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Fig. 2. Identification of palmitamide in an N;3TGy cell extract by LC/QTOF-MS. The extracted ion chromatograms peak and mass spec-
trum of a synthetic standard, palmitamide (A), matched those of endogenous palmitamide identified in the NgTG, extract (B). These data
are representative of the data collected for each long-chain fatty acid amide identified in N;gTGy extract herein.

amounts of the identified long-chain fatty acid amides
were obtained by integrating the area under the chro-
matographic peak and comparing the integrated value
against a standard curve prepared using the respective
synthetic standard (supplementary Table 2). Known to
be potent cell-signaling lipids, these long-chain fatty acid
amides are found at cellular levels on the order of pico-
moles per 107 cells. Palmitamide was the most abundant
fatty acid amide with an endogenous amount of 1,300 +
98 pmoles per 107 cells, while palmitoleamide was the
least abundant.

NsTG, cells express GLYATL3 transcripts

Nested PCR primers were designed to amplify a 380 bp
mGLYATL3 product from a cDNA library constructed
from the mRNA extracted from an N;gTG, cell pellet.
After the first round of PCR, the product was filtered
and then used as the template in a second reaction
with nested primers. Nested primers were necessary
due to the low abundance of mGLYATL3 transcripts in
NgTGy cells. The 380 bp product isolated from the aga-
rose electrophoresis gel was positively identified to be
mGLYATL3 by DNA sequencing (supplementary Fig. 1).
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These data indicate that NjgTG, cells express mGLYATL3
transcripts.

siRNA knockdown of GLYATL3 results in decreased
levels of N-acylglycines and PFAMs

Transfection of siRNA against mGLYATL3 into NjgT G,
cells resulted in the knockdown of mGLYATL3 expres-
sion for 12 h (Fig. 3). While mGLYATL3 expression levels
decreased 103 + 13% during knockdown, B-actin levels
only changed 12 + 7% (Fig. 3). After 24 h, the expression
of mGLYATL3 returned to normal levels, which limited
our ability to do a heavy-labeled precursor study during
mGLYATL3 knockdown. The mGLYATL3 primary anti-
body was specific for recombinant maltose binding pro-
tein-tagged mGLYATL3, but not recombinant mGLYAT
(23) (supplementary Fig. 2). After 8 and 24 h, the trans-
fected cells were collected and the long-chain fatty acid
amides extracted, purified, and analyzed by LC/QTOF-
MS. A panel of identified fatty acid amides were quantified
and compared with endogenous levels (supplementary
Table 2). At the 8 h time point, nGLYATL3 expression was
silenced and there were significant changes in N-acylglycine
and PFAM levels. N-oleoylglycine levels decreased 99.4%
relative to the untransfected control, while oleamide levels
decreased 93.6%. Similarly, N-palmitoylglycine levels de-
creased 90.4% relative to the untransfected control, while
palmitamide levels decreased 86.9%. These data (Fig. 4)
indicate that: @) mGLYATL3 has a major role in Macylglycine
formation in these cells; and b) that the N-acylglycines are
precursors for PFAMs. Both are consistent with the biosyn-
thetic pathways for the N-acylglycines and PFAMs that we
have proposed (Fig. 1). The differences in the percentage
changes between oleoylated or palmitoylated amides are

unclear and there are many factors contributing to these
differences. One possibility could be differences between
the rates of hydrolysis of N-acylglycines relative to PFAMs
by fatty acid amide hydrolase (FAAH) (34). Other than
changing the cellular levels of the MNacylglycines and
PFAMs, the knockdown of mGLYATL3 expression resulted
in no change in N-oleoylethanolamine levels and an in-
crease in Nacyldopamine levels. The increases in Macyldo-
pamine levels were unexpected, but could be due to an
increase in acyl-CoAs available for conjugation to dopamine
by an unidentified arylalkylamine N-acyltransferase-like
(AANATL) enzyme. In Drosophila, AANATL2 catalyzes
the formation of long-chain N-acyldopamines in vitro (35,
36) and we propose that a mammalian AANATL2 ortho-
log could be responsible for N-acyldopamine formation in
the N 3TG, cells.

Controls for this siRNA experiment indicate that over-
all protein expression was unaffected by the knockdown
of mGLYATL3, as B-actin expression was unchanged
(Fig. 3). Average cell viability during knockdown was
80% relative to the experiment with cells transfected with
scrambled siRNA. At the 24 h time point, average cell vi-
ability was 88% when the cells were returning to normal
metabolism. Negative controls included incubation with
transfection reagent only or transfection reagent with
scrambled siRNA. Long-chain fatty acid amide levels
were unchanged in these control experiments (Table 2).
When the transient knockdown of mGLYATL3 is no lon-
ger present in the cell culture (at the 24 h time point),
N-acylglycine and PFAM levels increase. This further
validates the role of mGLYATL3 in the production of
the Macylglycines as intermediates in the biosynthesis of
the PFAMs.
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Fig. 3. Western blot analysis of mGLYATL3 RNAi in
NsTGy cells. A: All lanes contain 22 pg of NgTG, cell
lysate and were incubated with anti-mGLYATL3
siRNA for the respective number of hours. B: RNAi
controls in N;gTGy cells. All lanes contain 20 g of
Ni3TGy cell lysate and were incubated with no siRNA
or scrambled siRNA for the respective number of
hours. B-Actin was used as a loading control.
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Fig. 4. Subtraction lipidomics: quantification of endogenous long-chain fatty acid amides in NgTG, cell extracts by LC/QTOF-MS with
mGLYATL3 RNAi. Endogenous amounts of the N-acylglycines along with the amounts with mGLYATL3 RNAi are in (A). Endogenous
amounts of the long-chain PFAMs along with the amounts with mGLYATL3 RNAi are in (B). Error bars represent +standard deviation,
n = 3. Statistically significant changes (P< 0.05) are marked with an asterisk (¥).

siRNA knockdown of PAM results in an accumulation of
N-oleoylglycine and a decrease in oleamide levels
Transfection of siRNA against PAM into Nj3TG, cells
resulted in the knockdown of PAM expression for 48 h
(Fig. 5). The average viability after 48 h was 56% relative to
untransfected cells. Because a large number of peptide
hormones are a-amidated for biological activation (37), a
decrease in cell viability was expected upon the knockdown
of PAM. After a total of 56 h of incubation with anti-PAM
siRNA and 48 h with [13C18]oleate, the cells were col-
lected and the amounts of labeled and unlabeled N-oleoyl-
glycine and oleamide were analyzed and quantified. In a
previous study, the incubation of N TGy cells with a
PAM inhibitor, trans-4-phenyl-3-butenoic acid, resulted in
the accumulation of N-oleoylglycine (12). Consistent with
these earlier results, decreased expression of PAM re-
sulted in the accumulation of N-oleoylglycine and a de-
crease in oleamide levels relative to endogenous amounts

(Fig. 6). These data provide additional evidence that
PAM is involved in the conversion of N-acylglycines to
PFAMs in cellula.

N,sTG, cells incubated with [1-'>C]palmitate lead to a
family of [1-13C]pa1mitoylated fatty acid amides

The N3TG, cells were incubated with [1-"C]palmitate
in order to investigate metabolic flux after being exposed
to a heavy-labeled precursor. After a 48 h incubation with
[1-13C]palmitate using BSA as a carrier, the lipids were
extracted from the cells to analyze for fatty acid amides
that contained the 1?’C-]\,’-palmitoyl chain as well as the other
unlabeled metabolites. [ISC]N-palmitoylglycine, [13C]N-
palmitamide, and [13C]Npalmitoyldopamine were identi-
fied in cell extracts, showing that these metabolites are
synthesized from the exogenous [I-IBC]palmitate (Table 3).
The total palmitamide ( “Cabeled and unlabeled) in the
N5TG, cells that were incubated with [1-13C] palmitate was
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TABLE 2. RNAI controls: quantification of long-chain fatty acid amides in N13TG, cell extracts by LC/QTOF-MS

Amount” (picomoles per 107 cells)

(+) Scrambled siRNA  (+) Scrambled siRNA  (—) Scrambled siRNA  (—) Scrambled siRNA

(+) Transfection

(+) Transfection

(+) Transfection (—) Transfection

Fatty Acid Amide Reagent” Reagent” Reagent" Reagent"
N-acylglycines
N-palmitoylglycine 90 + 18 69 + 18 92 +6.0 120 + 72
N-oleoylglycine 530 + 250 870 + 320 2000 + 480 450 + 240
N-acylethanolamines
N-oleoylethanolamine 26 + 16 43 + 34 16 15 2.8+2.0
PFAMs
Palmitamide 510 + 100 640 + 400 620 + 39 320 + 170
Palmitoleamide 12+3.4 19+ 14 24+1.8 10 £5.6
Oleamide 1300 + 150 1,200 + 310 1,200 + 1,100 1,200 = 320
Linoleamide 280 + 32 230 + 35 410 = 220 320 + 61
N-acyldopamines
N-palmitoyldopamine 500 = 190 290 + 310 930 + 360 570 + 62
N-oleoyldopamine 29+ 6.6 24+82 83 +33 65 + 48
Narachidonoyldopamine 20+ 7.9 17+3.9 31+12 8.8+0.5

“No statistically significant changes between any two groups were reported (P> 0.05).

Eight hour incubation.
“Twenty-four hour incubation.

990 + 480 pmoles per 107 cells, consistent with the endog-
enous amount of palmitamide reported herein, 1,300 +
98 pmoles per 107 cells. A similar trend was also observed
for N—palmitoyldogamine. A low percentage, ~0.1%, of
the incubated [1-1‘C]palmitate was converted to labeled
N-palmitoylglycine, palmitamide, or N-palmitoyldopamine
by N3 TGy cells.

CONCLUSIONS

mGLYATL3 catalyzes the formation of long-chain M-
acylglycines in cellula. Subtraction lipidomic data observed
a decrease in N-acylglycine and PFAM levels in NgTGy
cells after the siRNA-mediated knockdown of mGLYATL3.
These data support the proposed biosynthetic pathway of
activation of a fatty acid by acyl-CoA synthetase followed by
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Fig. 5. Western blot analysis of PAM RNAi in NjgTGy cells. NjgTG,
cells were exposed to anti-PAM siRNA or a scrambled siRNA for
the respective number of hours.
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the conjugation of the resulting acyl-CoA with glycine. It
is known that long-chain fatty acid amides can be pro-
duced by more than one route; there is evidence for their
biosynthesis by the sequential oxidation of N-acylethanol-
amines (16-18, 20). There is evidence that this alternative
pathway does take place in the Njg3TGy cells (28). The sub-
traction lipidomic data herein suggests that the glycine-
dependent route is the predominant route for long-chain
N-acylglycine synthesis in these cells because N-acylgycine
levels were not rescued by an alternative biosynthetic path-
way during mGLYATL3 knockdown. This is the first report
of an enzyme responsible for the biosynthesis of long-
chain N-acylglycines in cellula. In vitro data obtained using
purified recombinant GST-tagged mGLYATL3 shows the
production of N-oleoylglycine from oleoyl-CoA and glycine
providing support for our in cellula results (supplemen-
tary Table 3). Furthermore, Waluk, Schultz, and Hunt
(24) previously described a human enzyme, hGLYATL2,
that catalyzes the conjugation of long-chain acyl-CoA
thioesters to glycine in vitro. Interestingly, our BLAST
searches did not identify orthologs of hGLYATL?2 in or-
ganisms known to produce long-chain N-acylglycines, such
as the mouse and the rabbit. However, these species did
have putative orthologs of mGLYATL3. A similar strategy
employed by Saghatelian and Cravatt [discovery metabolic
profiling, see (38)] led to the identification of N-acyltau-
rines as substrates for FAAH, despite the relatively low
k.../Ky values obtained in vitro for the FAAH-catalyzed
hydrolysis for the N-acyltaurines. As these authors point
out (39), in vitro substrate specificity data obtained using
a purified enzyme may not perfectly predict in vivo sub-
strates for the same enzyme because proteins often func-
tion as partners in multi-protein complexes and networks
and may be regulated in ways not fully captured in in vitro
experiments. A subsequent decrease in PFAM levels with
the knockdown of mGLYATL3 gives support to the pro-
posed role for the Nacylglycines as intermediates in the
biosynthesis of the long-chain PFAMs. These data are fur-
ther validated by the siRNA-mediated knockdown of the
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Fig. 6. PAM RNAI. Quantification of total (labeled and unlabeled) N-oleoylglycine and oleamide in N,gT'G, cell extracts after incubation
with [ Clg]oleate and anti-PAM siRNA. Error bars represent #standard deviation, n = 3. Statistically significant changes (P < 0.05) are

marked with an asterisk (*).

N-acylglycine amidating enzyme, PAM. Knockdown of
PAM resulted in a decrease in oleamide levels and an in-
crease in N-oleoylglycine levels. Lastly, the results of our
heavy-labeled precursor feeding study were consistent with

TABLE 3. Amounts of long -chain fatty acid amides in N;gTG, cells
after [l C] palmitic acid incubation

Amount (picomoles per 107 cells)

After [1-°C] palmitic

Fatty Acid Amide Endogenous Acid Incubation
N-acylglycines
Npalmltoylglycme 230 + 40 76 + 46
C-Nepalmitoylglycine N.D. 32+24
Total N-palmitoylglycine N/A 110 £ 52
N-oleoylglycine 1200 + 800 1000 + 800
N-acylethanolamines
Noleoylethanolamine 13+1.6 21+0.9
PFAMs
Palmitamide 1,300 + 98 840 + 470
PCpalmitamide N.D. 150 + 71
Total palmitamide N/A 990 + 480
Palmitoleamide 7.6 +1.7 14 +0.70
Oleamide 530 + 300 420 + 140
Linoleamide 180 + 32 42+ 3.4
N-acyldopamines
Npalmltoyldopamlne 350 + 200 140 = 87
BC-Nepalmitoyldopamine N.D. 140 + 120
Total N-palmitoyldopamine N/A 280 + 150
N-oleoyldopamine 510 + 410 120 + 40
N-arachidonoyldopamine 1,800 + 1,100 330 + 62

N.D., not detected; N/A, not applicable.

the following biosynthetic pathway: fatty acid — fatty acyl-
CoA — Natty acylglycine — PFAM (Fig. 1) Hl
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