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Saturated and unsaturated N-acylethanolamines (NAEs) occur in desiccated seeds primarily as 16C and 18C species with
N-palmitoylethanolamine and N-linoleoylethanolamine (NAE 18:2) being most abundant. Here, we examined the metabolic
fate of NAEs in vitro and in vivo in imbibed cotton (Gossypium hirsutum) seeds. When synthetic [1-14C]N-
palmitoylethanolamine was used as a substrate, free fatty acids (FFA) were produced by extracts of imbibed cottonseeds.
When synthetic [1-14C]NAE 18:2 was used as a substrate, FFA and an additional lipid product(s) were formed. On the basis
of polarity, we presumed that the unidentified lipid was a product of the lipoxygenase (LOX) pathway and that inclusion
of the characteristic LOX inhibitors nordihydroguaiaretic acid and eicosatetraynoic acid reduced its formation in vitro and
in vivo. The conversion of NAE 18:2 in imbibed cottonseed extracts to 12-oxo-13-hydroxy-N-(9Z)-octadecanoylethanolamine
was confirmed by gas chromatography-mass spectrometry, indicating the presence of 13-LOX and 13-allene oxide synthase,
which metabolized NAE 18:2. Cell fractionation studies showed that the NAE amidohydrolase, responsible for FFA
production, was associated mostly with microsomes, whereas LOX, responsible for NAE 18:2-oxylipin production, was
distributed in cytosol-enriched fractions and microsomes. The highest activity toward NAE by amidohydrolase was
observed 4 to 8 h after imbibition and by LOX 8 h after imbibition. Our results collectively indicate that two pathways exist
for NAE metabolism during seed imbibition: one to hydrolyze NAEs in a manner similar to the inactivation of endocan-
nabinoid mediators in animal systems and the other to form novel NAE-derived oxylipins. The rapid depletion of NAEs by
these pathways continues to point to a role for NAE metabolites in seed germination.

In mammalian cells, N-acylethanolamines (NAEs)
have varied physiological roles. N-Arachidonyleth-
anolamine (anandamide), a type of NAE in mamma-
lian brain tissue, is an endogenous ligand for the
cannabinoid receptor and modulates neurotransmis-
sion. Anandamide also can activate vanilloid (capsa-
icin) receptors and function as an endogenous anal-
gesic (Pertwee, 2001), and appears to be involved in
neuroprotection (Hansen et al., 2000; Van der Stelt et
al., 2001). In other animal tissues, NAEs have been
implicated in immunomodulation (Buckley et al.,
2000), synchronization of embryo development
(Paria and Dey, 2000), and induction of apoptosis
(Sarker et al., 2000). These endogenous bioactive mol-
ecules termed “endocannabinoids” are hydrolyzed
by fatty acid amidohydrolase (AHase) to terminate
their signaling functions.

In plants NAEs are present in substantial amounts
in desiccated cotton (Gossypium hirsutum) seeds (1.6

�g�1 g fresh weight), and their levels decline after a
few hours of imbibition (Chapman et al., 1999). Indi-
vidual NAEs were identified predominantly as 16C
and 18C species with N-palmitoylethanolamine
(NAE 16:0) and N-linoleoylethanolamine (NAE 18:2)
being the most abundant. NAEs in both plant and
animal cells are derived from N-acylphosphatidyl-
ethanolamines (NAPEs), a minor membrane lipid
constituent of cellular membranes (Schmid et al.,
1990; Chapman, 2000). NAEs are produced by the
action of a phospholipase D (PLD). In plants NAEs
were produced in cell suspensions (Chapman et al.,
1998) and leaves (Tripathy et al., 1999) in minutes
after pathogen elicitor perception, raising the possi-
bility that these molecules function in plant defense
signaling. Exogenous NAE 14:0 at submicromolar
concentrations was sufficient to activate Phe
ammonia-lyase (PAL) expression in cell suspensions
and leaves of tobacco (Nicotiana tabacum; Tripathy et
al., 1999). The occurrence of NAEs in seeds with
substantially different structural properties than
those found in elicitor treated leaves and their rapid
depletion during seed imbibition (Chapman, 2000)
suggest that these lipids may have a role in the
regulation of seed germination.

Recent studies have shown that NAE 18:2 and NAE
18:3 could be converted into hydroperoxy NAE by
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purified soybean (Glycine max) lipoxygenase-1 (LOX;
Van der Stelt et al., 1997, 2000). The hydroperoxides
of NAE 18:2 and NAE 18:3 could subsequently be
converted by alfalfa (Medicago sativa) hydroperoxide
(HPO) lyase and flax (Linum usitatissimum) seed allene
oxide synthase (AOS) into novel oxylipins (Van der
Stelt et al., 2000). N-Arachidonoylethanolamine (anan-
damide), the mammalian neurotransmitter, could be
converted into hydroperoxy NAE by purified 5-LOX
from barley (Hordeum vulgare) and tomato (Lycopersi-
con esculentum; Van Zadelhoff et al., 1998). As an
alternative, NAE AHase, also designated fatty acid
amide hydrolase (FAAH; Cravatt et al., 2001), acts
upon NAE to produce free fatty acid (FFA) and eth-
anolamine, and in mammalian cells this pathway is
responsible for inactivation of endocannabinoid lipid
mediators (Schmid, 2000). Thus, there are two possi-
ble enzymatic pathways (LOX and NAE AHase) that
might be responsible for the observed decline in
NAEs during seed imbibition.

To begin to understand the role of NAEs in seeds,
we investigated the metabolic fate of NAEs in cot-
tonseeds upon imbibition, germination, and during
postgerminative growth, a period previously noted
to be active in NAPE/NAE metabolism (Chapman,
2000). Our results indicate that there are two path-
ways capable of metabolizing NAEs in seeds: a LOX-
mediated pathway selective for unsaturated NAEs
(e.g. NAE 18:2) and a NAE AHase activity, which
uses both unsaturated and saturated NAEs. Both en-
zymatic pathways were most active in imbibed seeds
consistent with depletion of NAEs in vivo and at a
time period just preceding or coincident with radicle
emergence, suggesting NAE metabolism may play a
role in the regulation of seed germination. These
results will provide the basis for future studies aimed
at understanding the functional role of NAE metab-
olism in seed germination and seedling growth.

RESULTS

Identification of NAE Metabolites and Subcellular
Distribution of the Enzymes

Several types of NAEs are prevalent in the desic-
cated seeds of plants (Chapman et al., 1999). For
example, the total NAE content in desiccated cotton-
seeds was approximately 1,600 ng g�1 fresh weight,
of which NAE 18:2 was approximately 940 ng g�1

fresh weight and NAE 16:0 was about 380 ng g�1

fresh weight. The levels of these NAEs declined
sharply within few hours of seed imbibition to 200 ng
for NAE 18:2 and to about 160 ng for NAE 16:0. Here,
these two most abundant NAEs in desiccated seeds,
NAE 16:0 and NAE 18:2, were used to evaluate the
metabolic fate of NAE in imbibing seeds. When
[1-14C]16:0 NAE was used as substrate, there was
only one product (comigrating with palmitic acid,
Rf � 0.48) formed by extracts of imbibed cottonseeds

(Fig. 1A). When [1-14C]18:2 NAE was used as a sub-
strate there were two apparent products formed (Fig.
1B): one comigrating with linoleic acid (Rf � 0.46)
and the other more polar, near the origin (Rf � 0.12),
was tentatively identified as NAE oxylipin. These
data suggested that endogenous NAEs in desiccated
seeds were metabolized by two pathways: one pro-
ducing FFAs and other likely producing NAE-
derived oxylipins.

The subcellular distribution of NAE-LOX (NAE
oxylipin formation) and NAE AHase (FFA forma-
tion) differed in cell fractions prepared from 4-h im-
bibed cottonseeds (Tables I and II). The presumed
NAE-oxylipin formation was distributed both in
membrane and cytosol-enriched fractions, whereas
the enzyme responsible for FFA formation was local-
ized almost exclusively to microsomes (Tables I and
II). AHase activity toward NAE 18:2 was higher than
AHase activity toward NAE 16:0, whereas formation
of NAE oxylipin from NAE 18:2 was considerably
higher than the corresponding AHase activity. These
relative activities toward the different NAEs are con-
sistent with the more rapid consumption of NAE 18:2
in vivo during seed imbibition.

To test whether the oxylipins were formed by the
LOX pathway, the influence of two widely used LOX
inhibitors on their formation was determined (Fig. 2).
Both 5,8,11,14-eicosatetraynoic acid (ETYA) and nor-
dihydroguaiaretic acid (NDGA) reduced NAE-
oxylipin formation in a concentration-dependent
manner. NDGA appeared to be a more potent inhib-
itor of NAE 18:2-LOX than ETYA, particularly at
higher concentrations. As an alternative, NAE 18:2-
dependent lipid peroxide formation was estimated
spectrophotometrically (Fig. 3). Consistent with the
above results, inclusion of both inhibitors reduced
the formation of NAE 18:2 lipid hydroperoxide. The
small amount of lipid peroxide detected in the ab-
sence of enzyme (control-enzyme) was likely attrib-
utable to the spontaneous oxidation of NAE 18:2
during assay reactions, because no lipid peroxide
was detected when NAE 18:2 was omitted from re-
actions (not shown). These data indicate that the
polar product in the incubation is formed by the LOX
pathway.

To elucidate the structure of the polar compound,
gas chromatography-mass spectrometry (GC/MS)
analysis was performed (Fig. 4). Selective ion moni-
toring at m/z 116 (diagnostic of ethanolamine contain-
ing lipids) revealed the presence of two oxygenated
NAE 18:2 metabolites in incubations of cottonseed
extracts incubated with NAE 18:2, with retention
times of 18.22 and 18.29 min, respectively (Fig. 4A).
These compounds were identified as trimethylsily-
lated, reduced �-ketols (diastereomers) 12-oxo-13-
hydroxy-N-(9Z)-octadecenoylethanolamine by their
electron impact mass spectrum (Fig. 4C). Predictable
fragmentation ions including the molecular ion [M�]
(m/z 573) were clearly identifiable, and spectra were
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comparable with those recorded in previous studies
(Van der Stelt et al., 2000). Only �-ketols originating
from 13-hydroperoxy NAE (18:2) were detected, in-
dicating that imbibed cottonseeds contained both a
13-LOX and 13-AOS that metabolized NAE 18:2. Of
interest also was the identification of the �-ketols
12-oxo-13-hydroxy-(9Z)-octadecenoic acid in the to-
tal ion chromatogram at retention times 14.85 and
14.94 (Fig. 4B, diastereomers), which can be ex-
plained by the subsequent actions of NAE AHase,
LOX, and AOS. These results most importantly
demonstrate unequivocally that NAE 18:2 was me-
tabolized by 13-LOX (and 13-AOS) in extracts of
imbibed cottonseeds, raising the possibility that a
new class of oxylipins may be involved in seed
germination.

Inclusion of FAAH inhibitors to study sensitivity of
the cottonseed FFA producing enzyme showed a
concentration-dependent effect (Table III). There was
approximately a 40% inhibition of FFA production
with 10 mm phenylmethylsulfonyl fluoride, a potent
inhibitor of FAAH activity consistent with the cata-
lytic mechanism of a Ser hydrolase (Wiley et al.,
2000). In contrast, there was only 10% inhibition by
10 �m arachidonyl trifluoromethyl ketone (ATMK),
an analog of anandamide. ATMK is a potent inhibitor
of mammalian anandamide hydrolysis showing com-
plete inhibition at 7.5 �m (Koutek et al., 1994). The
difference in sensitivity to ATMK may indicate a
different property of cottonseed NAE AHase or may
simply be a reflection of the lack of arachidonyl fatty
acid derivatives in higher plant tissues.

Figure 1. Representative chromatograms of radioactive lipids separated on thin-layer chromatography (TLC) plates. For the
assay, 100 �M [14C]NAE with 20,000 dpm in 50 mM MES buffer (pH 6.5) was used. Reactions were initiated by adding 400
�L of microsomes and were incubated at 30°C for 1 h with shaking. Lipids are extracted as described in “Materials and
Methods,” and distribution of radioactivity on TLC plates was evaluated by radiometric scanning (Bioscan system 200 image
scanner). When synthetic NAE 16:0 was used as a substrate, FFA was produced (A) and when synthetic NAE 18:2 was used
as a substrate, FFA and an additional lipid product(s) were formed (B).
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Developmental Changes in NAE Metabolism

The capacity for NAE oxylipin formation by
cytosol-enriched fractions increased during seed im-
bibition to the highest levels (7 nmol h�1 mg�1 pro-
tein) by 8 h after commencing imbibition (Fig. 5).
Activity remained at this level throughout the first
24 h of postgerminative growth. Under these condi-
tions, cottonseeds germinate at 12 to 18 h after com-
mencing imbibition, and lipid mobilization (marked
by glyoxylate cycle enzymes) is most active in 24- to
48-h-old seedlings (for summary, see Chapman and
Sprinkle, 1996). As before, inclusion of NDGA helped
to confirm that the activity was attributable to LOX-
like enzyme.

The developmental change in cytosolic NAE oxy-
lipin formation was somewhat different from that
associated with microsomes (Fig. 6). Microsomal
NAE oxylipin formation, like that associated with the
cytosol-enriched fractions, increased during imbibi-
tion to its highest levels by 8 h after commencing
imbibition; however, the membrane-associated activ-
ity dropped substantially by 16 h (Fig. 6) and was
undetectable by 24 h (not shown). The developmen-
tal change in membrane-associated NAE oxylipin
formation paralleled that of NAE AHase (Fig. 6). In

the case of microsomes, NDGA had a profound effect
on NAE oxylipin formation (indicative of a LOX-
mediated pathway) but had only a modest effect on
AHase activity. Overall, these results indicate that
metabolism of NAEs is most active during seed im-
bibition, just before seed germination, and well be-
fore the period of lipid mobilization for postgermi-
native seedling growth. This conclusion is consistent
with the time period of NAE depletion in vivo (Chap-
man et al., 1999).

Enzymatic Properties of AHase and NAE
Oxylipin Formation

We compared the enzymatic properties of the NAE
AHase pathway and NAE-LOX-mediated pathway
in cottonseed microsomes to estimate the relative
capacity of each pathway to contribute to the metab-
olism of the predominant seed NAEs (Fig. 7; Table
IV). Both pathways exhibited typical Michaelis-
Menten kinetics when initial velocity measurements
were made at increasing NAE concentrations (Fig. 7).
For the NAE AHase, the apparent Km values were
similar for NAE 16:0 and NAE 18:2 (Km values for
NAE 16:0 and NAE 18:2 are 83 �m and 74 �m, re-

Table II. Subcellular distribution of NAE-LOX (NAE oxylipin formation) and NAE amidohydrolase
(FFA formation) activities in 4-h imbibed cottonseed cell fractions utilizing NAE 18:2 as substrate

Cell fractions were prepared in (and pellets resuspended in) 100 mM potassium-phosphate (pH 7.2),
10 mM KCl, 1 mM EDTA, 1 mM EGTA, and 400 mM Suc. For assays, 100 �M [14C]NAE 18:2 (20,000 dpm)
in 50 mM MES buffer (pH 6.5) was used. Reactions were initiated by adding 400 �L of respective cell
fraction in a total volume of 800 �L. The data are means and SD of three replicates and are representative
of three experiments.

Cell Fraction
FFA Oxylipin

Total activity Specific activity Total activity Specific activity

nmol h�1 nmol h�1 mg�1

protein
nmol h�1 nmol h�1 mg�1

protein

10,000g Supernatant 33.06 � 2.37 0.35 � 0.02 780.97 � 3.08 8.16 � 0.03
10,000g Pellet 0 0 18.09 � 1.67 0.46 � 0.04
150,000g Supernatant 0 0 435.49 � 2.87 7.01 � 0.05
150,000g Pellet 19.46 � 2.27 1.15 � 0.13 126.16 � 1.56 7.44 � 0.08

Table I. Subcellular distribution of NAE-LOX (NAE oxylipin formation) and NAE amidohydrolase
(FFA formation) activities in 4-h imbibed cottonseed cell fractions utilizing NAE 16:0 as substrate

Cell fractions were prepared in (and pellets resuspended in) 100 mM potassium-phosphate (pH 7.2),
10 mM KCl, 1 mM EDTA, 1 mM EGTA, and 400 mM Suc. For assays, 100 �M [14C]NAE 16:0 (20,000 dpm)
in 50 mM MES buffer (pH 6.5) was used. Reactions were initiated by adding 400 �L of respective cell
fraction in a total volume of 800 �L. The data are means and SD of three replicates and are representative
of three experiments.

Cell Fraction
FFA Oxylipin

Total activity Specific activity Total activity Specific activity

nmol h�1 nmol h�1 mg�1

protein
nmol h�1 nmol h�1 mg�1

protein

10,000g Supernatant 51.04 � 1.42 0.53 � 0.01 0 0
10,000g Pellet 0 0 0 0
150,000g Supernatant 0 0 0 0
150,000g Pellet 10.68 � 0.51 0.63 � 0.03 0 0
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spectively), although the apparent Vmax values esti-
mated for NAE 18:2 were nearly twice that as for
NAE 16:0 (Vmax values for NAE 16:0 and NAE 18:2
are 1.6 and 3.0 nmol h�1 mg�1 protein, respectively).
NAE oxylipin formation from NAE 18:2 also exhib-
ited typical saturation kinetics at increasing NAE
concentrations (Fig. 7B). The apparent Km value (70
�m) was similar to that estimated for the NAE
AHase, indicating similar substrate affinities for both
pathways. On the other hand, the apparent Vmax (12
nmol h�1 mg�1 protein) was four times that of the
NAE AHase-mediated pathway, indicating a greater
capacity for NAE oxylipin formation than for NAE
hydrolysis. Although comparisons of kinetic param-
eters cannot be interpreted to indicate relative meta-
bolic flux, these data do indicate that the capacity for
NAE consumption by these two pathways estimated
in vitro exceeds that required for NAE depletion in
vivo. The degradation rates for NAE 18:2 and NAE
16:0 were calculated to be 15 and 4.5 ng h�1 seed�1,
respectively, in vivo (Chapman et al., 1999); whereas
the rates were 160 and 80 ng h�1 seed�1 for NAE 18:2
and NAE 16:0, respectively, in vitro through NAE
AHase pathway, based on data presented in Table
IV. The conversion rate for NAE 18:2 through NAE-
LOX pathway was 20 �g h�1 seed�1 in vitro (Table
IV), indicating this pathway was relatively more ca-

pable of contributing to the metabolism of polyun-
saturated NAE (18:2) than was AHase.

NAE Metabolism in Vivo

NAE was metabolized in vivo by both the NAE-
LOX pathway and NAE AHase pathway during seed
imbibition (Fig. 8). Radiotracer experiments with im-
bibing seeds showed that [1-14C]18:2 NAE was con-
verted to NAE oxylipin and FFA in a time-dependent
manner. In the presence of the LOX inhibitor, NDGA
there was reduction of NAE-oxylipin formation,
which was particularly evident after 4 h. Production
of FFA from NAE 18:2 also was reduced in the pres-
ence of the LOX inhibitor, which may suggest these
two pathways are somewhat interdependent. Appli-

Figure 2. The effects of LOX inhibitors on the metabolism of NAE
18:2 in vitro. The amount of NAE-oxylipin was determined by incu-
bating (1 h) synthetic NAE 18:2 with a 150,000gmax (60 min) super-
natant of imbibed cottonseeds. Total lipids were extracted from the
reaction mixture and were separated by TLC (hexane:ethyl acetate:
methanol, 60:40:5; v/v). Identification and quantification of radiola-
beled lipids were performed by radiometric scanning. ETYA is a
dual-specific inhibitor, affecting both LOX and cyclooxygenases, and
is irreversible (Grullich et al., 2001). NDGA is a classical inhibitor of
different LOXs (Kulkarni and Sajan, 1999). There was almost com-
plete inhibition of oxylipin production at 400 �M NDGA and 50%
inhibition at 400 �M ETYA. The data points are means and SD of three
replicates of one experiment.

Figure 3. Determination of LOX activity was performed with a lipid
hydroperoxide assay kit. Control, 80 nmol of NAE without enzyme
showed the natural hydroperoxidation, which is 0.200 nmol h�1;
control with enzyme (3.33 mg protein per assay), the total activity
was 0.947 nmol h�1; NDGA (100 �M) with enzyme showed the
effect of a classical LOX inhibitor. This inhibitor inhibited the effect
of natural peroxidation as well which was also observed in other
radiolabeled experiments; and ETYA (100 �M) with enzyme showed
the expected effect of LOX inhibitor. There was 50% inhibition,
which was also observed in radiolabeled NAE 18:2 substrate metab-
olism experiments. Experiments without synthetic substrate was also
carried out to confirm the absence of lipid hydroperoxide in the cell
extract itself. Also, an experiment without EDTA was carried out to
investigate any possible role of EDTA. All of those experiments were
negative. Determination of LOX activity was performed with a com-
mercially available lipid hydroperoxide (LPO) assay kit (catalog no.
705002, Cayman Chemical). For each assay, 80 nmol of NAE 18:2
was used as substrate and incubated with crude extract for 1 h at
30°C with shaking (110 rpm). The lipid peroxides that were formed
were extracted from the samples into chloroform and quantified by
measuring A500 compared with the standard lipid hydroperoxide
(13-hydroperoxy octadecadienoic acid). The data points are means
and SD of three replicates of one experiment.
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Figure 4. A, Single-ion chromatogram at m/z
116 (characteristic fragment for the ethanolamine
group) of NAE metabolites after incubating with
150,000g supernatant of cottonseeds. The peaks
with RT � 18.22 and 18.29 are �-ketols of 13-
hydroperoxy NAE (two diastereomers) � 12-oxo-
13-hydroxy-N-(9Z)-octadecenoylethanolamine.
B, Total ion chromatogram of derivatized lipid
products after incubating NAE 18:2 with the
150,000g supernatant of imbibed cottonseeds.
Several peaks were identified by MS: 12.28 min,
C18:2 linoleic acid; 12.33 min, C18:1 oleic acid;
12.55 min, C18:0 stearic acid; 13.90 min, 13-
HPOD (13-hydroperoxy octadecadienoic acid);
14.85 and 14.94 min, �-ketols of 13-HPOD;
18.22 and 18.29 min, �-ketols of 13-hydroper-
oxy NAE � 12-oxo-13-hydroxy-N-(9Z)-octade-
cenoylethanolamine. C, Electron impact mass
spectrum of fully reduced TMS-ethers of 12-oxo-
13-hydroxy-N-(9Z)-octadecenoylethanolamine,
the compound eluting with retention time of
18.22 min (A and B).

Shrestha et al.

396 Plant Physiol. Vol. 130, 2002



cation of NAE 18:2 or NDGA under these conditions
did not influence seed germination. The metabolic
results in vivo are consistent with those obtained in
vitro and confirm that NAE 18:2 is metabolized by
LOX and AHase pathways, which together likely
account for the in vivo depletion of NAE 18:2 during
seed imbibition (Chapman et al., 1999).

DISCUSSION

The recent identification and quantification of
NAEs in desiccated seeds and their disappearance
after 4 h of imbibition (Chapman et al., 1999) raised
the question as to the metabolic fate of these com-
pounds. Preliminary evidence suggested that these
NAEs could be hydrolyzed in imbibed seeds by an
NAE AHase activity (Chapman et al., 1999), similar
to the FAAH found in some animal systems. How-
ever, here, a detailed evaluation now indicates a
more complicated scheme for NAE metabolism in
seeds than originally anticipated (Fig. 9). NAEs with
saturated fatty acid constituents, like the endogenous
NAE 16:0, are indeed hydrolyzed by an AHase activ-
ity, whereas polyunsaturated NAEs (NAE 18:2) ap-
pear to be metabolized by two pathways, the NAE
AHase pathway and a LOX-mediated pathway. The
AHase pathway leads to the formation of FFAs,
which could be reincorporated into NAPE, the pre-
cursor for NAEs (see Fig. 9). In fact, NAPE biosyn-
thesis was shown to be increased during seed imbi-
bition, germination, and early postgerminative
growth (Sandoval et al., 1995; Chapman and Sprin-
kle, 1996) as judged by increases in lipid levels and
enzyme activity.

Metabolism of NAEs during seed imbibition by a
membrane-associated AHase activity is reminiscent

of the mechanism for NAE activation in animal sys-
tems. The FAAH has been cloned from a number of
mammalian tissues and shown to encode an enzyme
with amidase and esterase activities of broad sub-
strate specificity including several fatty acid amides
and acylglycerols (Cravatt et al., 1996). More exten-
sive studies of substrate specificity for the purified
recombinant rat enzyme recently showed that it was
capable of hydrolyzing a wide array of unsaturated,
and to a less extent saturated, fatty acid primary
amides (Boger et al., 2000). As the chain length of
fatty acid (saturated) constituents decreased, the rate
of hydrolysis increase (Ueda et al., 2000). Mammalian
FAAH inhibitors had a relatively modest effect on
cottonseed NAE AHase enzyme(s) (Table III). This
may indicate that plant NAE AHases are diverged
from the mammalian counterparts to reflect a speci-
ficity for NAEs abundant in plant tissues. However,
Ueda et al. (2001) recently reported a new enzyme
from lung tissues, designated NAE 16:0 hydrolase,
that was much less sensitive to inhibition of FAAH,
suggesting that animal systems may contain more
than one NAE AHase. Additional work will be re-
quired at the biochemical and molecular levels to

Figure 5. Time course of NAE 18:2 metabolism in cytosol-enriched
fractions isolated at various times of seed imbibition (up to 4 h),
germination (at about 12 h), and postgerminative growth. The
amount of oxylipin production was determined by incubating 100
�M synthetic NAE 18:2 (20,000 dpm) with 400 �L of the supernatant
(150,000gmax supernatant of 10,000gmax supernatant) in a final vol-
ume of 800 �L with shaking for 1 h at 30°C. Lipids were extracted as
described in “Materials and Methods.” Identification and quantifica-
tion of radiolabeled NAE-lipids were performed by radiometric scan-
ning. The maximum specific activity of “LOX” was at 8 h (just before
seed germination). When 100 �M NDGA was used, there was almost
50% inhibition of oxylipin production. It indicates that the product of
NAE 18:2 was most likely attributable to enzymatic action of LOX.
The data points are means and SD of three replicates of one repre-
sentative experiment repeated for three times.

Table III. The effects of FAAH inhibitors on metabolism of NAE
18:2 in vitro

The amounts of FFA formation was determined by incubating (1 h)
synthetic NAE 18:2 with 150,000gmax (60 min) microsomes from
10,000gmax (30 min) supernatant. The radiometric analysis showed
arachidonyl trifluoromethyl ketone (ATMK) was more potent than
phenylmethylsulfonyl fluoride (PMSF). Both inhibitors had similar
effect when NAE 16:0 was utilized as substrate. The data are means
and SD of three replicates and are representative of two experiments.

Concentrations Specific Activity Relative Inhibition

nmol h�1 mg�1 Protein %
PMSF

0 mM 1.88 � 0.20 0.0
0.01 mM 1.90 � 0.42 �1.1
0.1 mM 1.68 � 0.32 10.6
1 mM 1.62 � 0.12 13.8
10 mM 1.14 � 0.11 39.4

ATMK
0 �M 1.79 � 0.30 0.0
0.01 �M 1.71 � 0.35 4.5
0.1 �M 1.60 � 0.26 10.6
1 �M 1.64 � 0.28 8.4
10 �M 1.63 � 0.10 8.9
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more fully understand the nature of NAE AHase
activity(ies) in plant systems, and to define what
specific role this pathway plays in seed germination.

Recent evidence demonstrated that purified plant
LOX, AOS, and HPO lyase could metabolize syn-
thetic NAEs to generate novel oxylipins (Van der
Stelt et al., 2000), raising the possibility that plants
might catalyze these reactions in vivo. Here, we pro-
vide several lines of evidence that support this con-
cept and highlight seed imbibition and germination
as a period intensely involved in formation of these
metabolites. The time course of NAE 18:2 metabolism
in cytosol-enriched fractions isolated at various times
of seed imbibition, germination, and postgerminative
growth showed the maximum specific activity of
LOX (7 nmol h�1 mg�1 protein) at 8 h after imbibi-
tion, which is just before seed germination (Fig. 5).
Microsomes isolated at the same developmental
stages similarly showed the same time period for the
highest specific activity of LOX (8 nmol h�1 mg�1

protein) and NAE AHase (2 nmol h�1 mg�1 protein;
Fig. 6) consistent with results in vivo (Chapman et
al., 1999).

The fate of NAE-derived oxylipins is unclear at
this point, but it is tempting to speculate these NAE
oxylipins may have a role of their own during seed
germination. For example, Feussner and coworkers
(2001) recently proposed that 13-LOX-mediated
pathway is associated with a “priming” function in
oilseeds (Brassica napus) for postgerminative triacyl-
glycerol mobilization. It should be emphasized,
however, that here the timing of the most intensive
NAE metabolism of cottonseed NAEs preceded

radicle emergence and lipid mobilization (Figs. 5
and 6; also see Chapman and Sprinkle, 1996), so
these NAE-derived oxylipins may play other roles
perhaps as lipid mediators involved in the regula-
tion of seed germination. In any case, the role of
NAE metabolism in imbibing seeds is not specific to
oilseeds because a similar depletion of seed NAEs

Figure 6. Time course of NAE 18:2 metabolism in microsomes iso-
lated at various stages of cottonseed imbibition, germination, and
postgerminative seedling growth. Both AHase and LOX activities
were detected in microsomes (see also Tables I and II). Both activities
increased before and decreased after seed germination. NDGA re-
duced substantial oxylipin formation, whereas there was minimal
effect on FFA production in vitro. The highest specific activities of
LOX and NAE AHase were at 8 h and 4 to 8 h, respectively, after
commencing imbibition (just before seed germination, 12–18 h). The
data points are means and SD of three replicates within a given
experiment and are representative of three experiments.

Figure 7. Concentration-dependent formation of FFA from NAE sub-
strate in cottonseed microsomes under initial velocity conditions.
The apparent Km and Vmax for NAE 16:0 were estimated to be 83 �M

and 1.6 nmol h�1 mg�1 protein, respectively. The apparent Km and
Vmax for NAE 18:2 were estimated to be 74 �M and 3.0 nmol h�1

mg�1 protein, respectively. Concentration-dependent formation of
oxylipin from NAE 18:2 incubating the same cell fraction showed the
apparent Km and Vmax to be 70 �M and 12 nmol h�1 mg�1 protein,
respectively. In A, NAE 16:0 and NAE 18:2 were the substrates, and
in B, NAE 18:2 was the substrate. Lines represent nonlinear regres-
sion fits of the data using Michaelis-Menten equation (Prism soft-
ware, v3.0, GraphPad Software, San Diego). Kinetic parameters were
estimated from regression analyses. Although the microsomal NAE
AHase appears to have similar affinities for saturated and polyunsat-
urated NAE species, the maximum rate of product formation from
NAE 18:2 is about twice that for NAE 16:0. Similarly in B, the enzyme
has similar affinity of 70 �M with four times greater production rate
of conversion of NAE 18:2 into NAE-LOX product. Data points are
averages of triplicate samples within a representative experiment.
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was observed in non-oilseeds (e.g. pea [Pisum sati-
vum]; Chapman et al., 1999).

MATERIALS AND METHODS

Chemicals

[1-14C]Palmitic acid (53 mCi�1 mmol in ethanol) and [1-14C]linoleic acid
(53 mCi mmol�1 in ethanol) were from PerkinElmer Life Sciences (Boston).

Chemical Synthesis of NAEs

Specific NAE types were synthesized from respective radiolabeled FFA
by first producing the fatty acyl chloride (Hillard et al., 1995). The FFA was
dissolved in dichloromethane and then mixed with dimethylformamide (1
mol equivalent) and oxalyl chloride (1.2 mol equivalent). The fatty acyl
chloride was mixed with a 10-fold excess of ethanolamine to convert the acyl
chloride to the corresponding NAE. Products were extracted in dichlo-
romethane and purified by TLC. Yield and purity of NAEs were estimated
by radiometric scanning (System 200 image scanner, Bioscan, Washington,
DC). The yield was routinely 65% to 70% (starting from FFA), and purity
after TLC was �99%. Radiospecific activity was calculated from the original
14C-labeled FFA and adjusted accordingly with non-radiolabeled synthetic
NAE produced by the same method.

Plant Material

Cotton (Gossypium hirsutum L. Stoneville 7A glandless) seeds were pro-
vided by Dr. R.B. Turley (Cotton Physiology and Genetics Laboratory, U.S.
Department of Agriculture-Agricultural Research Service, Stoneville, MS).
For all of the experiments, seeds were surface-sterilized with 20% (v/v)
commercial bleach (sodium hypochlorite) solution for 5 min. Seeds were
rinsed several times and imbibed in distilled water (in the dark) for 4 h at
30°C with aeration. For time-course experiments, imbibed seeds were placed
in filter paper scrolls as previously described (Chapman and Trelease,
1991a) and germinated and grown in the dark (30°C).

Preparation of Cellular Fractions

Cell fractions were prepared by differential centrifugation as described
(Chapman and Trelease, 1991b) with some modifications. In brief, seeds
imbibed for 4 h were chopped with a steel blade on ice in homogenization
medium containing 100 mm potassium-phosphate (pH 7.2), 10 mm KCl, 1
mm EDTA, 1 mm EGTA, and 400 mm Suc. The homogenates were filtered
through four layers of cheesecloth and centrifuged at 650gmax (4°C) for 10
min in a centrifuge (RC 5C, SS 34 rotor, Sorvall, Newton, CT). The 650gmax

supernatant was centrifuged at 10,000gmax (4°C) for 30 min in the same
centrifuge. The resulting supernatant was centrifuged at 150,000gmax (4°C)
for 60 min in Sorvall Discovery 90 model ultracentrifuge centrifuge (Ti45
rotor, Beckman Coulter, Fullerton, CA). Microsomes (150,000gmax pellet)
were resuspended in homogenization medium (0.3 mL per original gram
fresh weight). Protein concentration was estimated according to Bradford
(1976) using bovine serum albumin as the standard.

Lipid Extractions and Analysis

For enzymatic assays in vitro, 100 �m (20,000 dpm) of [14C]NAE substrate
(combined with nonradioactive NAE and radiolabeled on the carbonyl
carbon) was suspended by sonication in 50 mm MES buffer (pH 6.5).
Reactions were initiated by adding 400-�L cell fractions. Reactions were
terminated, and lipids were extracted into chloroform according Bligh and
Dyer (1959) modified to eliminate endogenous PLD activity (Chapman and
Moore, 1993). In brief, reactions were stopped by adding 2 mL of hot
2-propanol (70°C) to 800 �L of the aqueous assay reaction mixture and
heated at 70°C for 30 min. One milliliter of chloroform was added to the
mixtures, and lipids were extracted at 4°C overnight. One milliliter of
chloroform and 2 mL of KCl (1 m) were added to induce phase separation.
The aqueous layer was aspirated off, and the organic layer was washed
twice with 2 mL of 1 m KCl and once with deionized water (MilliQ UF plus).
The organic phase was collected and dried under nitrogen. Lipid classes
were separated by TLC (hexane:ethyl acetate:methanol, 60:40:5; v/v). Iden-
tification and quantification of radiolabeled lipids were performed by ra-
diometric scanning (Bioscan system 200 image scanner) and comigration
with known standards.

NAE Metabolism in Vivo

For radiolabeling experiments in vivo, seed coats were removed from
imbibed (4 h) seeds, which were then preincubated for 30 min with (or
without, dimethyl sulfoxide-only control) LOX inhibitor (5 �L of 16 mm
NDGA per seed) before application of radiolabeled NAE 18:2. Synthetic
NAE 18:2 (0.1 �Ci, 2.04 mCi�1 mmol) was applied in a small volume to each
seed. Imbibed seeds were incubated for various time periods in the dark on
moistened filter paper in 100- � 15-mm covered petri dishes. Radiolabeled
lipids were extracted and analyzed as described above.

Figure 8. Metabolism of [14C]NAE 18:2 in vivo by imbibing cotton-
seeds. Seed coats were removed from imbibing (4 h) seeds, which
were then incubated 30 min with (or without, dimethyl sulfoxide-
only control) LOX inhibitor (5 �L of 16 mM NDGA per seed) before
application of radiolabeled NAE 18:2 (0.1 �Ci seed�1, 2.04 mCi
mmol�1). Imbibed seeds were incubated on moist filter paper in
covered petri dishes for additional 1, 2, and 4 h in the dark. Lipids
were extracted and separated by TLC as described in “Materials and
Methods,” and distribution of radioactivity was evaluated by radio-
metric scanning (Bioscan system 200 image scanner). The data points
are means and SD of four replicates within a single experiment.
Additional experiments showed identical trends, although the effi-
ciency of incorporation of radiolabel varied somewhat from experi-
ment to experiment. Both oxylipin and FFA production increased
with time. The conversion of NAE 18:2 to NAE-oxylipin was reduced
by application of a classical LOX inhibitor, NDGA (see Fig. 2).
NDGA had some effect on production of FFA, as well. For clarity, the
amount of radioactivity in NAE 18:2 is not included but represented
nearly all of the remaining proportion of radioactive lipid.

Table IV. Summary of kinetic parameters of NAE utilizing
enzymes in cottonseed microsomes

Parameters were estimated by fitting the data in Fig. 8 to the
Michaelis-Menten equation (GraphPad Prism software, version 3.0).

Substrate Pathway Km Vmax

�M nmol h�1 mg�1

protein

NAE 16:0 AHase 83.43 1.62
NAE 18:2 AHase 73.65 2.97
NAE 18:2 NAE-LOX 69.91 11.82
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Spectrophotometric Assay of Lipid
Hydroperoxide Formation

Determination of LOX activity also was performed with a commercially
available lipid hydroperoxide (LPO) assay kit (catalog no. 705002, Cayman
Chemical, Ann Arbor, MI). For each assay, 80 nmol of NAE 18:2 was used
as substrate and incubated with crude extract for 1 h at 30°C with shaking
(110 rpm). The lipid peroxides that were formed were extracted from the
samples into chloroform and quantified by measuring A500 compared with
the standard lipid hydroperoxide (13-hydroperoxy octadecadienoic acid).
Lipid peroxide formation in imbibed cottonseed extracts was protein, tem-
perature, and NAE 18:2 dependent.

Identification of NAE Oxylipins by GC/MS

NAE-derived oxylipins were evaluated by GC/MS as previously de-
scribed (Van der Stelt et al., 2000), except lipids were reduced with NaBH4

instead of NaBD4. In brief, imbibed cottonseed cell fractions, prepared as
described above, were diluted 1:1 in 50 mm potassium phosphate buffer, pH
6, and incubated with 100 �m NAE 18:2 for 2 h at room temperature. Lipid
products were extracted, reduced with NaBH4, methylated, and trimethyl-
silylated before identification by GC/MS using the conditions described
previously (Van der Stelt et al., 2000).
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