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Abstract

Primary fatty acid amides (R-CO-NiHandN-acylglycines (R-CO-NH-CHCOOH) are classes of compounds that have only recently been
isolated and characterized from biological sources. Key questions remain regarding how these lipid amides are produced and degraded in biolog-
ical systems. Relative to the fatty acids, little has been done to develop methods to separate and quantify the fatty acid Airsid@glgcthes.

We describe reversed phase HPLC methods for the separation of C2—C12 primary fatty acid amilesygltycines and also C12—-C22

fatty acid amides. Separation within each class occurs primarily on the basis of simple interactions between the acyl chain and the chromato-
graphic stationary phase, but the polar headgroups on these and related fatty atldéscgteihanolamides modulate the absolute retention

in reversed phase mode. We use these methods to measure the enzyme-mediated, two-step coMNraxstimmoyiglycine to octanoamide.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction As a consequence, the body of knowledge concerning the
PFAMs is not as extensive as that for the NAEs. The func-
Fatty acid amides are an expanding family of mam- tion of most of the PFAMs and the enzymes responsible
malian, cell-signaling lipids. The members of this family for PFAM biosynthesis are unknown. In addition to their
include the N-acylethanolamines (NAEs, also called the pjological role, PFAMs are employed as slip additives in
N-(2-hydroxyethyl)-acylamides orN-acylethanolamides,  the plastics used to package fod89)].
the most famous member of which is anandamide) and Merkler et al.[10] proposed thaN-acylglycines (NAGs)
the primary fatty acid amides (PFAM4}1—-4]. Of these  are also members of the fatty acid amide family, serving
two, the NAEs were the first to be isolated from a biolog- as biosynthetic precursors to the PFAMSs. In vitro, oxida-
ical source[5] and have been widely studig@,4]. The  tive cleavage of the NAGs by peptidylglycireamidating
functions served by specific NAEs are understood and the monooxygenase (PAM) yielded the corresponding PFAM

pathways for the production and degradation of the NAES and glyoxylate[10,11] (Fig. 1). The recent isolation and
in the brain have been elucidated. The PFAMs have beenjdentification ofN-arachidonoylglycine from bovine and rat

added only recently to the fatty acid amide famig;7]. brain [12] and tick salivary gland$13] supports the hy-
pothesized role for PAM in PFAM biosyntheslsg. 1 also
* Coresponding author:+1 412 396 5278; fax:-1 412 396 5683. shows the metabolic fate of fatty acid amidéd].
E-mail address: johnsonm@dug.edu (M.E. Johnson). Analytical methods for the detection of the neutral lipids,

! Present address: Palatin Technologies, 4-C Cedar Brook Dr., Cedarinc|uding NAEs, NAGs, and PFAMs, have largely employed

Brook Corporate Center, Cranbury, NJ 08512, USA. ;
' : ' as chromatography, usually coupled with mass spectrom-
2 present address: Abbott Laboratories, Pharmaceutical Analysis andg graphy y P P

Stability, 1401 N Sheridan Road, R13-1, North Chicago, IL 60064-6320, StFY (GC/MS) [6,7,15-22] or, especially for short-chain
USA. NAGs in urinary and blood samples in newborns, electro-
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Fig. 1. A portion of the putative biosynthetic pathway for the produc-
tion of primary fatty acid amides (PFAM) froml-acylglycines (NAG),
illustrated with the production of octanoamide frasioctanoylglycine.
Enzymes PHM (peptidyk-hydroxylating monooxygenase) and PAL (pep-
tidylamidoglycolate lyase) are domains of PAM that catalyze the separate
reactions. FAAH is fatty acid amidohydrolase.

spray MS[23,24] While GC/MS is an excellent technique
for lipids, it is well complemented by liquid chromatog-
raphy and mass spectromef{35-29] Liquid chromatog-
raphy of NAEs and PFAMs has been used primarily for
isolation of single compounds (e.g., oleamide) from bio-
logical samples, usually as part of multiple isolation steps
[30—34] or for class screeninf5]. Normal phase HPLC

on spherical silica has been used to determine some amide§

in fatty nitrile mixtures[36]. A more systematic study of
the liquid chromatography of PFAMs was accomplished to
show specificity for oleamidgs7].

This work details the development of methods to separat
a series oN-acylglycines (C2—C12) and a series of PFAMs
(C2—-C22) using reverse phase HPLC with UV detection with
an eye to determining their basic chromatographic proper-

ties as a series and relative to one another. This knowledge

was put to use by creating a method to monitor the PAM-
mediated conversion of thg-acylglycines to the PFAMSs.

2. Experimental
2.1. Sandards and reagents

All solvents for HPLC were HPLC grade from Fisher
Scientific (Pittsburgh, PA). Butyramide was obtained
from Eastman Organic Chemicals (Rochester, NY), hex-
anoamide was obtained from Aldrich Chemical Company
(Milwaukee, WI), acetamide and capramide were ob-
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tained from Sigma Chemical Company (St. Louis, MO),
and octanoamide and lauramide were obtained from TCI
America (Portland, OR). The remaining fatty acid amides
were synthesized from the corresponding fatty acids,
which were obtained at high purity from either Aldrich
or Acros/FisherN-Lauroylglycine andN-decanoylglycine
were obtained from Nova Biochem (San Diego, CA),
N-acetylglycine andN-octanoylglycine were obtained from
Aldrich. Recombinant rat PAM was expressed in Chi-
nese hamster ovary cells and purified as described in
[38]. N-Acetyl-phenylalanylpyruvate N-Ac-Phe-pyruvate,
2,4-diketo-5-acetamido-6-phenyl-hexanoic acid) was syn-
thesized following a literature procedyiz9].

2.2. Chromatographic system

The HPLC system used for the separation of NAGs and
initial separations of PFAMs was a Hewlett Packard (Palo
Alto, CA) 1100 Series liquid chromatograph equipped with
a quaternary solvent delivery system, vacuum degasser,
thermostatted column compartment, an auto injector, and a
Hewlett Packard 1100 Series variable wavelength detector.
A Hewlett Packard ChemStation controlled the system and
detected the output signal. The HPLC system used for sub-
sequent separation of PFAMs was a Waters 600 quaternary
gradient system with manual injector, helium sparge de-
gassing, and a Waters 2487 dual wavelength detector (Mil-
ford, MA) operated at 210 nm (PFAMSs) or 214 nm (NAGS).
Data was analyzed using Waters Millenium software.

The column for separation of NAGs and short-chain
PFAMs was a Phenomenex Luna C8 column (250 mm
4.6 mm i.d., um) fitted with a Phenomenex C18 Security
Guard column (Torrance, CA). All injection volumes were
10pL. The solvent system for the separation of NAGs
onsisted of (A) 50 mM sodium phosphate, pH 6.0 and (B)
acetonitrile. The initial mobile phase was 95% A, 5% B
with a linear gradient in 17 min to 25% A, 75% B. After
17 min, the mobile phase was returned to the initial mobile

ephase parameters for 6 min before the next sample injec-

tion. The flow rate was 0.8 mL/min. Separations of PFAMs
(C2—-C12) on the C8 column used a solvent system consist-
ing of (A) deionized water and (B) acetonitrile. The initial
mobile phase was 75% A, 25% B with a linear gradient of
15 min to 100% B followed by isocratic elution for 1 min at
100% B. After 16 min, the mobile phase was re-equilibrated
to the initial mobile phase parameters for 6 min before an-
other sample was injected. The flow rate was 0.8 mL/min.
Detection was performed at 214 nm.

Isocratic separations of PFAMs used a Waters XTerra
RP18 column (150 mnx 4.6 mm i.d., Sum; Milford, MA)
operated at ambient temperature. Acetonitrile and deionized
water for the mobile phase were filtered through QuB2
nylon membrane filters and degassed by helium sparge for
20min at 100 mL/min followed by 30 mL/min through-
out the experiment. Elution was performed isocratically at
1.0 mL/min with varying percentages of the two solvents.
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Final separations of long-chain PFAMs used a Waters
XTerra RP18 column (150 mnx 3.9 mm i.d., 5um) with
(A) deionized water and (B) methanol. The gradient was
10% A and 90% B to 100% B with a linear gradient over
20 min followed by a 5min hold at 100% B. PFAMs were
injected individually to obtain retention times and then as
a mixture for separation. This same system was used to
separate mixtures of saturated and unsaturated PFAMs, but
the gradient was run over 25 min.

2.3. PAM enzymatic conversion of N-acylglycinesto amides

For the conversion df-octanoylglycine to octanoamide,
reactions were carried out at37 and were initiated by the
addition of 43ug PAM into 300u.L of 100 mM MES/NaOH
pH 6.0, 30 mM NaCl, 1.0% (v/v) ethanol, 0.001% (v/v) Tri-
ton X-100, 1Qug/mL bovine catalase, 1M Cu(NOg)a,

5.0 mM sodium ascorbate, and 5.0 nfMoctanoylglycine.
Aliquots (30unL) of the reaction mixture were added to
an HPLC microvial containing 20L of 6% (v/v) triflu-
oroacetic acid to terminate the PAM reaction. The acidic
aliquots were assayed for octanoamide formation by HPLC
using the C8 column using the program given above for
PFAMs but followed by a 2min hold at 100% B. After
25 min, the column was re-equilibrated to the initial mobile
phase conditions for 10 min to prepare for the next injection.
Lauramide conversions were the same, bup§f PAM
was used, aliquots of the reaction mixture were L00Qin-
cubation was for 3 h, and the separation used the NAG pro-
gram for the C8 column, followed by an 8 min hold.
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For the enzymatic conversion df-octanoylglycine to Fig. 2. Separation of short-chain lipid amides. Peaks are identified ac-
octanoamide in the presence of inhibitor, the reaction was cording to the number of carbons in the saturated acyl chain. (a)
initiated by the addition of 42 Bg PAM into SOp,M N- N-Acylglycines and (b) fatty acid amides. The gradient on the C8 column

Ac-Phe-pyruvate (the PAL inhibitor), 5.0mN>1I-octanoyI- is shown graphically; the other mobile phase component is (a) 50 mM
glycine, 100uL of 100 mM MES/NaOH pH 6.0, 30mM
NacCl, 1.0% (v/v) ethanol, 0.001% (v/v) Triton X-100, {LQ
bovine catalase, 1}0M Cu(NOs)2, and 5.0mM sodium
ascorbate. The reaction was incubated at@7%or 2.5h.
After this time, an aliquot was removed and analyzed by
HPLC using the HPLC conditions as listed above.

5

g 87
3. Results and discussion g 6 —
3.1. Separation of N-acylglycines and primary fatty acid 4 —

amides

Fig. 2shows the separation of short-chalracylglycines
and fatty acid amides. Note that the annotations refer to the
number of carbons in the acyl chain, so the C2 NAG actu-
ally has four carbongqH3-CO-NH-CH,-COOH). The sep-
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arations are run under similar conditions on a Phenomenex
Fig. 3. Capacity factor of short-chain NAGs and PFAMs and long-chain

C8 column of 14.75% C load, 5imol/m?. Peak shapes . ) ) . )

. .fatty acid amides under gradient elution. Short-chain data was taken from
were gOOd' a'_"d there was enoth sepgratlpn that the gradlT:ig. 2 data. The long-chain amides are separated using a gradient on the
ent could be increased for shorter elution times. The base-waters Xterra C18 column of 10-0% water in methanol over 20 min. The
line disturbances, particularly in the amide separations, wereactual separation was very similar to those showifFim 2 with respect

probably impurities from the synthetic proceBgy. 3shows to peak shape and efficiency, but the baseline was more pronounced.
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the capacity factors from the separation showRim 2 and

for a number of long-chain saturated PFAMs separated un-
der a gradient that was similar to those used for the short
chain compounds. The column in the latter case was a Wa-
ters Xterra C18 column of 15% C load and asol/n?, and

the gradient was in methanol rather than acetonitrile. The
separation was begun at a higher level of the strong solvent
than for the short-chain amides, and a slightly stronger sol-
vent was used, in deference to the facts that the column was
more hydrophobic, the compounds themselves were more
hydrophobic, and solubility of saturated amides larger than
about 16 carbons was very limited in solutions with any
aqueous content. This plot showed that the intermolecular
forces that dominated the separation at higher carbon num- 0 —
bers were directly related to number of carbons. The most

plausible explanation was that London dispersion forces be-

tween the carbon chain and the stationary phase were essen-

tially the only change as a function of carbon number for a

given series of compounds. Fig. 4. Separation of a fatty acid amide critical pair on the Waters Xterra

A wide range of isocratic aradient conditions were al C18 column with a gradient of 10-0% water in methanol over 25 min.
9 9 p Peak designations refer to number of carbons in the chain and the degree

plied, and it was clear that the separqtion was hi_ghly c!em—'n'of unsaturation; C16:0 is palmitamide, C18:1 is oleamide, and C18:0 is
dent on the exact amount of water in the starting mixture stearamide.

and on the shape of the gradient. For the Xterra C18 col-
umn, the gradient used for the data showrFig. 3 (10% ) i ) o
water in methanol to 100% methanol over 20 min and a hold Stronger gradient to elute them in a time frame similar to
for 5 min) was close to optimum; changes of the gradient of that of the NAGs. The additional polarity imparted by.the
5-10min in length and water content as high as 15% were CH,-COOH headgroup on the NAGs suptracted_ effectwe!y
sufficient to change the separation significantly. about twp carbons from the corresponding amide; .that is,

The separation of PFAMs and NAGs can be discussed 2 €8 amide and a C10 NAG should elute at approximately
with analogy to reversed-phase separation of free fatty acids.[® Same time in a mixture or when run with the same gra-
There is a considerable body of literature on the separation ofdi€Nt: The net effect was approximately the same as that of
fatty acids, though, realistically, only separations done with & double bond, leading to the same potential “critical pair
more modern columns are relevant. The reader is referred'SSU€S if attempting to separate a mixture of PFA,MS and
to several recent review26,40,41] It is nearly impossible ~ VAGS. The same was approximately true of fatty amides and
to compare individual gradients on different columns, but it 2ty acids, with the acids eluting latdfig. 5shows a sep-
is clear from literature surveys that a general rule for sepa-
ration of medium-to-long chain fatty acids (C10-C22) is to
use a gradient of about 85% methanol to 100% methanol
in acidified water or low-pH buffer (for ion suppression).
Stronger solvents can be used for so-called very long chain oleamide
fatty acids[27]. With such gradients, it is possible to sep- 60 4
arate an impressive array of saturated and unsaturated fatty
acids[26,27,40,41] though closely related isomers, espe-
cially of conjugated species, may need relatively high capac-
ity factors[42,43] Given the sensitivity to gradient condi-
tions, the water content and gradient shape can be tweaked to
achieve most separations of critical pairs, though perhaps not 20
throughout the full range of chain lengthig. 4 shows the
separation of such a critical pair, palmitamide (C16:0) and
oleamide (C18:1), along with stearamide. This separation T T T T 1
was done at a 20% lower gradient slope than the separations 4 5 6 7 8 9
represented ifrig. 3, but resolution was baselinR & 1.49). time, min

Given the relative separation of the saturated NAGs and _.

i . . Fig. 5. Separation of C18 analogs. Separation on a Phenomenex Luna
PFAMs demonstrated iffig. 2, it was possible to develop C18 column (250 mmx 4.6 mm, 5um) with a gradient of 95:5 to 50:50

separations that exploited headgroup polarity differences acetonitrile:methanol over 10 min at 0.8 mL/min. All compounds at 5 mM;
for an assay for PAM (seEig. 1). The amides required a  10uL injection.
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aration ofN-oleyl analogs. This separation showed clearly plots have seven data points and were generated from three
that, for a given chain length, head group polarity differ- injections at each concentration. Precision of peak area
ences were easily large enough to be exploited for a gen-ranged from 3% R.S.D. at 5nmol injected to less than 1%
eral assay for PAM. Thin-layer chromatography on silica gel R.S.D. above 10 nmol for PFAMSs; precision was slightly
and NP-HPLC have confirmed this polarity rankii3%,44] worse for NAGs. Detection limits were somewhat difficult
Aside from implications for separations of general mixtures to determine in the usual way because of excessive low fre-
of lipids, this finding made it possible to use a simple HPLC quency noise in the baseline, but estimates placed detection

method for the assay of PAM activity (see below). limits at about 10QuM (1 nmol). These parameters were
quite adequate for kinetic assays of PAM under physiolog-
3.2. Quantitation of amides ical conditions. The use of methanol unfortunately caused

baseline change and a higher background late in the sepa-

In order to apply these methods to enzyme assays, theration. This problem is solvable with other detector types,
method must be quantitative and reproducible. Calibra- such as evaporative light scattering.
tion curves were generated usimgoctanoylglycine and
octanoamide from 1 to 150 nmol injected (0.1 to 15mM) 3.3. Application to the assay of PAM
and were linear in peak height and peak area versus mass
injected for both theN-acylglycine (for heighty = 56.38 Because reverse phase HPLC can exploit selectivity based
+ 16.2+ 3.99 + 0.21x, r? = 0.986, for areay = 138.81 on differences in polarity of the reactants in the PAM reac-
+ 75.4+ 47.18+ 0.98, r2 = 0.998) and the PFAMSs (for  tion (above), HPLC can be used in a relatively simple as-
height:y = 0.021+ 0.996 + 1.37 &+ 0.01%, r2 = 0.999, say of PAM reactivity towards a variety of lipid substrates.

for areazy = 0.20+ 6.77+ 8.58+ 0.1, r2 = 0.999). All Fig. 6 shows typical HPLC assays of the PAM reaction in
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Fig. 6. PAM (PAL domain) assay by HPLC showing reactants, intermediates, and products for C8 (a, b) and C12 (c, d). (a, c) Separation of acidified
reaction aliquot taken at 2.5h of reaction under conditions specified in the text. (b, d) Separation of acidified reaction aliquot taken at 2.51n (b) and 3
(d) of reaction in the presence of a PAL inhibitor. S®ection 2details.
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progressFig. 6a and show snapshots of the reaction for C8 NS38443 and 2 R15 NS38443), the Samuel and Emma Win-
and C12. Clearly, all three species (substrate, intermediate ters Foundation, and the Jacob A. and Frieda M. Hunkele
and product) were quantifiable. The background was rela- Charitable Fund to M.E.J. The authors thank Tamanna Sul-
tively low and stable, considering the very simple sample tana for the preparation of some of the amides used in this
preparation scheme. Reaction species were separated frorwork.

interferents, so the peaks were readily quantifiable.The sam-
ple preparation scheme would probably have to be modified
for use in vivo assays:ig. 6b and dshow the reaction with
inhibition of the PAL domain of PAM; even after 2.5-3 h of
reaction, the same as kig. 6a and cvery little amide was ,

formed. These results demonstrated that, even with the rel- [ \(/i\ggg;azzuzglov, M.Y. Bobrov, A.V. Archakov, Biochem. Moscow 63
atively poor sensitivity of the detector used here, there Was 5] v p. patricelli, B.F. Cravatt, Vitam. Horm. 62 (2001) 95.
enough signal-to-noise ratio to discern the small amount of [3] v. Di Marzo, T. Bisogno, L. De Petrocellis, D. Melck, B.R. Martin,

amide that was formed. Curr. Med. Chem. 6 (1999) 721.
[4] L. De Petrocellis, D. Melck, T. Bisogno, V. Di Marzo, Chem. Phys.
Lipids 108 (2000) 191.
[5] F.A. Kuehl Jr., T.A. Jacob, O.H. Ganley, R.E. Ormond, M.A.P.
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