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Long chain fatty acyl glycines represent a new class of signal-
ing molecules whose biosynthetic pathway is unknown. Here we
report that cytochrome c catalyzes the formation of oleoylgly-
cine from oleoyl-CoA and glycine, in the presence of hydrogen
peroxide. The identity of oleoylglycine product was confirmed
by isotope labeling and fragmentation mass spectrometry. Syn-
thesis of oleoylglycine by cytochrome ¢ was dependent upon
substrate concentration and time. Other heme-containing pro-
teins, myoglobin and hemoglobin, did not catalyze oleoylglycine
synthesis. The functional properties of the reaction closely
resemble those observed for the ability of cytochrome ¢ to medi-
ate the synthesis of oleamide from oleoyl-CoA and ammonia, in
the presence of hydrogen peroxide (Driscoll, W. J., Chaturvedi.,
S., and Mueller, G. P. (2007) J. Biol. Chem. 282). The ability of
cytochrome c to catalyze the formation of oleoylglycine experi-
mentally indicates the potential importance of cytochrome casa
novel mechanism for the generation of long chain fatty acyl gly-
cine messengers in vivo.

Long chain fatty acyl glycines occur naturally and exhibit
remarkable biological activities. The best known examples,
oleoylglycine (1) and arachidonoyl glycine (2) induced pro-
nounce hypothermia (3) and antinociception (2), respectively,
when administered to rodents. The recent identification of an
orphan G-protein-coupled receptor for arachidonoyl glycine
(4) raises the possibility that long chain fatty acyl glycines may
collectively function as intercellular messengers via cell surface
receptors. In addition to possessing intrinsic biologic activity,
long chain fatty acyl glycines have the potential to serve as sub-
strates for the enzymatic generation of their respective amides.
This reaction, catalyzed by peptidylglycine «-amidating
monooxygenase (PAM)? in vitro (1, 5, 6), can give rise to a
separate class of messengers, the long chain primary fatty acid
amides.
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Oleamide is the prototype member of the long chain primary
fatty acid amides (7). It was first detected in human serum with
four other related amides in 1989 (8) and was subsequently
shown to accumulate in the cerebrospinal fluid of sleep-de-
prived cats (9, 10). The ability of oleamide to produce a pro-
found sleep-like state when administered to rodents (9—11) has
led to the proposal that oleamide contributes to the biochemi-
cal drive to sleep (9-11). Possible cellular mechanisms by
which oleamide might mediate the drive to sleep and other
physiologic responses include modulation of serotonin recep-
tor action (12) and inhibition of gap junctions (7, 13, 14). While
arachidonamide has yet to be identified in vivo, a variety of
other long chain primary fatty acid amides have been found in
cultured cells and tissue (15).2

Despite considerable interest in the biology and pharmacol-
ogy of long chain fatty acyl glycines and amides, pathways for
their biosynthesis have not been defined. While glycination is
essential for the excretion of short chain fatty acids (16), detox-
ification of small molecule xenobiotics (17, 18) and synthesis of
bile acids (19, 20), the enzymes mediating these conjugations
are quite specific and essentially unreactive with long chain
fatty acyl-CoAs (coenzyme A). We recently identified cyto-
chrome ¢ as a cellular activity that catalyzes the formation of
oleamide from oleoyl-CoA and ammonium ion, in the presence
of hydrogen peroxide (21). In the course of characterizing this
activity, we examined glycine as a potential nitrogen donor. We
report here that cytochrome ¢ catalyzes the formation of
N-oleoylglycine from oleoyl-CoA and glycine. This discovery
highlights the potential importance of cytochrome c as a mech-
anism for the generation of both long chain fatty acyl glycines
and long chain primary fatty acid amides. This possibility is
relevant to understanding the biochemistry of sleep, thermal
regulation, nociception, and also apoptosis, where cytochrome
¢ exhibits unique catalytic activities that mediate programmed
cell death (22).

EXPERIMENTAL PROCEDURES

Radiochemicals and Chemicals—[glycine-1-'*C]Oleoylgly-
cine (4.1 mCi/mol) was prepared as a custom synthesis by
PerkinElmer Life Sciences. [1-'*C]Oleoyl-CoA (53 mCi/mmol)
was purchased from GE Healthcare, Piscataway, NJ. Rat and
yeast cytochrome ¢, equine myoglobin, H,O,, glycine, fatty
acyl-CoAs, and other laboratory reagents were purchased from

3 M. Johnson, personal communication.
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Sigma-Aldrich. Oleoylglycine was purchased from Cayman
Chemical, Ann Arbor, MI. The rat cytochrome ¢ was deter-
mined to be homogeneous as described in Ref. 21.

Assay for Oleoylglycine-synthesizing Activity and Thin Layer
Chromatography (TLC)—Assays for oleoylglycine synthesis
were performed at 37 °C in 100 ul 50 mm Tris, pH 7.4, contain-
ing the desired amounts of cytochrome ¢ (or myoglobin or
hemoglobin), glycine, H,0,, and [**C]oleoyl-CoA (see Ref. 21).
Reactions were terminated by the addition of 5 ul of 1 N HCI
and extracted with 4 volumes of ethyl acetate. The organic layer
was collected, dried under nitrogen, solubilized in 25 ul of eth-
anol and spotted to heat-desiccated (45 min at 95 °C) Silica Gel
G Uniplates™ (Analtech, Newark, DE). TLC plates were
developed (1 h) using chloroform/methanol/glacial acetic
acid, 90:10:1. Data were visualized using a FAL-5100 phos-
phorimager (FUJIFILM, Stamford, CT), and quantitative
image analysis was performed with Multi Gauge V3.0 soft-
ware (FUJIFILM). Data are expressed as percent conversion
of oleoyl-CoA substrate to oleoylglycine product calculated on
the basis of a defined amount of radiolabeled oleoylglycine
standard run on each plate.

Reverse Phase HPLC—Separations were carried out at 45 °C
on a 4.6 X 250 mm Luna 5u Cg column (Phenomenex, Tor-
rance, CA) using a series 1100 HPLC (Agilent Technologies,
Wilmington, DE) operated at 1 ml/min. The column was equil-
ibrated with 50% solvent A (5% acetonitrile in water; 0.005%
trifluoroacetic acid) and 50% solvent B (5% water in acetoni-
trile; 0.005% trifluoroacetic acid). Samples and standards were
solubilized in 50 ul of ethanol for injection. Following sample
injection, initial conditions were maintained for 5 min followed
by a linear gradient to 100% B over 10 min. The system was
maintained at 100% B for 10 min and returned to initial condi-
tions over 5 min. Elution profiles were monitored at 205 nm.
Fractions were collected and dried by lyophilization.

Mass Spectrometry—Mass fragmentation analysis was per-
formed by electrospray ionization (ESI) mass spectrometry
(MS) using a Q-Star®XL quadrupole time-of-flight mass spec-
trometer (Applied Biosystems, Framingham, MA). Oleoylgly-
cine standard and lyophilized HPLC samples were first dis-
solved in 100% ethanol, adjusted to 50% acetonitrile containing
0.1% formic acid and infused into the ionization source (5,500
volts) at a rate of 10 ul per minute. Parent ions were identified
and fragmented to produce product ions while preserving a
small amount of parent ion. Confirmation of parent ion masses
was established for each sample by matrix-assisted laser de-
sorption ionization time-of-flight (MALDI-TOF) MS using
gentisic acid matrix and a Voyager™ MALDI-TOF DE STR
instrument (Applied Biosystems) operated in positive ion
reflectron mode.

RESULTS

Synthesis of Oleoylglycine by Cytochrome c—Fig. 1 presents
the time course for the formation of oleoylglycine by cyto-
chrome c. Rat cytochrome ¢ was incubated with oleoyl-CoA,
glycine, and H,O, for the times indicated. Panel A presents a
representative TLC analysis of the reaction products observed.
Radioactive bands that co-migrated with [**C]oleoylglycine
standard (arrow, right lane) intensified overtime to a maximum
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FIGURE 1. Time course for the formation of oleoylglycine by rat cytochrome
¢. Rat cytochrome ¢ (400 nm; 500 ng/reaction) was incubated in 50 mm Tris, pH 7.4
(100 wl) containing 10 um [*“Cloleoyl-CoA, 150 mm glycine, and 1 mm H,0, at
37 °Cfor the times indicated. Reaction products were extracted into ethyl acetate
and separated by TLC. A, phosphorimage of the TLC plate (arrow and first lane
show oleoylglycine standard). B, graphic representation of the TLC image
data. Data plotted are the mean values for each set of duplicates expressed as
pmol of oleoylglycine product formed. Data are representative of three sep-
arate experiments.

signal by 10 min. Panel B is the graphic presentation of the
oleoylglycine TLC data obtained through quantitative image
analysis. Further investigations revealed that the loss of activity
after 10 min was due to oxidative damage caused by exposure of
the protein to H,O,. Specifically, preincubation of cytochrome
¢ with H,0, resulted in a loss of enzymatic activity, loss of
antibody reactivity by Western analysis, change of mobility on
sodium dodecyl sulfate polyacrylamide gel electrophoresis and
loss of signature ion mass on MALDI-TOF MS (data not
shown).

Oleoylglycine-synthesizing Activity of Cytochrome c: Compar-
ison with Other Heme-containing Proteins—Fig. 2, panel A,
demonstrates the dependence of oleoylglycine production on
cytochrome ¢ at submicellar (20 um) and micellar (250 um)
concentrations of oleoyl-CoA. A threshold for oleoylglycine
synthesis was observed at ~40 nM cytochrome ¢ per reaction at
both substrate concentrations. Above this threshold the pro-
duction of oleoylglycine by cytochrome ¢ demonstrated essen-
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FIGURE 2. Oleoylglycine-synthesizing activity of cytochrome ¢ and other heme-containing proteins.
A, synthesis of oleoylglycine by cytochrome c. Reactions were carried out for 10 min at 37 °Cin 50 mm Tris, pH
7.4 (100 pl) containing 150 um glycine, 2 mm H,0,, either 20 um or 250 um oleoyl-CoA and rat cytochrome c as
indicated. Reaction products were analyzed as described for Fig. 1. B, production of oleoylglycine by rat (CC-R)
and yeast (CC-Y) cytochrome ¢, bovine hemoglobin (Hemo), and equine myoglobin (Myo) in the absence (—) or
presence (+) of H,0,. Duplicate reactions were carried out for 10 min at 37 °C in 50 mm Tris, pH 7.4 (100 wl)
containing 400 nm protein, 150 mm glycine, 50 um oleoyl-CoA, and 2 mm H,0O,. Data are presented as percent
of maximum conversion of oleoyl-CoA substrate to oleoylglycine product for each experiment. These values
were 7.1 nmol and 2.5 nmol for panels A and B, respectively.
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FIGURE 3. Dose response for oleoyl-CoA, glycine, and H,0, on the formation of oleoylglycine by rat cyto-
chrome c. Rat cytochrome ¢ (400 nm) was incubated with varying amounts of oleoyl-CoA, glycine, or H,0, for 10 min
at 37 °C. Reaction products were analyzed as described for Fig. 1. A, reactions contained 5 mmH,0,, 150 mm glycine,
and oleoyl-CoA at the concentrations indicated. B, reactions contained 100 um oleoyl-CoA, 5 mm H,0,, and glycine
at the concentrations indicated. G, reactions contained 100 um oleoyl-CoA, 150 mm glycine, and H,0, at the con-
centrations indicated. Data plotted are the mean values for duplicates expressed as percent of maximum conver-
sion of oleoyl-CoA to oleoylglycine. These values were 1.2, 3.1, and 1.6 nmol for A, B, and C, respectively.

tially a log-linear relation up to a maximum. The formation of
oleoylglycine product at 20 um oleoylglycine substrate was
maximal a 640 nM cytochrome ¢, because of exhaustion of ole-
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oyl-CoA substrate. In contrast,
maximum production of oleoylgly-
cine at 250 pm oleoyl-CoA was
10-fold greater. Panel B presents a
comparison of the oleoylglycine
synthetic activity of rat and yeast
cytochrome ¢ to bovine hemoglobin
and equine myoglobin, and the
effect of H,O, on these activities.
The basal levels of oleoylglycine
synthetic activity observed for rat
and yeast cytochrome c¢ in the
absence of H,O, were 4-5-fold
greater than those observed for
hemoglobin and myoglobin. The
addition of H,O, increased the
oleoylglycine synthetic activity of rat
and yeast cytochrome ¢ by ~19- and
9-fold, respectively, whereas hemo-
globin and myoglobin remained
essentially inactive. Therefore, the
ability of cytochrome c to robustly
synthesize oleoylglycine is not
shared by heme-containing pro-
teins in general.

Optimal Reactant Concentrations
for Oleoylglycine Synthesis by Cyto-
chrome c—Fig. 3 shows the concen-
tration dependence for oleoyl-CoA,
glycine, and H,O, on the formation
of oleoylglycine by cytochrome c.
Reactions were performed at opti-
mal, fixed concentrations of two of
the reactants with varied concentra-
tions of the third. Data are
expressed as a percent of maximum
conversion of oleoyl-CoA to oleoyl-
glycine for each experiment.
Untransformed data are given in the
figure legend. Panel A shows the
dose response for increasing con-
centrations of oleoyl-CoA. The
reaction was maximal at ~100 um
oleoyl-CoA and half-maximal at
~30 uM. Additional analyses of sim-
ilar experiments using saturating
concentrations of oleoyl-CoA con-
firmed a K,,, of ~30 um for oleoyl-
CoA (not shown). It should be noted
that oleic acid does not serve as a
substrate for oleoylglycine synthesis
by cytochrome c. Panel B shows the
results of a similar experiment in
which concentrations of glycine
were varied. Glycine became satu-

rating at ~300 mu, and half-maximal activity was achieved at
~40 mM glycine. The effects of increasing concentrations of
H,O, on oleoylglycine formation by cytochrome ¢ are pre-
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FIGURE 4. Mass spectral fragmentation analysis of oleoylglycine synthe-
sized by cytochrome c. Rat cytochrome ¢ (400 nm) was incubated for 10 min at
37°Cin50 mmTris, pH 7.4 (100 wl) containing 2 mmH,0,, 100 wv oleoyl-CoA, and

AUGUST 3, 2007 «VOLUME 282 +NUMBER 31

Oleoylglycine Synthesis by Cytochrome c

sented in panel C. In comparison to oleoyl-CoA or glycine,
H,O, exhibited a broad range of concentration effect. Half-
maximal conversion was observed at ~60 um H,O, At concen-
trations 10 mm and above, H,O, reduced the formation of
oleoylglycine as compared with maximum conversion observed
over the range of 1-3 mm. As discussed above, the decrease in
activity observed at higher H,O, concentrations was caused by
oxidative damage caused by H,O, itself. The findings presented
in panels A, B, and C are representative of results of at least
three independent experiments.

Verification of Oleoylglycine as a Cytochrome ¢ Reaction
Product—The identity of oleoylglycine as an enzymatic product
was confirmed by HPLC and mass spectral fragmentation anal-
ysis. Reaction products were isolated by solvent extraction and
reverse phase HPLC from large scale syntheses using non-ra-
dioactive oleoyl-CoA and either glycine or isotopically labeled
glycine-">C,. The peak eluting at the retention time of oleoylg-
lycine standard (18.6 min; Fig. 4, panel A) was analyzed by ESI
MS/MS and MALDI-TOF MS as detailed under “Experimental
Procedures.” Both ESI and MALDI-TOF analyses revealed that
the most prominent peaks in the spectra exhibited the correct
masses for oleoylglycine and *>C,-labeled oleoylglycine at m1/z
340.53 and 342.54, respectively (confirmatory MALDI-TOF
results not shown). These peaks were absent from the HPLC
effluents (18.6 min) of negative control reactions. Panel B pre-
sents the fragmentation spectrum for commercially obtained
oleoylglycine standard. Signature ions in the spectrum include
oleoylglycine parent ion (m/z 340.53), glycine daughter ion
(m/z76.07), and glycine immonium ion (m/z 30.04). Addition-
ally, the series of ions differing by 14 amu reflects products of
varying lengths of the alkane chain. Panel C shows the fragmen-
tation spectrum for cytochrome c-synthesized oleoylglycine. It
is qualitatively identical to that of standard oleoylglycine (panel
B). Substitution of glycine-'>C, for glycine in the synthesis reac-
tion (panel D) produced oleoylglycine parent and glycine daughter
ions that were two mass units heavier (#1/z 342.54 and m/z 78.08,
respectively) than those observed for unlabeled oleoylglycine. The
glycine immonium ion was one mass unit heavier (71/z 31.04) than
its '>C counterpart (m/z 30.03). These data provide unequivocal
evidence for the synthesis of oleoylglycine by cytochrome c from
oleoyl-CoA and glycine.

Oleoylglycine Synthesis by Cytochrome ¢ Demonstrates Spec-
ificity for Long Chain Fatty Acyl-CoA Substrates—A substrate
specificity study was conducted using varying chain length acyl-
CoAs as competing substrates against ['*C]oleoyl-CoA. The
data presented in Fig. 5 show that acyl-CoAs with chain lengths
of 16 carbons or more were the most effective competitors.
Interestingly, octanoyl-CoA, while not as potent as the longer
chain acyl-CoAs, was able to inhibit oleoylglycine synthesis.

150 wm of either glycine or glycine-'C, Reaction products were purified by
HPLC and analyzed by ESI MS/MS. A, HPLC profile (205 nm) of reaction prod-
ucts. The peak at 18.6 min, labeled O-Gly, eluted precisely at the retention
time of oleoylglycine standard. Elution profiles for the oleoylglycine reaction
products generated with glycine (shown) and glycine-'3C, were identical.
B, fragmentation of oleoylglycine standard (parent ion m/z 340.53). C, frag-
mentation of the cytochrome c-synthesized oleoylglycine (parent ion m/z
340.53). D, fragmentation of the cytochrome c-synthesized oleoylglycine-
3C, (parent ion m/z 342.54).
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FIGURE 5. Substrate specificity for oleoylglycine-synthesizing activity of
cytochrome c by competitive analysis. Rat cytochrome ¢ (200 nm) was incu-
bated in 50 mm Tris, pH 7.4 (100 wl) containing 150 um glycine, 2 mm H,0,, 10
um ["*Cloleoyl-CoA, 200 um myristic acid, and 250 um competing non-radio-
active acyl-CoA as indicated in the figure. Duplicate reactions were carried
out for 5 min at 37 °C. Reaction products were extracted into ethyl acetate,
separated by TLC and quantitated by phosphorimaging. Data are presented
as pmol of oleoylglycine product formed.

MALDI-TOF MS was used to confirm that palmitoyl glycine,
stearoyl glycine, and arachidonyl glycine were, in fact, gener-
ated from their respective CoA substrates by cytochrome ¢
(data not shown).

DISCUSSION

The diverse chemical nature and biologic importance of lipid
signaling molecules became appreciated with the discovery of
the prostaglandins, leukotrienes, and thromboxanes. Recently,
long chain fatty acyl glycines have been recognized as a poten-
tial new class of lipid messengers. Prototype members of this
class include oleoylglycine and arachidonoyl glycine, which
occur naturally (1, 2) and elicit pronounced physiologic effects
when administered in vivo (2, 3). Similar to prostaglandins (see
Ref. 23) and endocannabinoids (see Ref. 24), the actions of fatty
acyl glycines are likely to be mediated through G-protein-cou-
pled receptors, as has been recently reported for arachidonoyl
glycine (4). While long chain fatty acyl glycines exhibit distinct
pharmacologic properties, their in vivo functions and regula-
tion remain to be defined. An understanding of the biosynthetic
pathway for long chain fatty acyl glycines will help to advance
knowledge in these areas. Toward this goal, the present report
documents the ability of cytochrome c to catalyze the formation
of oleoylglycine utilizing oleoyl-CoA, glycine, and H,O, as
reactants.

Previous investigations revealed cytochrome c as a cellular
activity capable of catalyzing the synthesis of oleamide from
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TABLE 1

Reaction characteristics for enzymatic synthesis of oleoylglycine and
oleamide by cytochrome ¢

Parameter Oleoylglygine Oleami<.ie
synthesis synthesis
K, for oleoyl-CoA 30 um 21 um
[H,0,] concentration optimum 2 mMm 2 mm
[Amine] concentration optimum 300 mMm 125 mm
pH optimum 7.5 7.5
Temperature optimum 35-50°C 35-50°C
Chain length specificity for fatty acyl-CoAs Yes Yes

oleoyl-CoA and ammonia, in the presence of H,O, (21). This
finding suggested that a primary amine might substitute for
ammonia. In exploring this possibility we discovered that gly-
cine effectively supports the formation of oleoylglycine by cyto-
chrome c. The reaction exhibits a similar time course, reactant
concentration optima, preference for long chain acyl-CoAs and
Michaelis-Menten kinetics with respect to oleoyl-CoA, as was
observed for the generation oleamide ((21); Table 1). The ability
of cytochrome c to effectively catalyze the formation of oleoyl-
glycine product at concentrations of fatty acyl-CoA substrate
both below and well above the critical micellar concentration
(25) indicates that the present findings involving varying con-
centrations of fatty acyl-CoAs (Figs. 2, 3, and 5) were not influ-
enced by either the absence or presence of micelle formation.

While incomplete, our working model predicts that oleoyl-
CoA binds to cytochrome ¢ with a geometry that places the
thioester adjacent to the heme center. In this position the iron
can accept an electron liberated by the nucleophilic attack of
glycine at the thioester bond. In this mechanism, Fe** is
reduced to Fe*" and subsequently reoxidize to Fe*" by H,O,.
This model is supported by evidence that cytochrome c exhib-
its: (i) high binding affinity for long chain fatty acyl-CoA mole-
cules (26), (ii) peroxidase enzymatic activity (27-30), and (iii)
the ability to catalyze the formation of oleamide from oleoyl-
CoA and ammonia in the presence of H,O,, a reaction that is
sensitive to the iron chelator deferoxamine (21).

Glycination is essential in the synthesis of bile acids (19, 20)
and metabolism of short chain fatty acids (16) and small mole-
cule xenobiotics (17, 18); however, the enzymes that mediate
these conjugations are highly specific and are essentially unre-
active with unsaturated long chain fatty acyl-CoAs (see Ref. 31).
The present findings indicate that cytochrome ¢ provides a pos-
sible mechanism for the glycination of unsaturated long chain
fatty acyl-CoAs in vivo. Cytochrome ¢ may therefore have a
central role in the generation of oleoylglycine, which either can
act independently (3), or serve as a substrate for the generation
of oleamide (1).

The ability of cytochrome c to catalyze the formation of bio-
active lipid messengers may be relevant to the process of apo-
ptosis where cytochrome c is liberated from the mitochondria
and becomes catalytically active (see Refs. 22 and 23). In this
regard the formation of oleamide, either directly by cytochrome
c or via the conversion of oleoylglycine by PAM (1) could play
an important role in defining the extent of an apoptotic event.
Under pathologic conditions including myocardial infarction
and stroke, apoptotic molecules can be inappropriately trans-
mitted from cell-to-cell (14, 33, 34). This process of bystander
killing appears to result from a failure of gap junctions to close.
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Because oleamide normally inhibits gap junction communica-
tion (7, 13, 14) and presumably, bystander killing, it is possible
that the spread of apoptosis across healthy networks of cells
results, at least in part, from a failure in the synthesis or
actions of oleamide. Preliminary experiments conducted in
our laboratory using cultured HeLa cells and staurosporine
to induce apoptosis have revealed that oleamide synthesis is
indeed up-regulated in this paradigm.*

In addition to apoptosis, lipid messengers generated by cyto-
chrome ¢ may serve in more conventional roles of intercellular
communication. Immunoreactive cytochrome ¢ is concen-
trated in secretory granules (35), structures also known to con-
tain PAM (5). This subcellular localization raises the possibility
that cytochrome ¢ may generate oleoylglycine for regulated
secretion or subsequent conversion to oleamide by PAM.
Finally, the possibility that the generation of oleoylglycine
occurs within mitochondria remains to be established.

We have also verified that, in addition to glycine, cytochrome
¢ will catalyze the conjugation of other selected, but not all,
amino acids with oleoyl-CoA. Further, cytochrome c effectively
utilizes other primary amines and other long chain fatty acyl-
CoAsas substrates (Ref. 21).* Accordingly, cytochrome c exhib-
its the potential to generate a diverse spectrum of lipid signaling
molecules as well as precursor substrates for other bioactivat-
ing enzymes such as PAM.

Acknowledgment—We thank Dr. David Grahame for helpful discus-
sion concerning possible enzymatic mechanisms for cytochrome c.
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