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1-Peptidyl-2-arachidonoyl-3-stearoyl-sn-glyceride: An Immunologically Active Lipopeptide from
Goat Serum (Capra hircus) Is an Endogenous Damage-Associated Molecular Pattern
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Experiments were undertaken to isolate a component of the serum of goat (Capra hircus) that is effective at mediating
an innate immune response. This report describes the isolation and structure elucidation of 1-(N-acetyl-ALYD-
KGYTSKEQKDCVGI)-2-arachidonoyl-3-stearoyl glyceride (1) and its immunomodulatory activity. A dose—response
relationship for inflammatory cytokine and chemokine production and release from human fibroblasts incubated with
nanomolar concentrations of 1 was shown. Moreover, the membrane transport role of the diacylglycerol moiety in 1 is
demonstrated with nanomolar quantities of the transfected N-acetyl peptide moiety of 1 also inducing inflammatory
cytokine and chemokine production and release. The apparent ECqy for 1 was 3 ng/mL (1 nM). The likely biological
role for naturally occurring 1 as a damage-associated molecular pattern is postulated.

The search for new medically useful natural products is a well-
accepted process that frequently results in lead molecules that are
further developed as pharmaceutical agents. Despite the fact that
these new agents rarely become marketable drug products, a large
percentage of drugs currently in use are derived from natural
products such as the S-lactam antibiotics, morphine, paclitaxel, and
quinine.' Biological sources such as bacterial and mold cultures,
plant extracts, and marine and aquatic life forms have been
traditional places to look for these unique natural products. Rarely,
however, has mammalian serum been used as a biological source
to mine for new natural products with a potential for medicinal
use. Hamm and associates reported a serum fraction derived from
the goat (Capra hircus) that was effective as an adjunctive therapy
with standard antibiotics for treatment of suppurative lower
respiratory disease in horses.” They reported that 86% of horses
treated with the serum fraction, in addition to standard antibiotics,
recovered within three weeks, whereas only 10% of horses treated
with antibiotic alone recovered.? To the best of our knowledge,
there have been no further reports in the literature that describe
the active principle(s) from goat serum responsible for this effect.

Therefore, a series of experiments were carried out to isolate
the agent or agents responsible for the effect described by Hamm
and associates.” This report describes the isolation and structure
elucidation of 1-peptidyl-2-arachidonoyl-3-stearoyl glyceride (1) as
an active chemical entity in the caprine serum fraction and the innate
immunomodulating activity of 1 as an endogenous damage-
associated molecular pattern.
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Results and Discussion

Through a series of dialysis and chromatographic separations,
native compound 1 was isolated from normal goat serum as a
tryptophan complex, and the initial concentration of 1 in the serum
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was estimated to be 50 ng/mL. No compound 1 was detectable in
normal goat, macaque, or human plasma. Fractions generated during
the purification procedures were chromatographically analyzed and
assayed for their ability to induce IL-8 mRNA expression and IL-8
secretion by human fibroblasts. A preparative Cg reversed-phase
(RP) HPLC fraction containing the biologically active compound
1/tryptophan complex (see Figure S1, Supporting Information) was
used for mass spectrometric analysis.

Functional group characterization of 1 using two-dimensional
NMR spectroscopy (500 MHz) showed multiple amide '"H NMR
signals (4—5 ppm) indicating a peptide and an aliphatic lipid
prosthetic group (0.8—1.2 ppm), and signals between 8 and 9 ppm
indicated aromaticity (data not shown). There was no signal in the
3P NMR spectrum indicating the absence of a phosphorus atom
in the natural product (data not shown). Therefore we subjected a
sample of the RP-HPLC-purified natural compound 1/tryptophan
complex to Edman degradation. The amino acid sequence identified
was XLYDKGYTSKEQKD(CVGI...), where the N-terminal amino
acid indicated by X either was a nontraditional amino acid or was
masked by a prosthetic group. The sequence of the C-terminal
amino acids that were identified had a degree of uncertainty due to
the low molar abundance of peptide remaining after the previous
14 analysis cycles.

Compound 1 (as a tryptophan complex) was collected by
preparative-scale RP-HPLC and analyzed by liquid chromato-
graphy—mass spectrometry (LC/ms) and LC/tandem mass spectrom-
etry. The major component in the LC/ms analysis eluted at 1.4 min,
exhibited strong absorbance at 218 and 280 nm, and had a MW of
204 (Supporting Information, Figure S2, including the positive-ion
electrospray ESIMS of the major component). LC-ms/ms analysis of
the m/z 205 ion (M + HJ') was consistent with the structure for
tryptophan. Further evidence was obtained by comparing the LC-MS/
MS spectrum of the unknown MW 204 component with an authentic
standard of tryptophan and confirmed the presence of tryptophan at
an estimated molar ratio of 200:1 relative to 1.

Additional automated LC-MS/MS experiments were performed
to investigate the presence of low-level peptides. The ion trap mass
spectrometer was configured to acquire MS/MS spectra of all
components above a relatively low signal threshold. One of the
peptides was found to have a MW of 1689 and was comprised of
a series of fragment ions (m/z 261.09, 340.27, 564.00, and 845.45)
that were consistent with the partial sequence identified by Edman
degradation. The ion at m/z 845.45 was determined to be a M>*
ion after deconvolution and observing a 0.5 amu separation of the
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Table 5. Serum Fractions-Induced mRNA Expression in Human
Fibroblasts*

methanol/ methanol/

untreated chloroform chloroform

mRNA control retentate soluble insoluble
1L-6 52.3 271.1 66.4 423.5
1L-8 44 166.5 6.9 337.5
MCPI1 56.9 197.1 86.1 254.3
MIP-15 82.4 404.6 91.9 414.2

“ Data are the means of duplicate absorbance (450 nm) measurements.

mildly acidic conditions, the terminal amino acid was removed to
produce a phenylthiohydantoin (PTH) derivative of the amino acid and
generate a free amino group on the next residue in the peptide sequence.
The PTH-AA was identified quantitatively by HPLC by comparison
to the retention time of the known standard reference PTH-AA. This
process was then repeated to identify the next amino acid. At the end
of each cycle during sequencing, results of the chromatography were
automatically collected in data files. The amount (in pmol) of each
amino acid detected in each cycle and the difference in yield for each
amino acid in each cycle compared to the previous cycle were
calculated.

ESIMS/MS of the Natural Product 1. HPLC-purified 1 (0.7 mg)
was dissolved in 0.5 mL of 0.1% formic acid in water, and 10 uL was
loaded onto the column through the sample loop. The sample was eluted
using a binary gradient where solvent A was 98% H,O and 2%
acetonitrile with 0.1% formic acid and 0.01% trifluoroacetic acid and
solvent B was 10% H,0 and 90% acetonitrile with 0.1% formic acid
and 0.01% trifluoroacetic acid. The gradient was formed from the initial
conditions of 2% B to 50% B over 20 min and then washed with 100%
B for 5 min.

MALDITOFMS of the Natural Product 1. The sample of 1 was
dissolved in chloroform/methanol (4:1), and 0.8 L was deposited onto
the sample plate with an equal volume of the matrix solution. The
sample mixtures were dried at room temperature prior to mass
spectrometric analysis. Hexa-acylated lipid A 1,4’-bisphosphate from
wild-type E. coli (Sigma Aldrich, St. Louis, MO) served as an external
standard for calibration.

Hydrolysis and Derivatization of the Natural Product 1. Native
1 has been found to be labile to acid hydrolysis. Therefore, 100 ug of
native 1 was subjected to mild acid hydrolysis conditions (1 N HCI in
phosphate-buffered saline) for 18 h at 25 °C. The postreaction buffer
salts were removed using a C,g spin column (ThermoFisher Scientific),
and the hydrolysis products were eluted from the column using 50%
CH;CN/0.1% trifluoroacetic acid. The final product was brought to
dryness by evaporation in vacuo at 4 °C. The hydrolysis products were
derivatized using the N-terminal sulfonation reagent 4-sulfophenyl-
isothiocyanate and analyzed in situ by MALDITOFMS in an a-cyano-
4-hydroxycinnamic acid matrix using the method described by Wang
et al.'® 4-Sulfophenylisothiocyanate was dissolved in 20 mM sodium
bicarbonate (pH 9.5) to a final concentration of 10 ug/uL. A 50-fold
excess of the 4-sulfophenylisothiocyanate solution (80 uL) was added
to 4 uL of 1 (4 ug/uL). The sulfonation reaction was incubated at 55
°C for 30 min, and the reaction was quenched by addition of 5%
trifluoroacetic acid. The sample was loaded onto a micropipet tip (Cy4
ZipTip; Millipore), washed with 3 x 10 uL of 0.1% trifluoroacetic
acid, and eluted with 50% CH3;CN/0.1% trifluoroacetic acid. The
analysis of the sulfonated hydrolysis products of 1 were conducted on
the AXIMA-CFR MALDITOEMS in the positive-reflectron mode.

1-Peptidyl-2-arachidonoyl-3-stearoyl Glyceride (1). The peptide
in 1 was synthesized by a standard solid-phase synthesis protocol with
extended HBTU coupling on H-isoleucine-2-chlorotrityl resin. The fully
protected peptide sequence conjugated to the resin [Ala-Leu-Tyr(But)-
Asp(OBut)-Lys(Boc)-Gly-Tyr(But)-Thr(But)-Ser(But)-Lys(Boc)-Glu-
(OBut)-GIn(Trt)-Lys(Boc)-Asp(OBut)-Cys(Trt)-Val-Gly-Ile-RESIN] was
recovered after washing with dichloromethane. The peptide-conjugated
resin was acetylated at the N-terminal alanine of the peptide by the
addition of 10% acetic anhydride in N,N-diisopropylethylamine (20%)
and N,N-dimethylacetamide (70%). After 2 h at room temperature the
resin was filtered, washed successively with N,N-dimethylacetamide
and dichloromethane, and lyophilized. The acetylated and fully protected
peptide was cleaved from the resin using 20 mL of a 1:4 solution of
1,1,1,3,3,3-hexafluoro-2-propanol in dichloromethane. After 2 h at room
temperature, the resin was filtered and washed with 2 mL of the
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cleavage solution. The filtrate was evaporated in vacuo using a rotary
evaporator. A sample was analyzed by mass spectrometry to confirm
the expected mass at m/z 3286 (data not shown).

1-Stearoyl-2-arachidonoyl-sn-glycerol (Sigma Aldrich, St. Louis,
MO) was esterified to the C-terminal isoleucine carboxyl of the fully
protected acetylated peptide using the dicyclohexylcarbodiimide/
dimethylaminopyridine (DCC/DMAP) coupling reaction. 1-Stearoyl-
2-arachidonoyl-sn-glycerol (5 mg) was dissolved in 2 mL of dichlo-
romethane and mixed with 2 equiv of the fully protected acetylated
peptide dissolved in 2 mL of dichloromethane and 1 equiv of DCC/
DMAP, also dissolved in 2 mL of dichloromethane. The reaction was
allowed to proceed overnight at room temperature. The reaction mixture
was dried in vacuo, and the protecting groups were removed in situ by
the addition of 8 mL of the deprotection solution (2.5% 1,2-ethandiol,
94% trifluoroacetic acid, 0.1% triisopropylsilane, and 2.5% water). After
a 2 h incubation period at room temperature in the presence of the
deprotecting solution the reaction mixture was filtered and the filtrate
was evaporated in vacuo.

Purification of the crude product was accomplished by reversed-
phase preparative scale HPLC using a Jupiter Proteo column (Phe-
nomenex, Inc., Torrance, CA). A binary mobile phase gradient (solvent
A, 0.1% trifluoroacetic acid in water; solvent B, 0.1% trifluoroacetic
acid in acetonitrile) was formed from 5% to 95% solvent B over 20
min (4.5% per min) at a flow rate of 1 mL/min, and the effluent was
continuously monitored at 220 nm. The synthetic product 1 eluted at
22.9 min under these conditions. The crude product (63 mg) was
dissolved in 4 mL of acetonitrile and 2 mL of water and loaded onto
the preparative scale column. The synthetic product was collected in
22.5 mL of the mobile phase (95% acetonitrile/0.1% trifluoroacetic
acid). The effluent was evaporated in vacuo. The final weight of the
synthetic product 1 was 2.5 mg (4% yield) with a purity as determined
by HPLC analysis of 98.9%.

ESIMS/MS of Synthetic 1. In one experiment, the mobile phase
was A [1% 2-propanol, 0.03% trifluoroacetic acid in HO] and B [1%
2-propanol (containing 2 mmol of NH;OAc in 9:1 2-propanol/H,0),
0.03% trifluoroacetic acid in CH3CN]. In a second experiment, the
mobile phase was A [0.1% formic acid in H,O] and B [CH30H]. The
column was post-treated with 0.1 M LiOH by syringe pump at 5 uL/
min. The mobile phase gradient was formed from 5% B to 80% B (10
min), 80% B to 95% B (13.0—27.0 min.), 95% B (27.0—35.0 min.),
95% B to 5% B (35.0—36.0 min), and 5% B (36.0—41.0 min). The
column was a Zorbax XDB-Cg, 3.5 um, 2.1 x 50 mm (see Supporting
Information, Figures S7 and S8).

mRNA Expression Experiments. Normal primary human fibroblasts
obtained from the Coriell Institute (Camden, NJ) were cultured in 70
mm dishes in DMEM supplemented with 10% FBS and 1 x penicillin/
streptomycin at 37 °C and 5% CO,. Human fibroblasts were incubated
in the presence of the serum fractions, compound 1, the peptide moiety
of 1, or diacylglycerol. In the initial experiments, the differences were
examined between fibroblasts treated with the various serum fractions,
synthetic 1 (the peptide moiety from 1 or diacylglycerol), fibroblasts
treated with LPS as a positive control, and fibroblasts without treatment.
The culture medium was stored at —80 °C for ELISA of the secreted
cytokine proteins (see below). Total RNA from fibroblasts was extracted
using the RNeasy Mini kit (Qiagen, Valencia, CA), according to the
manufacturer’s protocol. To verify the expression of transcripts, 2.0
ug of total RNA was reverse-transcribed using Superscript-11I reverse
transcriptase (Invitrogen, Carlsbad, CA), according to the manufactur-
er’s protocol. Transcripts were quantified using SYBR Green PCR
amplification (Perkin-Elmer, Waltham, MA). Primers employed in these
studies are outlined in Table 6. All transcripts were normalized to
[-actin. Briefly, 0.4 ug/ul. of cDNA was tested with 10 uM of each
specific primer and 1x SYBR Green in a total volume of 20 uL.

ELISA for IL-8 Protein. Human IL-8 was measured by ELISA
according to the manufacturer’s specifications (eBioscience, San Diego,
CA) in the supernatants of fibroblasts cultured in complete DMEM
with varying amounts of compound 1. Briefly, high-affinity binding
plates were coated with antihuman IL-8 and incubated overnight at 4
°C. Wells were washed with wash buffer five times for 1 min at each
wash and then blocked with assay diluent for 60 min at room
temperature. Samples were added to the wells along with diluted
standards and incubated for 2 h. Wells were washed and detection
antibody was applied for 30 min, wells were washed again, an Avidin-
HRP antibody was applied for 30 min, unbound antibody was removed
by washing as described, and tetramethylbenzidine substrate was added
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Table 6. Primer Sequences for Real-Time PCR
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gene forward primer reverse primer
IL-15 5-GGCCCTAAACAGATGAAGTGCTCC-3’ 5-GGCCTGCCTGAAGCCC-3’
IL-6 5-TCCTTCTCCACAAGCGCC-3’ 5-AAGGCAGCAGGCAACAAC-3’
IL-8 5-CTGCAGCTCTGTGTGAAGGTGC-3’ 5-GGTGGAAAGGTTTGGAGTATGTCTTTATGC-3’
IL-18 5-CTGTAGAGATAATGCACCCCGGACC-3’ 5-GTTCTCACAGGAGAGAGTTGAAATTTTCTCACAC-3’
IL-33 5-GGAACACTCTGTGGAGCTCCATAAGT-3’ 5-CACCTATAAACACTCCAGGATCAGTCTTGC-3’
MCP-1 5-GCTCGCTCAGCCAGATGCAATC-3’ 5-GGACACTTGCTGCTGGTGATTCTTC-3"
MIPla 5-GAGAACTTCTTAAAGGGCTGCCAAACATC-3’ 5’-CTGCCCCTGCCTAGATTCTCATACC-3’

p-actin 5" TTGCCGACAGGATGCAGAA-3’

5-GCCGATCCACACGGAGTACTT-3’

for 15 min. The reaction was halted with stop solution, and the plate
was read at 450 nm with wavelength subtraction at 570 nm.

Lipofection Studies. Cells were cultured so that at the time of
transfection they were 50—80% confluent. A 5 uL. sample of the stock
peptide moiety from 1 was diluted in Opti-MEM reduced serum
medium to give a final concentration of 5 ug/mL. PLUS reagent (0.5
uL) and lipofectamine (1 uL) were then added to the peptide Opti-
MEM solution, vortexed, and incubated at room temperature for 30
min. Then 500 uL of complete DMEM was added to the fibroblasts,
and 0.6 uL of the peptide/lipofectamine was added and allowed to
incubate overnight. RNA was extracted and processed as described
above.

Bioassays. The fractions generated from dialysis (methanol/
chloroform soluble, methanol/chloroform insoluble, dialysis retentate,
and the fractions collected from reversed-phase HPLC) were taken to
dryness by lyophilization. The freeze-dried solids were weighed and
dissolved in the appropriate volume of deionized water to give a final
concentration of 1 mg/mL and assayed in human fibroblasts for mnRNA
expression (IL-6, IL-8, MCP-1, and MIP-1a) in human fibroblasts.
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Figure 1. Cgreversed-phase HPLC chromatograms of natural 1. The parent molecule
was determined to comprise the 10.42 min peak in the top preparative scale chromatogram. The
peaks eluting between 4.83 min and 9.36 min comprised peptide degradation products of the
10.42 min parent molecule 1 as determined by MALDITOFMS and ESIMS. The peaks eluting
between 2.96 min and 4.0 min comprised oligosaccharides and small peptides and were not
identified. The component eluting at 22.9 min is an artifact and was present in solvent blanks
(data not shown). The bottom chromatogram is the analytical chromatogram of the peak eluting
at 10.42 min that was collected from preparative scale chromatography. Purified 1 was

determined to be a tryptophan complex and was used in the bioassays.
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Figure 2. LC/MS of natural 1. (panel A) LC/UV 280 nm, (panel B) LC/MS total ion
current chromatogram, (panel C) extracted ion chromatogram (XIC) of the major component, m/z
205, (panel D) XIC of the minor component with MW 1689 Da, and (panel E) the ESIMS of the
minor component at retention time = 3.95 min, MW 1689 Da. From a comparison of the

intensities of the XIC’s, the ratio of the abundance of compound 1-to-tryptophan is approximately

1-t0-200.
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Figure 3. Product ion mass spectrum of m/z 845.5 from peak at retention time 3.95 min.
The ms/ms spectrum is consistent with the sequence acetyJALYDKGYTSKEQKD, MW = 1689

Da. Specific ion fragments detected in the mass spectrum are bolded.
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Figure 4. MALDITOFMS of the Tryptophan complex of 1 without added matrix. The
region from m/z 800 to m/z 2600 was scanned and 4 major ion fragments from the N-terminal and
the C-terminal regions of 1 were observed. The high mass ion fragment at m/z 1282.71
(unlabeled) is consistent with [acetyJALYDKGYTSKE-NH;]". The low mass ion at m/z 1133.30
is the y-ion fragment [DCVGI(DAG)]" where DAG is diacylglycerol (1-stearoyl-2-arachidonoyl-
sn-glycerol). The major ion at m/z 1208.47 and its daughter ion at m/z 1223.61 are the z-ion and
y-ion fragments (respectively) of the Tryptophan adduct of [KEQKDCVGI]’. The y-ion at

1207.53 is [TSKEQKDCVGI]". The mass spectrum is consistent with the sequence shown.
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Figure 5. PSD MALDITOFMS of the Tryptophan complex of 1 in a dihydroxybenzoic

acid matrix. The region from m/z 600 to m/z 4000 was scanned and the ion fragments comprise

the complete structure of 1. The high mass fragment at m/z 2016.70 is the a-ion of the complete

linear peptide sequence of 1. The low mass y-ion at m/z 645.76 is the diacylglycerol C-terminal

prosthetic group. The mass spectrum is consistent with the sequence shown.
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Figure 6. PSD MALDITOFMS of the peptide fragments generated after mild acid

hydrolysis of native 1. The hydrolysis products were sulfonated as SPITC derivatives on the N-

terminal amino acid to suppress b-ion fragmentation. The assignments for the ion fragments are

given in Table 3 of the main text.




Figure 7. Deconvoluted ESIMS of synthetic 1. The experiment was performed on a
Thermo-Finnegan Surveyor HPLC-LCQ Classic lon Trap LC/MS system in the +ve mode. The
mobile phase was A [1% 2-propanol, 0.03% TFA in H,O] and B [1% 2-propanol (containing 2
mmol NH4OAc in 9:1 2-propanol:H,0) 0.03% trifluoroacetic acid in CH;CN]. The raw data
generated for the peak eluting at a retention time of 6.23-6.47 min was deconvoluted using
ProMass for Xcalibur Version 2.5 SR1. The deconvoluted spectrum shows a pattern consistent
with the mass expected for the peptide moiety in 1 minus diacylglycerol with a single charged ion
at 2059, a double charged ion at 1030.2 and a triple charged ion at 687.5. The isotopomers for the
single charge had a spacing of 1 amu, the double charge a spacing of 0.5 amu, and the triple

charge a spacing of 1/3 amu in agreement with expectations.
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Figure 8. ESIMS of synthetic 1. The experiment was run on a Thermo-Finnegan
Surveyor HPLC-LCQ DECA Ion Trap LC/MS system in the +ve mode. The mobile phase was A
[0.1% formic acid in H,O] and B [CH30H]. The column was post-treated with 0.1M LiOH by
syringe pump at SpuL/min. The gradient ran from 5%B-80%B (10 min), 80%B-95%B (13.0-27.0
min), 95%B(27.0-35.0 min), 95%B-5%B (35.0-36.0 min) and 5%B (36.0-41.0 min). The major

ion mass of 1045.4 was attributed to the x-ion of CVGI(DAG) where DAG is diacylglycerol.
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Figure 9. Reversed-phase HPLC chromatogram of purified synthetic 1. 25 ul of
purified synthetic 1 was analyzed by reversed-phase HPLC using a Jupiter® Proteo
(Phenomenex, Inc., Torrance, CA) column (90 A, 4 u, 4.6 x 250 mm) and a binary mobile phase
gradient (Solvent A: 0.1% trifluoroacetic acid in water Solvent B: 0.1% trifluoroacetic acid in
acetonitrile) formed from 5% to 95% Solvent B over 20 minutes (4.5% per min) at a flow rate of

1 mL/min. The effluent was continuously monitored at 220 nm. The area % integration of 1

eluting at 22.849 min was 99.45%.
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Figure 10. Cytokine mRNA induced by 10 ng/mL (~ 5 nM) of the transfected peptide
from 1 or diacylglycerol. Inflammasome-mediated protein mRNA expression for IL-1f3, IL-18,
and IL-33 was substantially increased over untreated control fibroblasts or fibroblasts treated with
lipofectamine alone. The panel in the lower right corner shows the effect on mRNA expression
for IL-1P, IL-33, and IL-18 in fibroblasts incubated with 12.5 ng/mL (~ 30 nM) diacylglycerol
alone as compared to untreated control fibroblasts. Data are normalized to $-actin mRNA

expression.
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