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Abstract
The lipoamino acids and endovanilloids have multiple roles in nociception, pain, and inflammation,
yet their biological reactivity has not been fully characterized. Cyclooxygenases (COXs) and
lipoxygenases (LOs) oxygenate polyunsaturated fatty acids to generate signaling molecules. The
ability of COXs and LOs to oxygenate arachidonyl-derived lipoamino acids and vanilloids was
investigated. COX-1 and COX-2 were able to minimally metabolize many of these species. However,
the lipoamino acids were efficiently oxygenated by 12S- and 15S-LOs. The kinetics and products of
oxygenation by LOs were characterized. Whereas 15S-LOs retained positional specificity of
oxygenation with these novel substrates, platelet-type 12S-LO acted as a 12/15-LO. Fatty acid
oxygenases may play an important role in the metabolic inactivation of lipoaminoacids or vanilloids
or may convert them to bioactive derivatives.
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Introduction
Cyclooxygenases (COXs) and lipoxygenases (LOs) are key enzymes involved in the
metabolism of arachidonic acid and its derivatives. These enzymes are involved in the synthesis
of prostaglandins, thromboxanes, and lipid hydroperoxides, molecules with important
functions in cell differentiation, inflammation, and angiogenesis [1-3]. COXs and LOs also
have been implicated in the termination of endocannabinoid signaling via degradation of
arachidonyl ethanolamide (AEA) and 2-arachidonyl glycerol (2-AG) [4].

COX primarily catalyzes the bis-dioxygenation of arachidonic acid to yield the
hydroperoxyendoperoxide prostaglandin G2 (PGG2), which is subsequently reduced to the
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hydroxyendoperoxide prostaglandin H2 (PGH2) [5].The two isoforms of COX, designated
COX-1 and COX-2, catalyze the same reaction of arachidonic acid but differ in their substrate
specificities. Of particular interest is the ability of COX-2, but not COX-1, to metabolize a
variety of ester and amide derivatives of arachidonate including AEA, 2-AG, and the lipoamino
acid, N-arachidonyl glycine (NAGly) (Fig. 1) [4,6,7].

LOs catalyze the regio- and stereospecific incorporation of a single molecule of dioxygen into
polyunsaturated fatty acids, generating lipid hydroperoxides that can be further reduced to the
corresponding hydroxy species [8]. LOs are distinguished by the position and stereochemistry
of oxygen addition to arachidonic acid [9]. The substrate specificities for LO classes vary
significantly [8]. To date, two isoforms of mammalian 12S- and 15S-LOs have been
characterized. The platelet-type 12-LO (pl12-LO) primarily metabolizes C20 fatty acids; it can
also oxygenate 6, 9,12-octadecatrienoic and 4, 7, 10, 13, 16, 19-docosahexaenoic acids, albeit
less efficiently than arachidonic acid [10-12]. In contrast, the leukocyte 12-LO (lk12-LO) is
more promiscuous and shares significant sequence similarity and substrate specificity with 15-
LO-1. Though two 12S-LO genes have been characterized in humans, these correspond to the
pl12-LO and a pseudogene thought to arise from gene duplication [13]. It is predicted that 15-
LO-1 is the human homologue of lk12-LO [9]. 15-LO-1 and lk12-LO metabolize a range of
C18, C20, and C22 fatty acids [11,14,15]. Notably, 15-LO-1 and lk12-LO are able to oxygenate
polyunsaturated fatty acyl groups of phospholipids, as well as the ester and amide derivatives
2-AG and AEA [16-21]. In contrast, pl12-LO metabolizes these substrates much less
efficiently, if at all. 15-LO-2, homologous to murine 8S-LO, only shares about 40% sequence
identity with 12S-LOs and 15-LO-1 [22,23]. Extensive studies on substrate specificity of 15-
LO-2 are not available, but it does metabolize arachidonic acid, a C20 fatty acid, more
efficiently than linoleic acid, a C18 substrate [22]. 15-LO-2 can utilize 2-AG and AEA to a
similar extent to arachidonic acid [21].

Recently, several amide conjugates of arachidonic acid have been discovered in vivo that
exhibit interesting biological activities. The lipoamino acids N-arachidonyl glycine (NAGly)
N-arachidonyl alanine (NAla), and N-arachidonyl-γ-aminobutyric acid (NAGABA) [Fig. 1]
have been isolated from mammlian tissues, and NAGly and NAGABA suppress tonic pain
inhibition via cannabinoid receptor-independent pathways [24]. A number of fatty acid-derived
vanilloids have been synthesized, and some have been isolated from tissues [25-27]. The
vanilloids are structurally similar to capsaicin, a potent activator of the vanilloid receptor
VR1 [28]. Though initially characterized as a cannabinoid receptor CB1 ligand [26], N-
arachidonyl dopamine (NADA) interacts with the vanilloid receptor VR1, and, to some extent,
fatty acid amide hydrolase to exert multiple biological effects including vasorelaxation and
nociception [26,27,29]. With the exception of NAGly, the enzymatic peroxidation of these
lipids has not been studied; therefore, we have investigated the ability of lipoamino acids to
act as substrates for COXs and LOs. We demonstrate that these are indeed metabolized by
COX-2, 15-LO-1, 15-LO-2, lk12-LO, and, notably, pl12-LO. We further show that NADA
acts as a competitive inhibitor of pl12-LO in vitro. These investigations highlight potential
interactions of neuroactive fatty acid amides with enzymes responsible for lipid peroxidation.

Materials and Methods
Reagents

Arachidonic acid was purchased from Nu Chek Prep (Elysian, MN). OMethyl-N-arachidonyl
dopamine (OMDA) was synthesized by standard carbodiimide coupling. All other arachidonyl
derivatives were purchased from Cayman Chemical (Ann Arbor, MI). Ram seminal vesicles
were purchased from Oxford Biomedical Research (Oxford, MI), and oCOX-1 was purified
as previously described [30]. Expression of mCOX-2 was performed with baculovirus reagents
from BD Biosciences (San Diego, CA). Human 15-LO-2 (h15-LO-2) was expressed in
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bacteria. Purification procedures for mCOX-2, h15-LO-2, and human platelet 12-LO (pl12-
LO) were described previously [7,18,31]. All of the expressed proteins were over 95% pure
by SDS-PAGE staining and analysis, except for h15-LO-2, which was 70% pure. Rabbit
reticulocyte 15-LO-1 (r15-LO-1) and human 5-LO (h5-LO) were purchased as cell lysates
from Calbiochem (La Jolla, CA) and Cayman Chemical (Ann Arbor, MI), respectively. All
other chemicals were obtained from Sigma/Aldrich (St. Louis, MO).

COX Activity Assay
Quantification of cyclooxygenase activity was performed in a thermostatted cuvette at 37° C
and monitored using a polarographic electrode with a YS5300 oxygen monitor (Yellow Springs
Instrument Co. Inc., Yellow Springs, OH). All substrates were solubilized in dimethyl
sulfoxide (DMSO). Activity assays were performed in 100 mM Tris-HCl buffer containing
500 μM phenol, with hematin-reconstituted protein (50 nM). Maximal reaction velocity data
were obtained from the linear portion of the oxygen uptake curves, and normalized to the
metabolism rate of arachidonic acid.

LO Activity Assay
LO activity was detected by monitoring the absorbance of the conjugated diene product at 236
nm. UV assays were monitored using a Hewlett Packard 8453 diode array spectrophotometer
equipped with a thermostatted cuvette at 25° C, with stirring at 180 rpm. The enzyme reactions
included reaction buffer [50 mM Tris-HCl (pH 7.4) with 0.03% Tween-20] and substrate, and
were initiated by the addition of enzyme (r15-LO-1 - 3.7 μg/ml, h15-LO-2 - 170 μg/ml, and
pl12-LO - 2 μg/ml). Compounds were dissolved in acetonitrile (ACN) containing 1% acetic
acid before addition to the reaction buffer; ACN was kept below 1% reaction volume (2 ml).
For the initial metabolism screen, compounds were diluted to a final concentration of 25 μM.
To determine Michaelis-Menten kinetic parameters the concentration of substrate was varied
(1-50 μM). Maximal reaction velocity data were obtained from the linear portion of the
absorbance curves, and the data were analyzed by nonlinear regression with Prism 4.0
(GraphPad Software, San Diego, CA).

LO Product Identification
HpETE-Gly and -GABA regiochemistry was established by mass spectrometry [32].
Incubations of 10 μg of purified LO and 10 μg of NAGly or NAGABA (37° C, 10 min) in 50
mM Tris-HCl (pH 7.4) with 0.03% Tween-20 were conducted then terminated with an equal
volume of methanol. Samples were centrifuged at 14,000 rpm for 10 min at 4 °C and then
passed through a 0.22 μm Costar Spin-X filter. Reactions were adjusted to pH 3 and extracted
two times with five volumes of ethyl acetate. Aliquots were removed and dried under a stream
of argon. Samples were prepared for mass spectral analysis by reconstitution in 1:1
MeOH:H2O containing 70 μM silver acetate. Mass spectral analysis was performed by directly
infusing the samples (flow rate = 20 μl/min) into a Finnigan TSQ 7000 triple quadrupole mass
spectrometer equipped with an electrospray ionization source and operated in the positive ion
mode. The TSQ 7000 was set to the following parameters: Capillary Temperature = 200 °C;
Capillary Voltage = 25.3 V; Tube Lens Voltage = 97.4 V; Spray Voltage = 5 kV; Sheath Gas
= 75 psi; Auxiliary Gas = 10 (no units). Silver ion coordination resulted in the observation of
two [M + Ag]+ ions, due to the natural isotopic abundance of silver [107Ag (52%) and 109Ag
(48%)]. Collision induced dissociation of the precursor ion [M + 107Ag]+ for NAGly (m/z =
500) and NAGABA (m/z = 528) were accomplished with argon as collision gas at 1.8 mtorr
and an ion current of -15 eV in the second quadrupole. Data collected for selected reaction
monitoring experiments were processed with Xcalibur (Finnigan, San Jose, CA).
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HPLC-UV Analysis of LO products
Samples were prepared as described above for LO product identification by MS and
resuspended in 1:1 acetonitrile:H2O with 0.1% acetic acid. High performance liquid
chromatography (HPLC) was conducted on a Waters Alliance 2690 Separation Module using
a Supelco C18 column (15.0 × 0.21 cm, 3 μm) heated at 40°C. Isocratic separation was achieved
with a mobile phase of 70% water in acetonitrile with 0.1% acetic acid at a flow rate of 0.2
mL/min. Analytes were detected at 204 and 236 nm by a Waters 2487 Dual Wavelength
Absorbance Detector.

LO Inhibition Assay
Reactions were performed under conditions similar to those described for the LO activity assay.
The substrate concentration was kept constant at 20 μM from a stock of substrate in ACN with
1% acetic acid. Substrate and inhibitor (1 nM - 10 μM) were combined in reaction buffer before
the initiation of the reaction by addition of enzyme. Reaction velocities were determined from
the linear portion of the absorbance curves, normalized to ACN control, and plotted against
inhibitor concentration. IC50 values were determined with Prism 4.0 using non-linear
regression to a sigmoidal dose response curve.

Multiple Sequence Alignment
Multiple sequence alignment and analyses were performed using the programs AMPS and
AMAS [33,34].

Results
Oxygenation of arachidonyl derivatives by COX

NAGly is selectively oxygenated by mCOX-2 but not oCOX-1 [7]. The ability of COXs to
utilize other lipoamino acids, NAla and NAGABA, was examined. Both NAla and NAGABA
were oxygenated by mCOX-2, though at modest rates compared to arachidonic acid (Table 1).
oCOX-1 metabolized NAla and NAGABA but the extent of conversion was lower than for
mCOX-2. Furthermore, mCOX-2 utilized NADA and its derivatives, OMDA and arvanil, as
substrates, though these were less than 10% as active as arachidonic acid. Metabolism of the
vanilloids by oCOX-1 was negligible.

Oxygenation of arachidonyl derivatives by LOs
The metabolism of the lipoamino acids and the vanilloids by LOs was characterized by
monitoring conjugated diene formation via UV absorption at 236 nm. At a substrate
concentration of 25 μM, NAGly, NAla, and NAGABA were oxygenated by LOs at rates
comparable to arachidonic acid (Table 1). The most notable difference was metabolism of
NALA by lk12-LO, which was oxygenated at a rate less than 60% of arachidonic acid. In
contrast, the vanilloids served as poor substrates for mammalian LOs, if they were utilized at
all (Table 1). OMDA was not metabolized by any of the LOs examined. NADA and arvanil
were oxygenated by r15-LO-1 at rates approximately one-quarter that of arachidonic acid.
Minimal metabolism of NADA (<10% compared to arachidonic acid) was observed with lk12-
LO; however, arvanil was not oxygenated by lk12-LO. h15-LO-2 and pl12-LO exhibited no
appreciable activity toward any of the vanilloids.

Kinetics of lipoamino acid oxygenation by LOs
Mammalian LO enzymes were incubated with varying concentrations of substrate in order to
determine vmax and Km. The kinetic parameters determined for each enzyme with arachidonic
acid were in agreement with values reported in the literature [2,35-37]. Notably pl12-LO
exhibited very similar kinetic parameters for the lipaomino acids and arachidonate. For lk12-
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LO, Km was the same for the lipoamino acids and arachidonic acid, but modest reductions in
the maximal rate of reaction were observed (Table 2). The most prevalent difference was seen
with NALA. Alterations in vmax resulted in a 50% decrease in efficiency for lipoamino acid
metabolism as compared to arachidonic acid. Similarly, r15-LO-1, which shares significant
sequence identity with lk12-LO, exhibited approximately 50% decrease in efficiency for the
lipoamino acids in comparison with arachidonic acid. However, reductions in efficiency for
r15-LO-1 were attributable to increases in Km. Kinetics of oxygenation of the lipoamino acids
by h15-LO-2 were similar to arachidonic acid in all cases.

Lipoamino acid oxygenated product identification
The products of NAGly and NAGABA metabolism by pl12-LO and 15-LOs were characterized
using mass spectrometry. Collisional induced dissociation of [M+107Ag]+ produces Hock
fragmentation of lipid hydroperoxides that are coordinated by silver cation, which was used to
determine regiochemistry of substrate oxygenation [32]. Surprisingly, three major ions were
observed from the reaction of pl12-LO with NAGly or NAGABA (Fig. 2A, B). The
predominant ion corresponded to addition of two oxygen atoms to substrate, representing
HpETE-Gly (m/z = 500) or HpETE-GABA (m/z = 528). The other major ions corresponded to
losses of 100 and 140, which indicate peroxidation at C-15 and C-12 respectively (Fig. 3).
Analysis by HPLC-UV revealed that the 12- and 15-hydroperoxy products were formed in
approximately equal quantities, both with NAGly and NAGABA (Fig. 4).

The reactions of r15-LO-1 and h15-LO-2 with NAGly and NAGABA gave similar results (Fig.
2C-F). For both substrates, the major ion corresponded to addition of two oxygen atoms,
suggesting the formation of HpETE-Gly or −GABA. The product of fragmentation resulted
from a mass loss of 100, indicating peroxidation predominantly at C-15 (Fig. 3).

LO inhibition by NADA
Catechols and compounds containing phenolic groups have been reported to inhibit pl12-LO
activity [38-41]. Given the structure of the vanilloids and their minimal oxygenation by pl12-
LO, the ability of these compounds to inhibit pl12-LO was determined. NADA inhibited
arachidonic acid metabolism with an IC50 of 150 ± 5 nM. However, metabolism was attenuated
less than 40% by OMDA and less than 30% by arvanil.

Discussion
The lipoamino acids and endovanilloids exhibit interesting biological activities [42,43]. A few
targets of the lipoamino acids and endovanilloids have been identified, but for the most part,
their mechanisms of action and regulation remain unclear. The current studies were initiated
to characterize the interaction of novel arachidonyl derivatives with important lipid-oxidizing
enzymes, COXs and LOs.

COX-2 metabolizes ester and amide derivatives of arachidonic acid, whereas these are poor
substrates for COX-1 [4,6,7,44]. In agreement with a previous report, COX-2 was able to
metabolize NAGly at a rate approximately 40% of that for arachidonic acid [7]. Substitution
of a methyl group α to the amide (NAla) reduces substrate metabolism by approximately 10%,
whereas insertion of two additional carbons between the carboxylate and the amide
(NAGABA) reduces the oxygenation by 20%. Previous mutagenesis studies have
demonstrated that Arg-120, Glu-524, and Arg-513 play critical roles in the binding of AEA,
2-AG, and NAGly [7,44,45]. Based upon these findings and the crystal structure of the
productive conformation of arachidonate bound to COX-1, models of binding of these
substrates to COX-2 have been developed. The model of NAGly binding to COX-2 predicts
that the amide carbonyl oxygen will project between Arg-120 and Tyr-355, while the
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carboxylate forms an ionic bond with the guanidinium of Arg-513 [7]. This proposed binding
mode might also explain the alteration in substrate specificity induced by subtle structural
changes. Extension of the chain length between the amide and the carboxylate or even a small
substitution α to the amide would likely restrict the conformation of the chain and possibly
perturb ligand-protein interactions. Similarly, the steric bulk of the vanilloids is prohibitive to
metabolism by COX. It is likely that the vanilloids cannot participate in the stabilizing
interactions predicted for NAGly with COX-2 and therefore must adopt an alternative
conformation that is unfavorable for catalysis, if they bind at all.

The 12S- and 15-LOs can efficiently utilize the lipoamino acids as substrates. Typically lk12-
LO and r15-LO-1 are tolerant to changes in substrate structure and are even able to metabolize
polyunsaturated fatty acyl chains of phospholipids [16,17]. However, lk12-LO and r15-LO-1
exhibit reductions in metabolism of the lipoamino acids, as compared to arachidonic acid. In
contrast, pl12-LO and h15-LO-2 are able to utilize arachidonyl amino acids with equal or better
efficiency than arachidonate. Metabolism of lipoamino acids by pl12-LO is particularly
striking in the context of this enzyme’s substrate specificity. Although human platelets and
purified pl12-LO will oxygenate the endocannabinoid arachidonyl ethanolamide, it is utilized
much less efficiently than arachidonic acid [19,20].

The fidelity for oxygen insertion can vary for LO isoforms. Although 15-LO-1 generates 15-
HETE as its predominant product, it will oxygenate arachidonate at C-12, producing 10-20%
12-HETE [46]. In contrast, oxygen insertion is more tightly controlled by 15-LO-2 and pl12-
LO, which produce a single HETE isomer almost exclusively [22,47]. Modification of the
carboxylate group of arachidonic acid might alter substrate binding to LOs and thus the
regiochemistry of oxygen addition. The product regiochemistry was characterized by MS/MS
for HETE-Gly and –GABA (Fig. 2 and 3). The positional specificity of oxygenation is retained
for r15-LO-1 and h15-LO-2, indicating that binding orientation of the arachidonyl chain is not
significantly altered by modification of the carboxylic acid. However, pl12-LO acts upon the
arachidonyl amino acids as a 12/15-LO.

Based upon mutagenesis and the crystal structure of r15-LO-1, a “tail first” orientation for
substrate binding has been proposed for pl12-LO, r15-LO-1 and h15-LO-2 (Fig. 5)[48,49]. In
this model, the methyl end of the substrate binds in a long hydrophobic channel with the
carboxylic acid interacting with a charged residue, proposed to be Arg-403 in r15-LO-1 [49,
50]. The volume of the active site at the methyl end of the substrate defines how far the substrate
can penetrate and thus, the position of oxygenation. In 15-LO-1, substitution of valine for
Met-419 enlarges the pocket and shifts the product profile toward 12-HETE. Mutation of
additional residues (Q417K/I418A) in conjunction with M419V increases the active site
volume further and creates a functional 12-LO [49]. Though the model of substrate binding is
similar for 15-LO-2, two distinct Asp-602 and Val-603 are key determinants of positional
specificity for this enzyme (Fig. 5)[51]. This model of substrate binding would predict retention
of positional specificity for both 12S- and 15S-LOs, regardless of modification of the carboxylic
acid moiety of the substrate. While this is the case for 15-LO-1 and 15-LO-2, it does not account
for the dual specificity of pl12-LO.

The importance of Arg-403 for substrate binding remains unclear. Mutation of this residue to
leucine in r15-LO-1 results in a significant loss of activity toward arachidonic and linolenic
acids but not their methyl esters [50]. However, substitution of lysine at this position is only
able to partially rescue activity. Furthermore, h15-LO-2 has a leucine at the corresponding
position, yet it is still capable of metabolizing arachidonic acid. This study raises further
questions regarding critical determinants for binding of the substrate’s head group by 12S- and
15S-LOs. Whereas r15-LO-1 exhibits a loss of activity with the lipoamino acids, h15-LO-2 is
able to metabolize these substrates as efficiently as arachidonic acid, possibly indicative of a
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stabilizing interaction beyond the defined binding site of arachidonic acid. The dual specificity
exhibited by pl12-LO with the arachidonyl amino acids further support this thought. Assuming
that Arg-402 (analogous to Arg-403 of r15-LO-1) coordinates the carboxylic acid of
arachidonic acid, then the same placement of NAGly would allow for hydrogen bonding
between the substrate amide and Arg-402, hydrogen abstraction at C-10 and subsequent
oxygenation at C-12, giving rise to 12-HETE-Gly (Fig. 5). However, to generate 15-HETE-
Gly, NAGly must slide out of the active site to position C-13 at the iron center for hydrogen
abstration. For this to occur, the interaction of the amide with Arg-402 must be disrupted. Yet
arachidonyl amino acids are efficient substrates for pl12-LO, and pl12-LO generates a
significant amount of the 15-isomer. There is likely an additional stabilizing interaction at the
head group that has yet to be identified.

It is interesting to consider these results in the context of the recent structure of the 8RLO
derived from a fusion protein with an allene-oxide synthase in the soft coral Plexaura
homomalla [52]. Although the 8R-LO shares less than 35% sequence identity with mammalian
12- and 15-LOs, the backbones of 8R-LO and r15-LO-1 can be superimposed within 1 Å
RMSD. Furthermore it is proposed that arachidonic acid binds in the same orientation in 8R-
LO and 12SLO, with C-10 positioned for hydrogen abstraction by the iron center; in this
comparison, the positional and stereochemical specificities are controlled by Gly-427 in 8R-
LO and Ala-404 in 12S-LO, with the methyl group blocking access of O2 to C-8 in 12S-LO
[53]. Based upon modeling with 8R-LO, the carboxylate of arachidonic acid is proposed to
interact with Arg-183 [52]. The corresponding region in the r15-LO-1 structure is disordered,
though this is very possibly an artifact of crystal packing rather than an element of intrinsic
protein structure. Multiple sequence alignment of the coral 8R-LO with mammalian LOs
indicates that there is not a corresponding arginine in either the 12- or 15-LOs. However, human
and murine 12S-LOs possess a conserved lysine in this region (residue 179 in pl12-LO), which
is not present in 15-LOs. There are two asparagine residues and a glutamine residue in this
region of h15-LO-2, which might be able to contribute hydrogen bonds to substrates. Further
study is required to characterize the importance of these residues in 12S-LOs and 15-LO-2.

The ability of COX-2 and LOs to oxygenate lipoamino acids potentially has important
implications in vivo. COXs and LOs are expressed in tissues where these lipids can be found
and are involved in many of the same signaling pathways as the lipoamino acids and vanilloids.
While NAGly and NAGABA do exhibit anti-inflammatory and anti-nociceptive effects in
mammals [24], it is unclear if these effects are due to the parent lipid or some metabolite.
Further studies are required to determine if the lipoamino acids are oxygenated in vivo and
what functions the oxygenated products might serve.

Previous findings indicate that oxidation of the arachidonyl moiety of NADA is not a major
pathway of inactivation for the endovanniloid [27]. As with the COXs, the LOs were unable
to efficiently oxygenate the vanilloids, if they were able to metabolize them at all. However,
in agreement with several studies reporting on the ability of catechols to inhibit pl12-LO [8,
39-41], NADA attenuated arachidonic acid metabolism. OMDA and Arvanil were less efficient
at inhibiting pl12-LO activity, indicating a structural requirement for the 3-hydroxyl on the
aromatic ring. The ability of NADA to inhibit pl12-LO may represent a point of crosstalk
between the vanilloid and LO pathways. HpETEs, including 12-HpETE, are able to induce
endothelium-dependent vasoconstriction that cannot be blocked by the COX inhibitors aspirin
or indomethacin [54,55]. NADA is a potent vasorelaxant via mechanisms, which are also
largely dependent upon the endothelium [56]. The vasorelaxation properties of NADA have
been attributed to its action at cannabinoid and vanilloid receptors. This does not preclude
additional mechanisms such as inhibition of HpETE production, but further investigation is
required to determine if modulation of pl12-LO activity by NADA occurs in vivo.
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Several questions remain regarding the in vivo interactions of lipoamino acids and
endovanilloids with lipid-oxidizing enzymes. However, this study demonstrates that COXs
and LOs are able to metabolize the lipoamino acids, and further that the activity of LOs can
be modulated by vanilloids. Lipid oxidation may represent a pathway for inactivation of
lipoamino acids or for formation of a novel class of eicosanoids.
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Figure 1.
Chemical structures of arachidonyl derivatives.
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Figure 2. Regiochemistry of oxygenated NAGly and NAGABA products
Representative collision-induced dissociation mass spectra of NAGly and NAGABA
metabolites of LO oxygenation. Reaction conditions are outlined in “Materials and Methods.”
Chemical structures indicate the proposed assignments for the most abundant [M + 107Ag]+

ions. Contents of panels are as follows: A) pl12-LO with NAGly, B) pl12-LO with NAGABA,
C) r15-LO-1 with NAGly, D) r15-LO-1 with NAGABA, E) h15-LO-2 with NAGly, and F)
h15-LO-2 with NAGABA.
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Figure 3.
Products of oxygenation of lipoamino acids by LOs.
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Figure 4. UV profile of pl12-LO metabolites of NAGABA
Representative chromatogram with UV detection at 236 nm. Products of NAGABA
oxygenation by pl12-LO were separated on HPLC as described in “Materials and Methods”.
The 12- and 15-HpETE-GABA products are formed in approximately 1:1 ratio.
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Figure 5. Proposed orientation of NAGly in pl12-LO, 15-LO-1, and 15-LO-2 active sites
Based upon previous studies and the regiochemistry of oxygenation by LOs, orientation of
NAGly in the active site of LOs is represented schematically. Two binding orientations are
proposed for pl12-LO to account for the dual specificity it exhibits with NAGly and NAGABA.

Prusakiewicz et al. Page 16

Arch Biochem Biophys. Author manuscript; available in PMC 2009 November 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Prusakiewicz et al. Page 17
Ta

bl
e 

1

Pe
rc

en
t a

ct
iv

ity
 o

f c
om

po
un

ds
 re

la
tiv

e 
to

 a
ra

ch
id

on
at

e L
ip

oa
m

in
o 

ac
id

s
V

an
ill

oi
ds

A
A

N
A

G
ly

N
A

la
N

A
G

A
B

A
N

A
D

A
O

M
D

A
A

rv
an

il

pl
12

-L
O

10
0.

 ±
 4

13
2 

± 
4

12
2 

± 
2

13
0.

 ±
 3

N
D

a
N

D
N

D
lk

12
-L

O
10

0.
 ±

 6
10

5 
± 

4
54

 ±
 5

78
 ±

 2
8 

± 
3

N
D

N
D

r1
5-

LO
-1

10
0.

 ±
 9

94
 ±

 1
2

79
 ±

 7
67

 ±
 7

27
 ±

 9
N

D
23

 ±
 7

h1
5-

LO
-2

10
0.

 ±
 1

6
99

 ±
 4

96
 ±

 1
9

83
 ±

 3
N

D
N

D
N

D
oC

O
X

-1
10

0.
 ±

 5
N

D
10

.8
 ±

 0
.3

9 
± 

1
1.

3 
± 

0.
3

N
D

1.
9 

± 
0

m
C

O
X

-2
10

0.
 ±

 6
40

. ±
 2

31
 ±

 2
20

. ±
 1

7 
± 

5
4 

± 
3

5.
6 

± 
0.

9

R
at

es
 o

f m
et

ab
ol

is
m

 b
y 

LO
s w

er
e 

de
te

rm
in

ed
 b

y 
m

on
ito

rin
g 

fo
rm

at
io

n 
of

 th
e 

co
nj

ug
at

ed
 d

ie
ne

 sy
st

em
 v

ia
 a

bs
or

ba
nc

e 
at

 2
36

 n
m

. R
at

es
 o

f m
et

ab
ol

is
m

 b
y 

C
O

X
s w

er
e 

de
te

rm
in

ed
 b

y 
ox

yg
en

 u
pt

ak
e.

C
on

di
tio

ns
 a

re
 o

ut
lin

ed
 in

 “
M

at
er

ia
ls

 a
nd

 M
et

ho
ds

”.
 R

at
es

 o
f l

ip
oa

m
in

o 
ac

id
 a

nd
 v

an
ill

oi
d 

m
et

ab
ol

is
m

 w
er

e 
no

rm
al

iz
ed

 to
 a

ra
ch

id
on

ic
 a

ci
d.

a N
D

, n
ot

 d
et

ec
ta

bl
e.

Arch Biochem Biophys. Author manuscript; available in PMC 2009 November 8.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Prusakiewicz et al. Page 18

Table 2

Kinetic parameters of metabolism of arachidonate and arachidonyl amino acids

vmax (μM/s) Km (μM) vmax/Km (s-1)

pl12-LO
 Arachidonic acid 13.3 ± 0.3 9.5 ± 0.7 1.4 ± 0.7
 N-Arachidonyl glycine 20.4 ± 0.5 10.1 ± 0.8 2.0 ± 0.8
 N-Arachidonyl alanine 20.7 ± 0.4 15.7 ± 0.8 1.3 ± 0.8
 N-Arachidonyl-γ-aminobutyric acid 20.2 ± 0.3 10.9 ± 0.5 1.9 ± 0.5
lk12-LO
 Arachidonic acid 13.1 ± 0.7 7.8 ± 1.3 2 ± 1
 N-Arachidonyl glycine 9.9 ± 0.3 8.0 ± 0.7 1 ± 1
 N-Arachidonyl alanine 7.6 ± 0.7 9 ± 2 1 ± 2
 N-Arachidonyl-γ-aminobutyric acid 10.4 ± 0.3 7.8 ± 0.7 1.3 ± 0.8
r15-LO-1
 Arachidonic acid 8.6 ± 0.4 20 ± 3 0.4 ± 3
 N-Arachidonyl glycine 11.2 ± 0.9 49 ± 10 0.23 ± 11
 N-Arachidonyl alanine 17 ± 2 98 ± 25 0.17 ± 25
 N-Arachidonyl-γ-aminobutyric acid 9 ± 1 48 ± 14 0.2 ± 14
h15-LO-2
 Arachidonic acid 15.6 ± 0.5 8 ± 1 2 ± 1
 N-Arachidonyl glycine 23.1 ± 0.3 11.0 ± 0.4 2.1 ± 0.5
 N-Arachidonyl alanine 12 ± 2 6 ± 3 2 ± 3
 N-Arachidonyl-γ-aminobutyric acid 14.5 ± 0.9 8 ± 2 2 ± 2
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