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N-Acylethanolamines (NAEs) are members of the fatty acid amide family. The NAEs have been proposed
to serve as metabolic precursors to N-acylglycines (NAGs). The sequential oxidation of the NAEs by an
alcohol dehydrogenase and an aldehyde dehydrogenase would yield the N-acylglycinals and/or the NAGs.
Alcohol dehydrogenase 3 (ADH3) is one enzyme that might catalyze this reaction. To define a potential
role for ADH3 in NAE catabolism, we synthesized a set of NAEs and evaluated these as ADH3 substrates.
NAEs were oxidized by ADH3, yielding the N-acylglycinals as the product. The (V/K)app values for the
NAEs included here were low relative to cinnamyl alcohol. Our data show that the NAEs can serve as alco-
hol dehydrogenase substrates.

� 2010 Elsevier Inc. All rights reserved.
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Introduction

The fatty acid amide bond has long been recognized in nature,
dating back decades to the work defining the structure of the cera-
mides and sphingolipids [1,2]. N-Palmitoylethanolamine, CH3–
(CH2)14–CO–NH–CH2–CH2–OH, was the first non-sphingosine fatty
acid amide isolated from a biological source, egg yolk in 1957 [3].
Interest in the fatty acid amides burgeoned with the identification
of N-arachidonoylethanolamine (anandamide) as the endogenous
ligand for the cannabinoid receptors, CB1 and CB2, in the brain
[4]. We now know that a family of N-acylethanolamines, in addi-
tion to anandamide and N-palmitoylethanolamine, is found in
the brain and other tissues. Most of the N-acylethanolamines
(NAEs)2 seem to play important signaling roles in mammals [5–7].

We have proposed that two classes of fatty acid amides are
linked in a biosynthetic pathway, the N-fatty acylglycines and
the PFAMs [8,9]. Oxidative cleavage of the N-fatty acylglycines at
the Ca–N bond of the glycyl residue would yield the corresponding
PFAM and glyoxylate. In vitro studies have shown that this reaction
is catalyzed by peptidylglycine a-amidating monooxygenase,
(PAM, EC 1.14.17.3) with VMAX/KM values comparable to the pep-
tide precursor substrates [10]. In addition, elimination of PAM
activity in mouse neuroblastoma N18TG2 cells resulted in the accu-
mulation of N-oleoylglycine when these cells were grown in the
presence of oleic acid [9]. Previously, Bisogno et al. [11] had shown
that N18TG2 cells cultured in the presence of [1-14C]-oleic acid se-
ll rights reserved.
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; NAEs, N-acylethanolamines;
creted [1- C]-oleamide indicating that these cells must contain
the enzymatic machinery required for oleamide biosynthesis.
While our data support the hypothesis that the N-fatty acylglycines
are biosynthetic precursors for the PFAMs, other possible pathways
for the in vivo production of the PFAMs have been suggested, most
notably the nucleophilic attack of fatty acyl-CoA thioesters
by ammonia as catalyzed by cytochrome c [12]: CoA–S–CO–
R + NH3 ? R–CO–NH2 + CoA–SH.

Short-chain N-acylglycines like N-butyrylglycine, N-isovaleroyl-
glycine, and N-hexanoylglycine, are mammalian metabolites [13–
15]. Trace levels of longer-chain N-acylglycines, N-octanoylglycine,
and N-decanoylglycine, are known only from patients with a defi-
ciency in medium-chain acyl-CoA dehydrogenase [16,17]. Longer-
chain N-fatty acylglycines were unknown in mammals until the
isolation of N-arachidonoylglycine from bovine and rat brain
[18]. Since the discovery of N-arachidonoylglycine, there have been
other reports of mammalian N-fatty acylglycines: N-linoleoylgly-
cine, N-oleoylglycine N-palmitoylglycine, N-stearoylglycine, and
N-docosahexaenoylglycine [18–20]. Bradshaw et al. [20] also iso-
lated N-oleoylglycine from mice, consistent with our earlier work.
The known N-fatty acylglycines are widely distributed throughout
the body with the highest levels being found in the skin, lung,
spinal cord, liver, and kidney [19,20].

The identification of mammalian N-fatty acylglycines leads to
the question regarding the pathway(s) for their biosynthesis. One
possible pathway involves the conjugation of glycine to the fatty
acid via nucleophilic attack of the glycyl a-amino group at the car-
boxylate of the fatty acid. Huang et al. [18] and Bradshaw et al. [21]
demonstrate that this reaction does take place in the cell; however,
the details of the chemistry are undetermined. It seems unlikely the
glycine would be directly conjugated to a fatty acid, but instead
would involve nucleophilic attack of an activated fatty acid, an
acyl-CoA thioester being an obvious possibility. Acyl-CoA:glycine
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N-acyltransferase (ACGNAT or GLYATL) [22,23], bile acid-CoA:ami-
no acid N-acyltransferase (BAAT) [24], and cytochrome c [25] are all
enzymes which catalyze glycine conjugation to an acyl-CoA. For
each enzyme, there are in vitro studies suggesting that each could
produce N-fatty acylglycines from the corresponding N-fatty acyl-
CoA and glycine, but data conclusively validating their role in N-
fatty acylglycine biosynthesis in vivo are currently lacking. Other
possible activated fatty acids for attack by glycine could be a fatty
acid adenylate similar to the amino acid adenylates involved in
charging tRNAs or in the biosynthesis of mycothiol or a fatty acid
thioester linked to a cysteine in a carrier protein, similar to interme-
diates observed in fatty acid biosynthesis. Alternatively, the N-fatty
acylglycines might be produced by a novel N-acylglycine synthase
via the initial formation of an acyl-enzyme intermediate which is
subsequently attacked by a bound glycine. Such a novel N-acylgly-
cine synthase is consistent with data from Huang et al. [18] and
Bradshaw et al. [21] showing that fatty acids are directly conjugated
to glycine and could enable a decrease in the pKa of the glycyl a-
amino group in the enzyme active site to increase the nucleophilic-
ity of this moiety. Amino acid promiscuity by a novel N-acylglycine
synthase might account for the plethora of N-fatty acylamino acids
recently identified in mammalian brain by Tan et al. [26].

Another suggested pathway for the biosynthesis of the N-fatty
acylglycines is the sequential oxidation of the NAEs by a fatty alco-
hol dehydrogenase and fatty aldehyde dehydrogenase [27]. The
first evidence for this pathway to the N-fatty acylglycines was pre-
sented by Burstein et al. [28] showing that anandamide was con-
verted to N-arachidonoylglycine in cultured liver cells. More
recent work by Bradshaw et al. [21] in RAW 264.7 and C6 glioma
cells again showed that anandamide is oxidized to N-arachidonoyl-
glycine. Finally, Aneetha et al. [27] found that purified human alco-
hol dehydrogenase 4, hADH4, catalyzed the NAD+-dependent
oxidation of ananadamide in vitro and will dismutate the interme-
diate N-arachidonoylglycinal to N-arachidonoylglycine. These data
all strongly suggest that the NAEs can serve as precursors to the N-
fatty acylglycines. Intriguingly, data from Bradshaw et al. [21]
show that N-arachidonoylglycine is produced by both anandamide
oxidation and glycine conjugation to arachidonic acid in cultured
mammalian cells.

We report here, for the first time, that a series of NAEs are sub-
strates for alcohol dehydrogenase 3 from bovine liver (ADH3).
Alcohol dehydrogenase 3 enzymes are found in virtually all
eukaryotes and prokaryotes and represent the ancestral enzyme
from which all the other medium-chain ADHs originated [29].
NAEs from N-acetylethanolamine to anandamide are oxidized by
ADH3 with a general trend of the longer chain NAEs exhibiting
the highest V/K values. N-Benzoylethanolamine and other N-aryla-
cylethanolamines are also ADH3 substrates with N-(tBOC)-etha-
nolamine having the highest V/K value from this class of novel
ADH3 substrates. ADH3-mediated oxidation of the NAEs results
in the formation of the corresponding N-fatty acylglycinals show-
ing that ADH3 does not catalyze the dismutation of the acylglyci-
nals to the N-fatty acylglycine and NAE.
Materials and methods

Enzyme purification

Bovine liver ADH3 was purified following a procedure modified
from Pourmotabbed and Creighton [30]: ammonium sulfate pre-
cipitation (45–67%), DEAE cellulose chromatography, Mimetic Blue
II chromatography, and blue dextran agarose chromatography. The
Mimetic Blue II column replaced the NAD+-agarose chromatogra-
phy in the published procedure from Pourmotabbed and Creighton
[30]. Dialyzed sample containing partially purified ADH3 from the
DEAE cellulose column was loaded onto a Mimetic Blue II affinity
column (1.5 � 20 cm) that was previously equilibrated with
10 mM Tris–HCl pH 8.0 and 2 mM DTT. The column was washed
with the same buffer and flow rate was adjusted to 1 ml/min. Pro-
tein content of fractions was monitored by measuring absorbance
at 280 nm. Once the A280 was below 0.2, a linear gradient of 0–
20 mM NAD+ (total volume 200 ml) was applied to the column in
order to elute ADH3.

Fractions (4.0 ml) were assayed for ADH3 activity by measuring
NADH production spectrophotometrically at 340 nm, using cin-
namyl alcohol as the substrate. Assays were carried out in
100 mM glycine–NaOH pH 10.0, 5.0 mM cinnamyl alcohol, and
2.5 mM NAD+ at 37 �C. Note that 1 unit of ADH3 activity corre-
sponds to 1 lmol of NADH produced/min under these conditions.
NADH production was followed at 340 nm using a JASCO V-530
UV–Vis spectrophotometer. Crude enzyme fractions are known to
contain ADH1 and ADH2 and were, thus, evaluated in presence
of 3.0 mM pyrazole, a known inhibitor ADH1/ADH2 [31]. In addi-
tion to this, rates for controls without cinnamyl alcohol were sub-
tracted from those obtained in the presence of substrate to
eliminate false positives.

Fractions with the highest specific activity were analyzed for
purity using SDS–PAGE, and those containing only a single protein
band corresponding to the weight of an ADH3 subunit (�40 kDa)
were pooled together. Protein concentration of purified ADH3
was determined using the Bradford dye binding assay [32] and
the concentrated enzyme (6.5 mg/ml) was stored at �80 �C.

Synthesis of the NAEs

A number of N-acylethanolamines were available commercially
in high purity and these were obtained and used without further
purification. N-Arachidonoylethanolamine and N-linoleoylethanol-
amine were purchased from Cayman Chemical Company,
N-acetylethanolamine was obtained from Sigma–Aldrich, and
N-propionylethanolamine was purchased from TCI.

The remaining N-acylethanolamines included here were
synthesized by the addition of ethanolamine to the acid
chloride as described [33,34]. [1,2-13C]-N-Octanoylethanolamine,
CH3–(CH2)6–CO–NH–13CH2–13CH2–OH, was prepared similarly ex-
cept that commercially available [1,2-13C]-ethanolmine–HCl was
first neutralized with a 10-fold molar excess of triethylamine be-
fore the addition of octanoyl chloride. Purity and identity of syn-
thesized NAEs were confirmed by 1H and 13C NMR using a Varian
iNOVA 400 MHz NMR. The acid chlorides, ethanolamine, and
[1,2-13C]-ethanolamine–HCl were obtained from Sigma–Aldrich
and were used without further purification. Anhydrous CH2Cl2

was purchased from EMD.

Synthesis of the N-acylglycinals

N-Benzoylglycinal and N-octanoylglycinal were prepared using
a procedure slightly modified from Brown [35]. N-Acylglycinal
diethyl acetals were prepared by reacting aminoacetaldehyde
diethyl acetal with the corresponding acyl chlorides under
basic conditions. N-Benzoylglycinal and N-octanoylglycinal were
obtained by acid-catalyzed deprotection of the correspond-
ing N-acylglycinal diethyl acetals. The purity and identity of
the N-acylglycinal diethyl acetal intermediates and the desired
N-acylglycinals were confirmed by 1H and 13C NMR spectra ob-
tained on Varian iNova 400 MHz.

Spectrophotometric assay for the production of NADH

Kinetic constants for short- and medium-chain NAEs were
determined from initial reaction rates obtained by following
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NAD+ reduction to NADH as the increase in absorbance at 340 nm
(De340 = 6.22 � 103 M�1 cm�1) using a JASCO V-530 UV–Vis spec-
trophotometer. Reaction conditions were as follows: 100 mM gly-
cine–NaOH pH 10, 2.5 mM NAD+, and 15–30 lg/ml ADH3 in 1.0 ml
total reaction volume. NAE concentrations were between 0.1 KM

and 10 KM, and all assays were conducted at 37 �C. Glycine was
purchased from J.T. Baker, NAD+ was acquired from BioWorld,
and cinnamyl alcohol and 1-octanol were from Sigma–Aldrich.
All were used without further purification. Rates were normalized
using rate for 250 lM cinnamyl alcohol as the standard.

MTS-formazan assay for the production of NADH

Due to the low solubility of long-chain NAEs, a complete range
of kinetic assays at high [NAE] to determine steady-state kinetic
parameters (KM and VMAX) could not be performed. As the com-
pounds could only be assayed at relatively low concentrations
(<100 lM), the rates of NADH production were very low and could
not be confidently determined spectrophotometrically. Instead, a
more sensitive method for NADH detection was employed, cou-
pling the NADH production to the reduction of a tetrazolium dye
MTS ([3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium, inner salt) to the colored for-
mazan with kmax at 490 nm and e = 20,800 M�1 cm�1 at pH 9.5
[36]. Phenazinemethosulfate (PMS) was used as an intermediate
electron carrier.

NAEs with 10 or more carbon atoms in the acyl chain were all
assayed for ADH3 activity at the same concentration employing
the MTS-formazan assay. The assay conditions were as follows:
100 mM sodium pyrophosphate pH 9.5, 55 lM NAE, 2.5 mM
NAD+, 150 lM MTS, 8.25 lM PMS, 3.0% (v/v) DMSO, and 30 lg/
ml ADH3. Decanoyl and lauroylethanolamine were soluble enough
to allow the determination of KM and VMAX values as well. All reac-
tions were done at 37 �C and the initial rates were determined by
observing the increase in absorbance at 490 nm using a JASCO V-
530 UV–Vis spectrophotometer. Sodium pyrophosphate was ob-
tained from Fisher, MTS was purchased from Promega, and PMS
was obtained from TCI America. Rates for cinnamyl alcohol ob-
tained in this manner matched the rates obtained by following
NADH production at 340 nm. Rates were normalized against the
rate obtained for 250 lM cinnamyl alcohol as a standard.

Molecular modeling

The crystal structure of human ADH3 (PDB ID 1MP0) [37] was
used for grid-based ligand docking. All co-crystallized ligands
deemed superfluous for enzyme function were removed from the
crystal structure and polar hydrogen atoms were added using
AutoDockTools. Charges were then corrected for the requisite zinc
ions and bond orders corrected for the co-substrate, NAD+. The
receptor grid was prepared with a grid point spacing of 0.2 Å using
AutoGrid. The substrates of interest were then prepared using
AutoDockTools to define torsions, rotamers, and polar hydrogen
atoms. The ligands were then docked into the active site of ADH
using AutoDock 4.0 [38,39]. All default settings were utilized with
the exception of increasing the number of energy evaluations from
2.5 � 104 to 2.5 � 107.

Product characterization by HPLC

Separations were performed on an Agilent HP 1100, equipped
with a 4-channel solvent mixing system, a quaternary pump, and
a variable wavelength UV detector and were accomplished using
a Thermo-Scientific C18 column (4.6 � 250 mm) with the tempera-
ture fixed at 40 �C. N-Benzoylethanolamine, N-benzoylglycinal, and
N-benzoylglycine (hippurate) were separated using either a gradi-
ent of 50 mM sodium phosphate pH 6.0:CH3CN from 90:10 (v/v) to
95:5 (v/v) over 20 min, or isocratic mobile phase of 50 mM sodium
phosphate pH 6.0:CH3CN (90:10 v/v) and the analytes were de-
tected by monitoring the UV absorbance at 230 nm.

Cinnamyl alcohol, cinnamyl aldehyde, and cinnamic acid were
separated using a linear gradient of 50 mM sodium phosphate pH
6.0:CH3CN from 75:25 (v/v) to 40:60 (v/v) over 15 min and the
analytes were detected by monitoring the UV absorbance at
265 nm.

N-Benzoylethanolamine and N-benzoylglycinalsemicarbazone
were separated using a linear gradient of H2O:CH3CN from 70:30
(v/v) to 40:60 (v/v) over 20 min and the analytes were detected
by monitoring the UV absorbance at 210 nm.

Analysis by GC–MS

GC–MS analyses were performed using a Shimadzu QP5000
GC–MS equipped with a DB-5 (0.25 lm � 0.25 mm � 30 m) col-
umn. Compounds were extracted from reaction mixture using
either ethyl ether (cinnamyl alcohol and cinnamyl aldehyde) or
CH2Cl2 (N-benzoylethanolamine, N-benzoylglycinal, and N-benzo-
ylglycine). Aldehyde derivatization to PFB-oximes was done by dis-
solving the extracted and dried residue into 90 ll of CH3CN, adding
10 ll of 100 mM PFBHA (O-(2,3,4,5,6-pentafluorobenzyl)hydroxyl-
amine), and heating the solution at 60 �C for 60 min.

N-Benzoylglycine derivatization was done by dissolving the ex-
tracted and dried material in 100 ll of BSTFA (N,O-bis(trimethyl-
silyl)trifluoroacetamide), purging the solution with N2, and
heating the mixture for 15–20 min at 90 �C. Derivatized samples
(5–10 ll) were injected into the GC–MS in a splitless manner, with
injection temperature at 250 �C. The temperature program was
modified adapted from Merkler et al. [9]. Oven temperature was
raised from 55 to 150 �C, at a rate of 40 �C/min, held at 150 �C for
3.6 min, then raised to 300 �C at a rate of 10.0 �C/min, and finally
held at 300 �C for 1.0 min. Interface temperature between GC and
MS was 280 �C, and solvent cut time was 7–9 min. Peak identity
was established by comparison of retention times and mass spec-
tra with those of derivatized standards and library spectra.

Trapping of the N-acylglycinals with semicarbazide

In order to characterize the N-acylglycinal reaction products,
which are unstable at the reaction pH, semicarbazide was em-
ployed as an aldehyde-trapping reagent. Semicarbazide was added
in large excess (9–10 � substrate concentration) to the reaction
mix containing 100 mM sodium pyrophosphate pH 9.5, 3–5 mM
N-benzoylethanolamine, 2.5 mM NAD+, and 0.25–1.0 mg/ml
ADH3. Formation of N-benzoylglycinal semicarbazone was fol-
lowed by HPLC.

N-Acylglycinal semicarbazone characterization by 13C NMR

N-Octanoylglycinal semicarbazone was characterized by fol-
lowing the enzymatic oxidation of [1,2-13C]-N-octanoylethanol-
amine in the presence of semicarbazide by 13C NMR. The
presence of N-octanoylglycinal semicarbazone was established by
observing the reduction in intensity of the 13C labeled signals in
the substrate and the appearance of two 13C carbon signals consis-
tent with those of N-octanoylglycinal semicarbazone. Peak identity
was confirmed by comparison with 13C spectrum of synthesized
N-octanoylglycinal semicarbazone. Reaction conditions were as
follows: 50 mM sodium pyrophosphate pH 8.0, 2.5 mM [1,2-13C]-
N-octanoylethanolamine, 2.5 mM NAD+, 20 mM semicarbazide–
HCl, 10% (v/v) D2O, and 1.7 mg/ml ADH3. Reaction mix was incu-
bated at 37 �C, and 13C NMR spectra were taken after 24 and
48 h reaction time points. Control samples containing all the



Table 1
Kinetic constants for the ADH3-mediated oxidation of NAE substrates with acyl chains containing 2–12 carbon atoms.

Substrate

R N
H

O

OH

KM (mM) VMAX (lmol/min/mg) VMAX/KM (s�1 M�1)

N-Acetylethanolamine R@CH3 (4.5 ± 0.4) � 102 1.9 ± 0.059 2.7
N-Propionylethanolamine R@CH3CH2 79 ± 3.8 1.9 ± 0.026 15
N-Butyrylethanolamine R@CH3(CH2)2 46 ± 5.4 1.7 ± 0.052 23
N-Hexanoylethanolamine R@CH3(CH2)4 9.5 ± 0.36 1.6 ± 0.018 110
N-Octanoylethanolamine R@CH3(CH2)6 5.8 ± 0.38 1.5 ± 0.028 160
N-Decanoylethanolamine R@CH3(CH2)8 0.32 ± 0.029 0.57 ± 0.024 1.1 � 103

N-Lauroylethanolamine R@CH3(CH2)10 0.033 ± 0.0061 0.14 ± 0.0088 2.7 � 103

1-Octanol CH3–(CH2)6–CH2–OH 0.050 ± 0.0130 2.5 ± 0.16 3.2 � 104

Cinnamyl alcohol C6H6HC@CHCH2OH 0.035 ± 0.0033 4.0 ± 0.058 7.2 � 104
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reagents except for the enzyme were handled and analyzed in the
same manner. 13C NMR Spectra were collected using a Varian
iNova 400 MHz instrument.

Results and discussion

ADH3 purification

ADH3 was purified from bovine liver to �90% homogeneity and
exhibited specific activity of 0.53 U/mg. Molecular weight of ADH3
subunits, calculated based on the Rf values determined from the
SDS–PAGE was 38 kDa, which is in good agreement with previ-
ously determined values of 40–41 kDa [40].

Kinetics of ADH3-catalyzed NAE oxidation

A variety of aliphatic NAEs with acyl chain lengths varying from
2 to 20 carbons, as well as several aromatic NAEs were evaluated as
substrates for ADH3. All of the tested NAEs were found to be sub-
strates for ADH3, with KM values decreasing with increase in chain
length of the acyl substituent (Table 1). This indicates that increase
in substrate size leads to tighter binding to the enzyme, or rather
that small size impairs the ability to bind to the site tightly, which
is in agreement with known substrate preferences of ADH3 [41].
The values measured for the VMAX followed the same trend,
decreasing with increase in substrate size and hydrophobicity.
However, the decrease in KM values was more pronounced, result-
ing in overall increase in VMAX/KM values with increase in length of
the acyl chain length for the NAE substrates (Table 1). While ADH3
could catalyze the oxidation of all tested NAEs, their turnover val-
ues were low compared to cinnamyl alcohol, an ADH3 substrate
with a relatively high VMAX/KM value. Also included in Table 1 are
the steady-state kinetic values for the ADH3 mediated oxidation
of 1-octanol. 1-Octanol is a substrate used in the study of many
alcohol dehydrogenases and, thus, facilitaties the comparison of
the NAE kinetic data included here to earlier work.

Kinetic parameters, KM and VMAX/KM, could not be determined
for NAE substrates with acyl chains longer than 12-carbon atoms
(longer than N-lauroylethanolamine) due to low solubility and
Table 2
Kinetic constants for the ADH3-mediated oxidation of NAE substrates with acyl chains co

Substrate

R N
H

O

OH

N-Benzoylethanolamine R@C6H6

N-Phenylacetylethanolamine R@C6H5CH2

N-Benzyloxycarbonylethanolamine R@C6H5CH2O
N-(2-Phenoxyacetyl)ethanolamine R@C6H5OCH2

Cinnamyl alcohol C6H6HC@CHCH2OH
low reaction rates. A comparison of initial rates between two med-
ium-chain (N-decanoyl- and N-lauroylethanolamine) and several
long-chain NAEs at a single substrate concentration is shown in
Table S1 (Supplementary material). The initial rates of Table S1 fol-
low the general trend observed with short- and medium-chain
NAEs as the rates decrease with the increasing length of the acyl
chain (see Table 1).

The data in (Tables 1 and S1) were generated with NAEs com-
prised only of straight-chain saturated or unsaturated acyl chains.
We also found that NAEs containing a terminal benzene ring were
ADH3 substrates (Table 2). The VMAX/KM values obtained for the
NAE substrates of this class included here are low relative to cin-
namyl alcohol and are of the same magnitude determined for the
aliphatic acyl chain NAEs with acyl chain lengths of 4–8 carbons
(compare Table 2 to Table 1).

Molecular modeling of ADH3–NAE binding

NAE substrates with straight-chain, saturated acyl chains be-
tween 2 and 11 carbon atoms were docked into the human
ADH3 crystal structure using AutoDock 4.0 in order to evaluate
their relative binding energies. Sequence alignment of human
and bovine ADH3 using BLAST [42] shows that they share 94%
identity, with 98% of residues conserved, suggesting that the dock-
ing results obtained with the human enzyme are applicable to bo-
vine ADH3 as well. Relative binding energies of docked NAEs were
found to follow the same general trend as KM values, decreasing
with increase in chain length (Table 3), indicating that tighter bind-
ing to the enzyme is at least partly responsible for the observed KM

trend. Substrates were docked in the enzyme active site with hy-
droxyl group coordinating with the catalytic Zn(II), in the same
manner as other ADH3 substrates have been shown to bind
[40,43].

HPLC analysis of the ADH3-mediated oxidation of the NAEs

HPLC analysis of the ADH3-catalyzed oxidation of N-benzoy-
lethanolamine revealed the presence of peaks with retention times
consistent with N-benzoylglycine and N-benzoylglycinal (Fig. 1).
ntaining an benzyl ring.

KM (mM) VMAX (lmol/min/mg) VMAX/KM (s�1 M�1)

5.2 ± 0.52 0.36 ± 0.0098 44
3.9 ± 0.24 1.2 ± 0.026 200
2.3 ± 0.14 0.81 ± 0.014 220
6.3 ± 0.36 0.25 ± 0.0042 25
0.035 ± 0.0033 4.0 ± 0.058 7.2 � 104



Table 3
Comparison of the KM values to the calculated free energy of binding for selected
NAEs and cinnamyl alcohol.

Substrate KM (mM) Calculated free energy of
bindinga (kcal/mol)

N-Acetylethanolamine (4.5 ± 0.4) � 102 �3.72
N-Propionylethanolamine 79 ± 3.8 �4.14
N-Butyrlethanolamine 46 ± 5.4 �4.22
N-Hexanoylethanolamine 9.5 ± 0.36 �4.34
N-Octanoylethanolamine 5.8 ± 0.38 �4.31
N-Decanoylethanolamine 0.32 ± 0.029 �4.34
N-Lauroylethanolamine 0.033 ± 0.0061 �4.06
N-Benzoylethanolamine 5.2 ± 0.52 �4.58
Cinnamyl alcohol 0.035 ± 0.0033 �4.68

a Binding energies values were calculated using Autodock 4.0, and have a stan-
dard error of about ± 2.5 kcal/mol [39].
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N-Benzoylglycine and N-benzoylglycinal are the two possible
products of the enzymatic oxidation of N-benzoylethanolamine.
However, Svensson et al. [44] found that ADH3 does not catalyze
aldehyde dismutation suggesting that N-benzoylglycinal should
be produced upon the ADH3-mediated oxidation of N-benzoyleth-
anolamine. Incubation of N-benzoylglycinal under the conditions
used for ADH3 catalyzed reactions (2.5 mM NAD+, pH 9.5–10) in
the absence of ADH3 showed low rates of non-enzymatic aldehyde
dismutation to N-benzoylglycine and N-benzoylethanolamine
(data not shown). Incubation of ADH3 with N-benzoylglycinal un-
der identical conditions does not significantly increase the rate of
aldehyde dismutation (Supplementary material, Fig. S1). HPLC
analysis of ADH3-catalyzed oxidation of cinnamyl alcohol, a sub-
strate with a VMAX/KM that is �1600 higher than that of N-benzoy-
lethanolamine, yields only a peak with a retention time consistent
with cinnamyl aldehyde (Fig. 2). These data further suggest that
the ADH3-catalyzed products of NAE oxidation are the N-acylglyc-
inals, and that the observed N-acylglycines are produced via slow
non-enzymatic aldehyde dismutation.

GC–MS characterization of the products generated by ADH3

Our HPLC results strongly suggest that products of the ADH3-
mediated oxidation of the NAEs are the corresponding N-acylglyc-
inals. However, comparison of HPLC retention times is not defini-
tive as there is always the possibility that another compound has
a similar retention time. We used GC–MS to further characterize
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Fig. 1. HPLC analysis of the ADH3-catalyzed oxidation of N-benzoylethanolamine. Reactio
6.0 mM N-benzoylethanolamine, and 2.4 mg/ml ADH3. HPLC analysis was performed af
from NAD+ that formed during prolonged incubation at high pH. A peak with the same
buffer.
the products generated from the NAEs by ADH3. In order to test
the validity of this approach, we first used GC–MS to characterize
the cinnamyl alcohol reaction product. Derivatization of cinnamyl
alcohol reaction extract with PFBHA gave two peaks detected by
GC–MS, whose retention times and fragmentation patterns were
consistent with those for two isomers of cinnamyl aldehyde PFB-
oxime (Fig. 3), confirming that the reaction product is cinnamyl
aldehyde. However, applying the same method to characterize N-
benzoylglycinal observed by HPLC proved unsuccessful. Although
the derivatized standard for N-benzoylglycinal-PFB-oxime was
successfully characterized using GC–MS, this compound could
not be detected by GC–MS in the reaction extracts. This can be
attributed to the very low turnover rates of N-benzoylethanol-
amine oxidation compared to cinnamyl alcohol oxidation (Table 2),
as well as to the tendency of N-benzoylglycinal to undergo
non-enzymatic oxidation to N-benzoylglycine under the reaction
conditions. Derivatization of the N-benzoylethanolamine reaction
extract with BSTFA resulted in detection of N,O-di-TMS-N-benzoyl-
glycine, confirming that the peak observed by HPLC is
N-benzoylglycine.
13C NMR characterization of the products generated by ADH3

In order to detect and characterize the unstable N-acylglycinal
product, a well-known aldehyde-trapping reagent, semicarbazide,
was added to the reaction mixture. Semicarbazide readily reacts
with aldehydes and ketones to form semicarbazones. HPLC analy-
sis of N-benzoylethanolamine reaction containing semicarbazide
revealed a peak consistent with the peak for N-benzoylglycinal
semicarbazone standard (Fig. 4). Note that the peak consistent
with N-benzoylglycine is not seen in the chromatogram. Further
characterization of the semicarbazone derivative was attempted
by LC–MS and GC–MS, but proved unsuccessful.

To better characterize the putative N-acylglycinal semicarba-
zone species detected by HPLC, the ADH3 reaction was analyzed
by 13C NMR for which the substrate was [1,2-13C]-N-octanoyletha-
nolamine. ADH3 treatment of [1,2-13C]-N-octanoylethanolamine
reaction showed a total of 4 different 13C signals – two that
matched those for the substrate, at 41 and 60 ppm, and two new
13C signals, at 40 and 143 ppm (Fig. 5). The chemical shifts of the
two new signals match those of the corresponding carbon atoms
in the N-octanoylglycinal semicarbazone standard, providing
strong confirmation that the product of the ADH3 catalyzed
14.21

12.85

10.0 12.5 15.0 17.5 20.0

(minutes)

COOH

N
H

O

OH

N-Benzoylethanolamine
N
H

O

CHO

nzoylglycinal

n conditions were as follows: 100 mM sodium pyrophosphate pH 9.5, 2.5 mM NAD+,
ter 36 h of reaction time. The peak with a retention time of 3.918 min was derived
retention time was also observed in the control sample containing only NAD+ and



2.
5

NAD+/NAD

10
.8

13
.4

0 2 4 6 8 10 12 14 16 18

Time (minutes)

3000

2000

1000

0

A
bs

or
ba

nc
e 

at
 2

65
 n

m
 

(a
rb

it
ra

ry
 u

ni
ts

)

OH

Cinnamyl
alcohol

Cinnamyl
aldehyde

H

O

Fig. 2. HPLC analysis of the ADH3-catalyzed oxidation of cinnamyl alcohol. Reaction conditions were as follows: 100 mM sodium pyrophosphate pH 9.5, 2.5 mM NAD+,
1.75 mM cinnamyl alcohol, and 5.0 lg/ml ADH3. HPLC analysis was performed after 45 min of reaction time.

162 M. Ivkovic et al. / Archives of Biochemistry and Biophysics 506 (2011) 157–164
oxidation is N-octanoylglycinal. Repeating the experiment in the
absence of semicarbazide resulted in appearance of 13C signals
consistent with those of N-octanoylglycine. This result was consis-
tent with our HPLC experiments, which showed that N-benzoyl-
glycinal is non-enzymatically oxidized to N-benzoylglycine at
basic pH. Control sample with no ADH3 present showed only the
two substrate peaks, confirming there was no detectable oxidation
of N-octanoylethanolamine through non-enzymatic chemistry.
Conclusions

The data presented here demonstrate the N-fatty acylethanola-
mines can serve as substrates for ADH3 being oxidized to the N-
fatty acylglycinals. In contrast to other alcohol dehydrogenases
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[44,45], ADH3 does not catalyze aldehyde dismutation and, thus,
does not catalyze the conversion of N-acylglycinals and cinnamyl
aldehyde to the corresponding carboxylate. This result agrees with
earlier data from Svensson et al. [44] that human ADH3 does not
convert butanal to butyric acid. The relatively low VMAX/KM values
measured for the ADH3-catalyzed oxidation of the NAEs suggests
that it is unlikely that this enzyme plays a significant role in con-
version of NAEs to N-acylglycinals in vivo. Nevertheless, our find-
ings coupled with the work of Aneetha et al. [27] showing that
ADH4 is capable of catalyzing the conversion of anandamide to
N-arachidonoylglycinal and N-arachidonoylglycine, validate the
dehydrogenase-mediated oxidation of the NAEs is a plausible path-
way to the NAGs and PFAMs in vivo. Recent work from Bradshaw
et al. [21] does show that anandamide is a precursor to N-arachido-
noylglycine in RAW 264.7 and C6 glioma cells. The ADH4-mediated
ldehyde O-PFB-oximes
and E-isomers)
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oxidation of anandamide is relatively slow hinting that another en-
zyme may catalyze NAE oxidation in vivo. In this regard, further
studies on ADH5 and ADH6 assessing the possibility of their
involvement in NAE metabolism could be revealing, as these two
alcohol dehydrogenases are poorly investigated to date. The possi-
bility that fatty aldehyde dehydrogenases could function in the
oxidation of N-fatty acylglycinals to N-fatty acylglycines also war-
rants further investigation.
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