, Dictyostelium discoideum, was capable of hydrolyzing NAE20:4,
along with other saturated (e.g., NAE16:0) and unsaturated NAEs (e.g.,
NAE18:2) (Neelamegan, Schoenhofen, Richards, & Cox, 2012). These data
suggested that FAAH catalytic capabilities might be more broadly distributed
in other biological systems.

In plants, the molecular basis for NAE hydrolysis by FAAH was initially
revealed following identification of the Arabidopsis homolog to rat FAAH
(37% amino acid similarity within the amidase signature domain) (Kim et al.,
2009; Shrestha, Dixon, & Chapman, 2003). Experiments with recombinant
Arabidopsis FAAH (AtFAAH) have shown its capacity to hydrolyze a wide
range of NAEs, including NAE18:2, NAE16:0, NAE14:0, and NAE12:0.
Similar work in other plant systems showed that recombinant rice and
Medicago truncatula FAAHs, namely, OsFAAH and MtFAAH, also metabo-
lized NAEs in a manner that resembles that of the Arabidopsis FAAH
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(Shrestha, Kim, Dyer, Dixon, & Chapman, 2006). Enzyme kinetics studies
also have shown that AtFAAH is capable of hydrolyzing NAE18:2-derived
oxylipin, 9-hydroxy octadecadienoyl ethanolamide (9-NAE-HOD) with
a similar catalytic efficiency to that of the unsubstituted NAE18:2 parent
molecule (Aziz et al., 2019), which was not the case for rat FAAH.
Further, AtFAAH has also been shown to irreversibly cleave the amide bond
of N-acyl-L-homoserine lactones (e.g., 3-oxo-C12-HSL), bacteria-derived
lipids known to participate in quorum signaling (Palmer et al., 2014).

Recent studies in the moss, Physcomitrella patens, identified nine FAAHs
(PpFAAHSs). PpFAAH1-4 were closely related to AtFAAH whereas
PpFAAH5-9 were more similar to rat FAAH (Haq & Kilaru, 2020).
Biochemical characterization of one of these enzymes (PpFAAHT1) revealed
amidohydrolase activity toward endogenous NAE20:4 and other NAEs
(e.g., NAE16:0). Collectively, this information shows an expanded role
for FAAHs to hydrolyze a wide range of NAE and NAE-like structures,
and further supports a conserved catalytic mechanism across multiple
species.

2.6 FAAH structural features accommodate NAEs

FAAH is a widely conserved amidase in eukaryotes which is characterized by
a Ser-Ser-Lys catalytic triad of amino acid residues (Haq & Kilaru, 2020;
McKinney & Cravatt, 2003, 2005). FAAH is a homodimer protein with
each monomer consisting of a core of twisted beta sheets surrounded by
alpha helices (Dainese & Oddi, 2020). The resolved crystal structures of
AtFAAH (Aziz et al., 2019) and rat FAAH (Bracey, Hanson, Masuda,
Stevens, & Cravatt, 2002) have made it possible to gain additional insights
about their structural conformations and enzymatic behavior. Analysis of
their structures has helped to recognize some key structural similarities
and differences between plant and mammalian FAAH:s.

Unlike rat FAAH, AtFAAH has an N-terminal region that is postulated
to anchor the protein to endo- and plasma membranes and facilitate its inter-
action with lipophilic substrates (Fig. 4). Additional structural differences
were revealed in the acyl binding and membrane access channels, namely,
ABC and MAC, respectively (Aziz & Chapman, 2020; Aziz et al., 2019).
Rat FAAH has two cavities for acyl binding and substrate access, separated
by a region known as the “dynamic paddle.” In contrast, FAAH from
Arabidopsis and the FAAH modeled from P. patens, have a more open cavity
for substrate access and binding (Aziz et al., 2019; Haq & Kilaru, 2020). The
absence of a “dynamic paddle” seems to be a key conserved evolutionary
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Fig. 4 Arabidopsis fatty acid amide hydrolase (AtFAAH) uses a “squeeze and lock”
mechanism to accommodate and hydrolyze NAEs. Abbreviations: CAC, cytosolic access
channel; ABC, acyl-binding channel; MAC, membrane access channel; MBC, membrane
binding cap; FFA, free fatty acids. Model derived from Aziz, M., Wang, X., Tripathi, A.,
Bankaitis, V. A., & Chapman, K. D. (2019). Structural analysis of a plant fatty acid amide
hydrolase provides insights into the evolutionary diversity of bioactive acylethanolamides.
The Journal of Biological Chemistry, 294, 7419-7432.

trait in vascular and nonvascular plants, as observed in sequence homology
and studies of their 3D structures. Such differences alter the means by
which plant FAAHs can accommodate NAEs and other lipid substrates
into their active site. Based on X-Ray crystallographic data, AtFAAH is pro-
posed to undergo a “squeeze and lock” mechanism upon substrate binding.
When the ligand has reached the active site of the ABC, there is a confor-
mational change of the helix region conformed by amino acids 531 to 537—
“squeeze” the substrate in the binding site. In parallel, residues 25-28 in the
MAC undergo movement along with Leu55 to secure the substrate-ligand
complex—*“lock.” Upon reaction completion, the water-soluble product
ethanolamine is released into the cytosol via the cytoplasmic access channel,
while the fatty acid product is released back to the hydrophobic environ-
ment of the membrane (Fig. 4). In contrast, rat FAAH-substrate accommo-
dation relies on a “dynamic paddle” formed by Phe432 and Trp531, to
partially close its short MAC, and to further secure the ligand complex into
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its wider ABC (Aziz & Chapman, 2020; Aziz et al., 2019). This suggests that
in animals, NAE-processing mediated by FAAH may have evolved substrate
preferences that are more restrictive than FAAHSs found in plants.

2.7 A second group of FAAH enzymes in plants

Recently, an analysis of FAAH amino acid sequences with special reference
to amino acid residues in the substrate binding pocket have made it possible
to categorize FAAH amino acid sequences from vascular plants into two
major phylogenetic clusters, namely, group I and II FAAH (Aziz &
Chapman, 2020). Angiosperm plants such as Arabidopsis and Ricinus com-
munis have only group I FAAH whereas most angiosperms have genes that
encode for multiple group I and II FAAHEs, as predicted for cotton plants
(Gossypium arboretum, G. raimondii, and G. hirsutum), Solanaceous plants (e.g.,
S. lycopersicum, S. tuberosum) and legumes (e.g., Glycine max, Medicago truncatula).
This in silico analysis highlights the possibility that through evolution plants
may have adapted to utilize one or both FAAH groups, perhaps providing
for an expanded substrate repertoire beyond processing NAE:s.

Homology modeling of group I and II FAAH proteins from soybean
(G. max) based on the AtFAAH three-dimensional crystal structure
(PDB: 6DHV), revealed some similarities and differences that were con-
served among members of each FAAH group (Aziz & Chapman, 2020).
Like group I FAAH, the group II FAAH protein from soybean maintained
a substrate binding pocket with a MAC, an ABC, and a cytosolic access
channel. Also, they both have the characteristic N-terminal region for mem-
brane anchoring, and a conserved catalytic triad. In contrast, the main dif-
ferences between group I and II FAAHSs reside in the substitution of key
conserved amino acids surrounding the substrate binding pocket. For exam-
ple; the cytosolic access channel of group I FAAH was highly hydrophilic
and had a more polar substrate binding pocket, whereas group II FAAH
had a more hydrophobic cytosolic access channel as well as a more hydro-
phobic substrate binding pocket, characterized by the presence of more
aromatic amino acids than group I FAAHSs. Based on these differences it
is reasonable to think that that group II FAAHs might process substrates with
less polarity compared to group I FAAHs. In fact, computational docking
shown that GmFAAH II can accommodate alkamides (molecules structur-
ally similar to NAEs), and N-acyl L-homoserine lactones (AHLs) in a more
efficient manner compared to GmFAAH I (Aziz & Chapman, 2020; Aziz
etal., 2019). However, these differences are yet to be experimentally tested.
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Further, such experiments to examine substrate promiscuity also should
include known FAAH substrates (e.g., unsaturated, saturated or
hydroxylated NAEs).

2.8 NAE oxidation via lipoxygenase pathways

Alternative to the traditional NAE signaling termination mediated by
FAAH, polyunsaturated 18C NAE species like NAE18:2 or NAE18:3
also can be oxidized by lipoxygenase enzymes (LOX) to generate hydro-
peroxides that can be reduced nonenzymatically to hydroxides (Fig. 5)
(Keereetaweep et al., 2013, 2015; Kilaru et al., 2011). There are two broad

H H
N-"OH  Reducti NoH
A) olox m\/ eduction 5
I—' HOO! _ =
£ ~oH | SNARTPOD
= e,
m m” O“‘/\OH Reduction
Ee RN
|—> OOH
13-LOX
B) 9-LOX NfOH Reduction
0 -
(@)
] _
= H
mH Reduction
0

13-LOX bon

Q) o) ’H\} O
/H\)lN’\/O’h. O on Q\

QO  Glucosyltransferase g PMAT1
OH — HO' - oE T ‘ NAE12: D-monomalonylglucosme ‘
N/\/ H o/\/\DH

5 H Liboe
NAE12:0-glucoside 2o

NAE12:0-dimalonylglucoside |

om

Fig. 5 Summary of selected NAE metabolic fates. Formation of hydroperoxides and
hydroxides from (A) NAE18:2, (B) NAE18:3 and (C) NAE12:0-conjugates. Abbreviations:
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13-hydroxy-9,11-octadecadienoylethanolamide; 9-NAE-HPOT, (9S,12Z,10E,152)-9-hydro-
peroxy-10,12,15-octadecatrienoylethanolamide; 13-NAE-HPOT, (135,9Z,11E,152)-13-
hydroperoxy-9,11,15-octadecatrienoylethanolamide; 9-NAE-HOT, (9S,12Z,10E,15Z)
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hydroxy-9,11,15-octadecatrienoylethanolamide; PMAT, glucoside malonyltransferase 1;
9-LOX, 9-lipoxygenase; 13-LOX, 13-lipoxygenase.
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families of LOX enzymes in plants based on their position of peroxidation,
namely, 9-LOX and 13-LOX (Hayward, Cilliers, & Swart, 2017). They
introduce molecular oxygens at the C9 or C13 positions of the acyl chain
(Andreou & Feussner, 2009). These same LOX enzymes can act on polyun-
saturated NAEs, free fatty acids or acyl groups of glycerolipids (Chechetkin,
Osipova, Antsygina, Gogolev, & Grechkin, 2011; Gabbs & Leng, 2015;
Kilaru et al., 2011).

Evidence of oxylipin formation from NAEs in plants was first
described in experiments with imbibed cottonseed extracts, where a
13-LOX activity mediated the oxidation of NAE18:2 (Shrestha,
Noordermeer, van der Stelt, Veldink, & Chapman, 2002). Experiments
with recombinant Arabidopsis LOX enzymes also demonstrated activity
toward NAEs, where two 9-LOX genes (AtLOX1 and AtLOXS5) and four
13-LOX genes (AtLOX2, AtLOX3, AtLOX4, and AtLOX6) have been
reported (Bannenberg, Martinez, Hamberg, & Castresana, 2009). 9-LOX
or 13-LOX enzymes act upon NAE18:2 to generate (9S,12Z,10E)-9-
hydroperoxy-10,12-octadecadienoylethanolamide ~ (9-NAE-HPOD) or
(13S,9Z,11E)-13-hydroperoxy-9,11-octadecadienoylethanolamide (13-NAE-
HPOD) (Kilaru et al., 2011). Subsequently, these hydroperoxides may be
reduced to (9S,12Z,10E)-9-hydroxy-10,12-octadecadienoylethanolamide (9-
NAE-HOD) or (13S,9Z,11E)-13-hydroxy-9,11-octadecadienoylethanola
mide (13-NAE-HOD). Interestingly, 9-NAE-HOD rather than 13-NAE-
HOD acts as a potent bioactive inhibitor of seedling growth (Keereetaweep
et al., 2015), pointing to a selective lipid mediator function for specific NAE
metabolites. Furthermore, the action of 9-NAE-HOD requires an intact
abscisic acid (ABA) signaling pathway and works synergistically with ABA
to modulate growth in Arabidopsis seedlings (Keereetaweep et al., 2015).

Similarly, NAE18:3 also can be used as lipophilic substrate by 9-LOX or
13-LOX to form (9S,12Z,10E,15Z)-9-hydroperoxy-10,12,15-octadecatri-
enoylethanolamide (9-NAE-HPOT) or (13S,92,11E,15Z)-13-hydroperoxy-
9,11,15-octadecatrienoylethanolamide (13-NAE-HPOT) (Keereetaweep
et al.,, 2013). These intermediates are then reduced to (9S,12Z,10E,1527)-
9-hydroxy-10,12,15-octadecatrienoylethanolamide (9-NAE-HOT) or (13S,
9Z,11E,15Z)-13-hydroxy-9,11,15-octadecatrienoylethanolamide (13-NAE-
HOT), and both exert negative regulatory effects in seedling growth.
Alternatively, 13-NAE-HPOT could undergo additional metabolic steps that
lead to (13S,9Z,10E,15Z)-12-0x0-10,15-phytodienoic acid ethanolamide
(NAE-OPDA) formation. Overall, these 9-LOX and 13-LOX mediated
routes indicate a previously unrecognized versatility in NAE oxidative
metabolism.
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Moreover, the interplay between LOX and FAAH enzymes is key in
determining NAE oxylipin production. Side by side experiments comparing
the NAE-derived oxylipin profiles of Arabidopsis wild-type vs atfaah-
knockout or AtFAAH overexpressing lines fed with micromolar concentra-
tions of NAE18:2 or NAE18:3, demonstrated that atfaah-knockouts
produced an increase of NAE-HODs or NAE-HOTs contents, whereas,
NAE18:2- or NAE18:3-oxylipin levels in FAAH overexpressing lines were
much lower than in wild-type controls (Keereetaweep et al., 2013, 2015).
It is reasonable to assume that the suppression of FAAH leads to an increase
of the NAE pool content (especially of 18C polyunsaturated NAEs), which
can be further metabolized by LOX enzymes (hence the elevated
NAE-oxylipin content). Conversely, in the overexpressing lines, an increase
of FAAH expression and hydrolytic activity reduces the bioavailability
of polyunsaturated NAE substrates that could be used by LOX enzymes
to form NAE-HODs or NAE-HOTs (Keereetaweep et al., 2013, 2015;
Kilaru et al., 2011). Overall, LOX and FAAH interactions for NAE
processing provide new layers of complexity and fine tuning for these lipid
molecules that represent opportunities for further research in other plant sys-
tems and physiological conditions.

2.9 NAE12:0 glyco-conjugates

The study of NAE-metabolic fates led to somewhat of a surprise when
using untargeted analytical tools. Khan et al. demonstrated the presence
of NAE12:0 conjugates in Arabidopsis seedlings treated with micromolar
concentrations of NAE12:0 (Fig. 5) (Khan et al., 2016). Data from mass
spectrometry (MS) and nuclear magnetic resonance (NMR) spectroscopy
identified detectable levels of NAE12:0-glucoside. In this reaction, a
yet-to-be determined glycosyltransferase is responsible for adding a sugar
moiety to the free hydroxyl group of NAE12:0. In addition, NAE12:
0-monomalonylglucoside and NAE12:0-dimalonylglucoside were identified,
representing two additional previously unknown NAE conjugates. In vivo
and in wvifro experiments showed that the enzyme phenolic glucoside
malonyltransferase 1 (PMAT1) attaches malonic acid to the carbon 3 or/and
6 of NAE12:0-glucoside conjugates (Khan et al., 2016). The identification
of these novel NAE derivatives suggest additional metabolic pathways that
plants might use to process and transport NAEs to different cellular compart-
ments, thus expanding the potential routes for NAE metabolism (Fig. 5).
However, the biological effects or bioactivity of these NAE12:0-glyco-
conjugates remain to be elucidated in future research.
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2.10 Some NAEs untilize G-proteins for signal transduction

The propagation of NAE signal(s) in animal systems depends upon G
protein-coupled receptors (GPCRs) and associated G proteins. This is the
topic of intense investigations in vertebrates where these receptors are the
same as those that are activated by cannabinoids. As such, specific NAEs
are considered endogenous, or “endocannabinoids,” and regulate numerous
physiological processes as part of the endocannabinoid signaling system
(Kilaru & Chapman, 2020). For example, in mammals, postsynaptic neurons
produce NAE20:4 which binds to CB receptors, and this leads to the acti-
vation of heterotrimeric G proteins (Howlett, Blume, & Dalton, 2010).
Activated trimeric G-proteins undergo dismantling of the Gafy trimeric
state, which results in the release of Ga-GTP and Gfy dimer, and these units
are free to interact with downstream factors to regulate multiple neurolog-
ical processes, thus, propagating NAE signaling (Mahavadi, Sriwai, Huang,
Grider, & Murthy, 2014; Samson et al., 2003).

In Arabidopsis, NAE18:3-induced chloroplast responses have been
linked to G-protein activity (Cannon & Chapman, 2021; Cannon et al.,
2020; Yan et al., 2020). For instance, the de-greening of chloroplasts induced
by NAE 18:3 application to seedlings, was inhibited in G-protein mutants.
Exogenous applications of NAE18:3 also led to differential expression of
many genes associated with G-protein activity, stress responses, senescence,
autophagy, and chlorophyll anabolic and catabolic pathways (Cannon
et al., 2020; Yan et al., 2020). This and other similar experiments support a
model in which G-proteins are required, at least in part, for NAE18:3 action
in plants. Altogether, studies from animals and plants suggest a partially-
conserved mechanism for NAE signal transduction requiring G-proteins,
and also suggest difterent components that may have arisen during the course
of evolutionary modification of NAE-signaling.

3. Functions of NAEs
3.1 Plant growth

Pharmacological approaches have revealed multiple effects of NAEs on
plant growth (Blancaflor et al., 2014; Wang et al., 2006). For example,
NAE12:0-treated Arabidopsis seedlings showed a dose-dependent, revers-
ible inhibition of primary root elongation, abnormal root apices with
disrupted cell walls, and reduced root hair length and numbers compared
to controls (Blancaflor et al., 2003). Also, NAE18:2- and NAE18:3-derived
oxylipins (but not the parent NAEs) inhibited seedling growth (Keereetaweep
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et al., 2013, 2015). ABA seems to be required for the action of NAE18:
2-derived oxylipin (9-NAE-HOD) on overall seedling growth, thus provid-
ing evidence of cross talk between NAE and ABA pathways (Keereetaweep
et al., 2015). These examples together have suggested a link between NAE
metabolism and seedling development.

To gain insights of the physiological role of FAAH-mediated NAE
hydrolysis in Arabidopsis, several genetic approaches also have been taken.
Different FAAH overexpression and knockout lines were compared to
wild-type plants to assess phenotypic changes. Studies showed that over-
expression of Arabidopsis FAAH results in an increase in plant growth, a
notion derived from the enhanced seedling growth and early flowering
phenotypes found in the FAAH overexpressors compared with wild-type
seedlings (Teaster et al., 2012, 2007; Wang et al., 2006). Interestingly, the
quantities of endogenous NAE levels were reduced significantly in seedlings
of FAAH overexpressing lines compared to wild-type. When genetic and
pharmacological approaches were combined, it was evident that the growth
effects were even more pronounced when seedlings were challenged with
NAEs. For instance, exogenous applications of NAE12:0 or NAE18:2
did not inhibited growth in FAAH overexpressing plants to the same extent
as wild-type or knockouts. By contrast, atfaah-knockouts showed only a
modest reduction in seedling growth and minor discernible impacts on
endogenous NAE levels during seedling growth, but these growth effects
were much more pronounced in the presence of added NAEs than those
of wild-type seedlings (Cotter et al., 2011; Teaster et al., 2007; Wang
etal., 2006). Altogether, work derived from these studies support an impor-
tant function(s) for NAEs in plant development.

Alkamides are a group of NAE-like structures known to be hydrolyzed
by Arabidopsis FAAH (Faure et al., 2015). Experiments have shown that
alkamides are negative regulators of plant development (Ramirez-Chavez,
Lopez-Bucio, Herrera-Estrella, & Molina-Torres, 2004). Exogenous appli-
cations of affinin (one type of alkamide) greatly impacted Arabidopsis
seedling growth, and such effects were more noticeable in the context of
FAAH altered lines. For instance, atfaah-knockout plants exposed to exog-
enous alkamides showed reduced root and seedling growth compared with
wild-type seedlings, whereas AtFAAH overexpressing lines were more
tolerant to the exposure (Faure et al., 2015; Ramirez-Chavez et al., 2004).
Similarly, N-acyl L-homoserine lactones (another type of NAE-like struc-
tures) have been associated with the alteration of root architecture, and
overall seedling growth. Like NAEs and alkamides, N-acyl L-homoserine
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lactone-induced effects are influenced in a FAAH-depended manner (Ortiz-
Castro, Martinez-Trujillo, & Lopez-Bucio, 2008; Palmer et al., 2014). These
examples support the notion that NAE and NAE-like molecules can influence
plant development in a FAAH-dependent manner (Fig. 6).

3.2 Flowering

NAEs have been implicated in the modulation of flowering time in
Arabidopsis plants (Teaster et al., 2012). FAAH overexpressing lines had
the tendency to flower up to 10days earlier than wild-type and atfaah-
knockouts plants under noninductive short-day conditions. This phenotype
coincided with 30% reduction of NAE12:0 and NAE18:2 contents, and
elevated expression of genes associated with flowering time. For example,
FLOWERING LOCUS (FT) and SEPTELLA3 (SEP3) genes were
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elevated in FAAH overexpressing plants. FT is an important transcription
factor which activates or represses flowering gene regulators (e.g., SEP3).
Given that NAE12:0 was one of the NAEs reduced in FAAH over-
expressing plants, micromolar concentrations of NAE12:0 were irrigated
to the base of wild-type plants every 3 days to assess phenotypes. Data
showed a decrease in the number of rosette leaves, shorter inflorescent stems,
and flowering delay of 6 days compared to DMSO controls. Consistent with
these findings, NAE12:0-treated plants had reduced FT and SEP3 expres-
sion levels (Teaster et al., 2012). These pieces of evidence point to NAE12:0
capacity to delay the onset of flowering in plants (Fig. 6), maybe in associ-

ation with flowering gene networks, and that this can be modulated
by FAAH.

3.3 Chloroplast degradation

Destabilization of chlorophyll components are also an effect associated with
NAE:s. Exogenous applications of NAE18:3 to Arabidopsis wild-type seed-
lings led to reduced growth and an evident cotyledon bleaching phenotype.
The de-greening effect was even more severe in atfaah-knockout seed-
lings whereas AtFAAH overexpressing lines were unatfected and did not
undergo de-greening in the presence of NAE (Keereetaweep et al.,
2013). In this context, a FAAH-suppressed plant would be unable to effi-
ciently hydrolyze NAEs which renders it more susceptible to NAE18:3.
By contrast, FAAH-overexpressing plants tolerate NAE negative effect
(s) due to an enhanced FAAH activity and capacity for NAE18:3 turnover.
Further, analysis at the transcriptome level, revealed that exogenous appli-
cations of NAE18:3 to Arabidopsis wild-type seedlings result in down-
regulation of multiple genes associated with chlorophyll biosynthesis and
development (Cannon et al., 2020). These data show that exogenous appli-
cation of NAE18:3 triggers detrimental effect (s) through molecular net-
works associated with chlorophyll metabolism, and retards the normal
chloroplast development and cotyledon expansion associated with seedling
growth.

Further observations of NAE18:3-treated seedlings with confocal laser
scanning microscopy and by transmission electron microscopy revealed a
disruption of thylakoid membranes and an overall dismantling of chloro-
plasts over a 3-day time course (Keereetaweep et al., 2013). The same study
also showed that the loss of chlorophyll observed upon NAE18:3-treatment
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was reversible, and stage-specific. Experiments showed that removal of
NAE18:3 resulted in the restoration of chloroplast architecture and a
re-greening of cotyledons over a 4-day time course. Interestingly, addition
of micromolar concentrations of NAE12:0 prevented NAE18:3-seedling
bleaching effect (Keereetaweep et al., 2013; Keereetaweep, Kilaru,
Feussner, Venables, & Chapman, 2010). Thus, this may suggest that certain
NAESs can interact with other NAE types to influence the ultimate physio-
logical outcome (Khan, Chapman, & Blancaflor, 2021), perhaps by compet-
ing for the active site of FAAH or LOX enzymes. Overall, these experiments
suggest that levels of NAE18:3 or metabolites thereof can impact chloroplast
homeostasis in plants (Fig. 6).

3.4 Stomatal closure

As previously mentioned, there appears to be crosstalk between NAE and
ABA signaling pathways (Cotter et al., 2011). Another piece of information
that supports such a notion is the finding that NAE12:0 blocks PLDa activity
and its ability to modulate ABA-induced closure of stomata. Indeed, tobacco
guard cells treated with ABA alone led to reduction of the diameters of the
stomatal pores, whereas treatments at low micromolar concentrations of
both NAE12:0 and ABA led to greater pore diameters over a 60-min course
(Austin-Brown & Chapman, 2002). These results indicated that NAE12:0
can modulate stomatal aperture in a dose- and time-dependent manner
(Fig. 6).

3.5 Cellular reorganization

The link between cell architecture and NAEs is an area that has received
attention (Blancaflor et al., 2014). Pharmacological applications of NAE
12:0 to different types of hypocotyl and cotyledon cells caused a dramatic
impact on cellular organization and integrity. Data showed that long-term
exposures of NAE 12:0 led to transverse alignment of the microtubules
and an aggregation of F-actin bundles (Blancaflor et al., 2003; Motes
et al., 2005). Furthermore, these changes compromise other cellular pro-
cesses such as endomembrane trafficking and cell expansion. Together these
support the notion that NAE12:0 interferes with regular cell expansion,
which may be responsible, in part, for the overall reduced growth pheno-
types observed in NAE-treated seedlings.
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3.6 Microbial interactions

One of the first indications that NAE could participate in plant—pathogen
interactions came from studies in tobacco cells and leaves, where
NAE14:0 levels were dramatically increased in the presence of fungal
elicitors (Tripathy et al., 2003, 1999). This NAE-profile coincided with
increased expression of defense genes (e.g., phenylalanine ammonia lyase)
and the inhibition of extracellular alkalinization in a time- and dose-dependent
manner (Tripathy et al., 1999). The influence of NAEs on plant—fungal inter-
actions also has been examined in cotton (Zhang et al., 2019). Research rev-
ealed that defoliating strains (DS) of the plant pathogenic fungus Verticillium
dahliae were capable of producing NAE12:0 during infection of cotton seed-
lings. Furthermore, the leaf defoliation phenotype seemed to depend on ABA
induction. Notably, in these studies, neither FAAH overexpressors nor
atfaah-knockouts were tested for sensitivity to V. dahliae (Zhang et al.,
2019). Nevertheless, the study found that many FAAH transcripts increased
upon V. dahliae infection or NAE 12:0 treatment. These findings support a
model in which FAAHs and NAEs modulate leaf defoliation phenotypes,
suggesting a role for NAEs in plant—microbe interactions (Fig. 6).

NAE modulation in plant—bacterial interactions has been addressed as
well. AtFAAH overexpressing or knockout lines with altered NAE profiles
have been used to understand their link to plant—pathogen interactions
(Kang et al., 2008; Kim et al., 2009). FAAH overexpressing plants were
found to be more susceptible to different strains of the bacterial plant path-
ogen Pseudomonas syringae compared to wild-type. The enhanced bacterial
growth rate in Arabidopsis leaves also was associated with a reduction of
multiple phytohormone levels. Free salicylic acid (SA) and conjugated
forms were decreased by several fold compared to wild-type controls.
Concordantly, SA-associated genes were also significantly downregulated
in FAAH overexpressors. Similarly, jasmonic acid (JA) and several of its bio-
synthetic associated genes were reduced in FAAH overexpressing tissues.
Abscisic acid (ABA) was another phytohormone that was found to be
reduced in FAAH overexpressing lines. These indicate a potential interac-
tion of NAE signaling in plant hormone regulation during biotic stress and
that NAE metabolism by FAAH may participate in the modulation of plant
immunity (Kang et al., 2008; Kim et al., 2009).

Although, the role(s) of NAEs in the influence of endogenous plant
microbial populations remains unknown, promising evidence for NAE
modulation of microbiomes has been recently described in mammals
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(Fornelos & Franzosa, 2020). Tissues from inflammatory bowel disease
patients had elevated amounts of NAE18:2 and NAE20:4, and this mis-
regulation was shown to shift the composition of bacterial communities
in humans. Further, metagenomic analysis revealed that ex vivo treatments
with NAE18:2, NAE20:4, or a combination of both NAEs enhanced
the growth of Proteobacteria (especially of Enterobacteriaceae) while
depleting Bacteroidetes. While the exact mechanism by which bacteria pro-
cess these host-derived NAE:s is still unknown, transcriptomic analysis in
Enterobacteriaceae communities revealed the need for elements of the respi-
ratory and electron transfer chains for NAE metabolism (Fornelos &
Franzosa, 2020). In this context, it is reasonable to speculate that an altered
NAE content or composition may be associated with host-microbe commu-
nications in plants.

4. Future prospectives

‘While the advances in NAE-related research have produced meaning-
ful insights regarding NAE-metabolism and regulation in plants, many open
questions are yet to be addressed. For instance, does the discovery of struc-
turally and phylogenetically difterent group I and II FAAHSs in vascular
plants greatly expand the types of lipophilic acyl amides (NAE-like struc-
tures) that could be potential substrates for FAAHs? Efforts to characterize
these two distinct FAAH groups should be studied in systems beyond
Arabidopsis. Extending the scope of research toward crops of agricultural
impotence could lead to the discovery of previously unrecognized functions.
Further, the notion that NAEs may also participate in endogenous microbial
communications is an intriguing possibility that remains to be addressed.
Certainly, the ability of AtFAAH to hydrolyze N-acyl-L-homoserine lac-
tones (a quorum sensing molecule) supports a link between NAE and
NAE-like structures and the potential for endogenous microbial signaling.
Understanding the connection between plant-microbial communication
and endogenous plant growth regulation is likely to provide much needed
insights into the functional roles of NAEs, acylamides and their potential
regulatory hydrolases—the FAAHs. Finally, the evolutionary conservation
of NAE signaling in nonvascular plants and algae compared to vascular plants
and nonplant systems seems to be an area open for exploration, especially
with recent studies in P. patens for the occurrence of mammalian type
NAE and FAAHs (Haq & Kilaru, 2020).
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