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 Lysophosphatidic acid (LPA) is a multifunctional phos-
pholipid mediator and second messenger responsible for 
a wide variety of cellular responses ( 1–4 ). LPA elicits its 
actions through cell surface G protein-coupled receptors 
(GPCR) ( 1–4 ) and through the nuclear peroxisome pro-
liferator activating receptor  �  (PPAR � ) ( 5 ). LPA has been 
shown to play a role in many physiological functions and 
human diseases ( 1–4 ). The biochemical pathways involved 
in LPA production in biological fl uids are not yet fully 
understood. 

 LPA can be produced by several intra- and extracellular 
biochemical pathways. Intracellularly, LPA is synthesized 
by a glycerophosphate acyl transferase-catalyzed reaction 
of glycerol-3-phosphate with acyl-CoA in the endoplasmic 
reticulum and mitochondria ( 6, 7 ). LPA has also been 
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saturated (18:2 and 20:4) lysophosphatidic acid (LPA) produc-
tion. The biochemical pathway(s) responsible for LPA 
production during blood clotting are not yet fully understood. 
Here we describe the purifi cation of a phospholipase A 1  
(PLA 1 ) from thrombin-activated human platelets using sequen-
tial chromatographic steps followed by fl uorophosphonate 
(FP)-biotin affi nity labeling and proteomics characterization 
that identifi ed acyl-protein thioesterase 1 (APT1), also known 
as lysophospholipase A-I (LYPLA-I; accession code O75608) 
as a novel PLA 1 . Addition of this recombinant PLA 1  signifi -
cantly increased the production of  sn -2-esterifi ed polyunsatu-
rated LPCs and the corresponding LPAs in plasma. We 
examined the regioisomeric preference of lysophospholipase 
D/autotaxin (ATX), which is the subsequent step in LPA pro-
duction. To prevent acyl migration, ether-linked regioisomers 
of oleyl- sn -glycero-3-phosphocholine (lyso-PAF) were synthe-
sized. ATX preferred the  sn -1 to the  sn -2 regioisomer of lyso-
PAF.   We propose the following LPA production pathway in 
blood:  1 ) Activated platelets release PLA 1 ;  2 ) PLA 1  generates a 
pool of  sn-2  lysophospholipids;  3 ) These newly generated  sn-2  
lysophospholipids undergo acyl migration to yield  sn-1  lyso-
phospholipids, which are the preferred substrates of ATX; and 
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protein thioesterase 1 (LYPLA-I/APT1) using a series 
of chromatographic steps and fl uorophosphonate (FP)-
biotin affi nity labeling-based proteomics. LYPLA-I/APT1 
transcripts were shown to be abundantly expressed in 
platelets and in megakaryocytes. LYPLA-I/APT1 was found 
to posses PLA 1  activity against plasma phospholipids, did 
not degrade LPA, and increased LPA production when 
added to plasma through the production of a pool of LPL, 
which is further cleaved by ATX. 

 MATERIALS AND METHODS 

 Fluorescently labeled 1-oleoyl-2-{12-[(7-nitro-2-1,3-benzoxadi-
azol-4-yl)amino]lauroyl}- sn -glycero-3-phosphoserine (NBD-PS 
18:1-12:0), 1-oleoyl-2-[12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)
amino]lauroyl] sn -glycero-3-phosphocholine (NBD-PC 18:1-12:0), 
dioleoyl phosphatidylserine (PS), linolenoyl phosphatidylcho-
line (PC), oleoyl LPA, LPC 17:0, and LPA 17:0 were purchased 
from Avanti Polar Lipids, Inc. (Alabaster, AL). 1-Oleyl- sn -glycero-
3-phosphocholine (lyso-PAF 18:1) was purchased from Bachem 
(Torrance, CA). Fluorophosphonate-rhodamine (FP-RH) and 
fl uorophosphonate-biotin (FP-biotin) were a gift from Dr. Ben 
Cravatt (Scripps Institute, La Jolla, CA). Freshly expired aphere-
sis platelets were provided by the Regional Medical Center (Mem-
phis, TN), Methodist University Hospital (Memphis, TN), or 
purchased from Key Biologics, Inc. (Memphis, TN). PGE 1  and 
thrombin were obtained from Sigma-Aldrich (St. Louis, MO). 
Trizol and Superscript III OneStep RT-PCR were purchased from 
Invitrogen (Carlsbad, CA). 

 Isolation and activation of human platelets 
 The procedures detailed below were reviewed and approved 

by the Institutional Review Board of the University of Tennessee 
Health Science Center. Small-scale batches of platelet-rich plasma 
(PRP) were prepared by adding 3.6 ml acidic citrate dextrose 
(ACD, 0.8% citric acid, 2.2% sodium-citrate, 2.45% glucose) to 
20 ml of cubital venous blood drawn from a volunteer donor and 
centrifuged at 180  g  for 15min. The top layer of PRP ( � 10 ml) 
was transferred to a new tube. For large-scale purifi cations, units 
of freshly expired apheresis platelets in ACD were obtained (ap-
proximately 60 ml per unit). Then 10 ml of the PRP from the 
small-scale purifi cation or 10 ml of the aphersis platelets were 
diluted with 34 ml buffer A (138 mM NaCl, 3.3 mM NaH 2 PO 4 , 2.9 
mM KCl, 1 mM MgCl 2 , 20 mM HEPES, 1 mg/ml glucose, pH 
7.5), and 1 µM PGE 1  was added. The diluted PRP was centrifuged 
at 1400  g  at room temperature for 15 min. The supernatant was 
discarded, and the pellet containing the platelets was reconsti-
tuted in 2 ml buffer A, and 2 mM Ca 2+  was added. The platelets 
were activated using 1 U thrombin per 1 ml sample at 37°C for 20 
min, and the aggregate formed was centrifuged at 9,300  g  for 5 
min to yield supernatant 1 (Sup1). The Sup1 was then centri-
fuged again at 100,000  g  for 45 min to remove platelet microvesi-
cles. This preparation was designated as supernatant 2 (Sup2). 

 Measurement of phospholipase A 1  activity 
 PLA 1  activity was measured by determining the amount of lyso-

phosphatidylcholine (LPC) or lysophosphatidylserine (LPS) 
generated after incubation of sample with phosphatidylcholine 
(PC) or phosphatidylserine (PS). NBD-PC or NBD-PS (45 ng to 2 
µg) was incubated in 10 mM Tris (pH 7.5) or Sup2 (pH 7.5) at 
37°C for 1 min to 1 h with or without an equal weight of BSA in 
water. For quantifi cation, 900 ng, 90 ng, and 9 ng of the fl uores-
cent substrates were incubated without enzyme for construction 

shown to be generated in a spatially regulated fashion by 
the Ca 2+ -independent phospholipase A 2  at the leading 
edge of migrating monocytes ( 8, 9 ). Third, acylglycerol ki-
nase phosphorylates monoacylglycerol to form LPA ( 10 ). 
A fourth pathway in humans involves phosphatidylserine 
(PS)-specifi c phospholipase A 1  (PS-PLA 1 ) that generates 
lysophosphatidylserine (LPS), which in turn is converted 
to LPA by phospholipase D in mast cells ( 11, 12 ). 

 Extracellularly, LPA can be produced by a secretory 
phospholipase A 2  (PLA 2 ) ( 13 ), oxidative modifi cation of 
low density lipoprotein ( 14 ), or by the action of phospha-
tidic acid-specifi c phospholipase A 1  ( 12, 15 ). However, the 
most important pathway is a multistep process linked to 
the activation of platelets ( 16–21 ). This mechanism in-
volves release of unidentifi ed PLA 1  and/or PLA 2  enzymes 
from activated platelets, thus generating a new pool of 
lysophospholipid (LPL) substrates, which in turn is cleaved 
by the lysophospholipase D autotaxin (ATX) ( 22, 23 ). As a 
result of this mechanism, plasma LPA concentration rises 
from a steady-state concentration of approximately 100 
nM to serum concentrations up to 10 µM, with a signifi -
cant increase in the content of polyunsaturated acyl spe-
cies ( 19, 24, 25 ). The role of ATX in LPA production has 
been clearly demonstrated by the decreased plasma LPA 
level in ATX knockout mice ( 26, 27 ). 

 The rank order of the acyl species of LPA in normal hu-
man plasma is 18:2 > 18:1 > 18:0 > 16:0 > 20:4. In contrast, 
the rank order of the LPA acyl species in serum changes to 
20:4 > 18:2 > 16:0 > 18:1 > 18:0 ( 19 ). The various acyl spe-
cies of LPA also have differing ligand properties at target 
LPA GPCR ( 28 ). In addition to the differences in carbon 
chain length and degree of unsaturation, the LPA 3  and 
P2RY5 (LPA 6 ) receptors show a preference for the  sn -2 
over the  sn- 1 acyl regioisomer of LPA ( 29, 30 ). However, 
the  sn-2  LPA regioisomer is relatively unstable. At neutral 
pH, acyl migration begins immediately to yield the more 
thermodynamically stable  sn -1 regioisomer; an equilib-
rium ratio of 9:1 occurs between the two forms ( 31 ). 

 The linoleoyl (18:2) and arachidonoyl (20:4) species 
make up 84% of the LPA found in serum ( 19 ). The mech-
anism behind the enrichment and increase in polyunsatu-
rated LPA species upon blood coagulation is still unknown. 
Because plasma phospholipids containing 18:2 and 20:4 
fatty acids are almost exclusively esterifi ed to the  sn -2 glyc-
erol carbon, we hypothesized that LPA in serum enriched 
in these fatty acyl species must be generated by the action 
of a PLA 1  enzyme ( 19 ). This hypothesis implies that the 
nascent  sn -2 LPL generated by PLA 1  will either be rapidly 
cleaved by ATX and then undergo acyl migration or, alter-
natively, undergo acyl migration prior to headgroup cleav-
age. Distinguishing between the latter two possibilities is 
challenging due to the short half-life of the  sn- 2 LPLs that 
precludes the use of classical biochemical separation and 
analytical techniques. 

 In the present study, we sought to identify the putative 
PLA 1  enzymes released from activated platelets that are 
responsible for the generation of polyunsaturated LPL. 
Starting with the supernatants from thrombin-activated 
human platelets, we isolated lysophospholipase A1/acyl 
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tein concentration was determined by BCA protein assay (Pierce, 
Rockford, IL) following the manufacturer’s protocol. 

 FP-RH labeling 
 An amount of 50 µg protein of the PLA 1  active Butyl-Sepharose 

pooled fractions ( � 100 µl) and 0.9 µg NBD-PS substrate was in-
cubated at 37°C for 3 h with 0.03, 0.1, 0.3, 1, 3, 10, and 30 µM 
FP-RH. Then 60 µl water-saturated BuOH was used to stop the 
reaction and extract the lipid products. After mixing, the samples 
were centrifuged for 1 min at 14,000  g . Then 10 µl of the BuOH 
phase was spotted to a Silica Gel 60 TLC plate and developed 
with solvent A. The products were visualized using a Photodyne 
imager and quantifi ed using standards run alongside the samples 
on the same TLC plate. 

 FP-biotin labeling and purifi cation 
 The activity-based proteomic probe, FP-biotin, was used to la-

bel all serine hydrolases in the PLA 1 -active HiTrap Blue fractions. 
An active pool of HiTrap Blue chromatography fractions was 
concentrated using an Amicon concentrator (Millipore, Biller-
ica, MA) with a 5 kDa molecular weight cutoff. An amount of 1 
mg protein (1 mg/ml) was incubated for 2 h with a fi nal concen-
tration of 5 µM FP-biotin. Streptavidin beads (Pierce, Rockford, 
IL) were prewashed three-times with binding buffer (0.1 M so-
dium phosphate, 0.15 M NaCl, pH 7.0) followed by centrifuga-
tion (3000  g  for 1min), and the supernatant was discarded. The 
protein complex was added to 50 µl resin and incubated with 
mixing for 1 h at room temperature. Streptavidin-bound FP-
biotinylated proteins were washed with binding buffer in the pres-
ence of 4 M urea, 0.1% SDS (W/V), and 0.2% TritonX-100 (V/V) 
(pH 7.2), and then centrifuged for 1 min at 3000  g . The superna-
tant was removed, and the wash procedure was repeated four 
times. The beads were reconstituted in 1 ml 50 mM TRIS-HCl 
(pH 7.2), centrifuged for 4,min at 10,000  g , and the supernatant 
was decanted. An amount of 200 µl 50 mM TRIS-HCl (pH 7.2) 
was added to reconstitute the fi nal pellet. 

 Proteomic analysis of FP-biotin-labeled products in 
partially purifi ed platelet supernatants 

 The bead-bound FP-biotin-labeled proteins were fi rst reduced 
with 5 mM dithiothreitol for 30 min at room temperature and 
alkylated with 10 mM iodoacetamide at room temperature in the 
dark for 30 min. The sample was centrifuged for 4 min at 10,000  g , 
and then 100 µl of supernatant was removed. A total of 300 µl 50 
mM TRIS (pH 7.2) buffer and 1.5 µl of 0.5µg/µl trypsin (se-
quencing grade, Sigma-Aldrich, St. Louis, MO) was added and 
incubated at 37°C for 12 h. The sample was centrifuged for 4 min 
at 10,000  g , and the supernatant containing the peptide digest 
was transferred to a new tube; formic acid was added to a fi nal 
concentration of 5% (V/V). The volume of the peptide sample 
was reduced to 40  � l in a vacuum centrifuge. The peptides were 
desalted with a Zip Tip C18 microcolumn (Millipore, Billerica, 
MA) using the procedure recommended by the manufacturer. 
Peptides were eluted using 4  � l of 50% acetonitrile/0.1% trifl uo-
roacetic acid (V/V). Four microliters of water/acetic acid (0.5%) 
were added to the sample. LC-MS/MS experiments were per-
formed on an LTQ linear ion trap mass spectrometer (Thermo 
Scientifi c, Waltham, MA) coupled to a nanofl ow LC system (Di-
onex, Sunnyvale, CA). The peptide sample was injected onto a 
fused-silica capillary column/spray needle (15 cm length, 75 µm 
ID; New Objective, Woburn, MA) packed in-house with C18 sta-
tionary phase (Michrom Bioresources, Auburn, CA). The pep-
tides were separated with a 90 min gradient from 0% to 90% of 
mobile phase B. The composition of mobile phase B was 90% 
MeOH/10%water/0.05% HCOOH; the composition of mobile 

of a standard curve by plotting fl uorescence intensity as a func-
tion of substrate mass. Water-saturated butanol (BuOH) was 
added (30-120 µl) to stop the reaction and extract the lipids. 
Samples (10 µl) were spotted on Silica Gel 60 TLC plates. The 
plates were then developed with solvent A consisting of 
chloroform:methanol:ammonium hydroxide (V/V/V, 6:4:1) for 
NBD-PS, and solvent B consisting of chloroform:methanol:28% 
ammonium hydroxide:water (V/V/V/V, 50:40:8:2) for NBD-PC. 
The products were visualized using a Fotodyne imager (Hart-
land, WI) and quantifi ed by the TotalLab100 software. The 
amount of the product generated was determined by interpola-
tion from the standard curve. The Rf values for the various lipids 
were as follows: NBD-PC, 0.54; NBD-LPC, 0.38; NBD-FA, 0.77; 
NBD-PS, 0.45; NBD-LPS, 0.33; and NBD-FA, 0.67. 

 For unlabeled substrates, 10 µg PC, PS, or LPA was digested at 
37°C for 1 h in the presence of 10 µg BSA. LPC 17:0 and LPA 17:0 
(500-2000 ng in DMSO) internal standards were added prior to 
addition of 60 µl BuOH. The samples were vortexed for 1 min, and 
the BuOH phase was isolated by centrifugation at 14000  g  for 1 
min and dried under argon. The lipid extract was reconstituted in 
30 µl methanol:acetonitrile:isopropanol:water (V/V/V/V, 1:1:1:1). 
LPC and LPA concentrations were determined by LC-MS/MS us-
ing an Applied Biosystems Sciex ABI 4000 QTRAP tandem mass 
spectrometer (Foster City, CA) equipped with a Turboionspray TM  
interface, a Shimadazu LC-10ADvp HLPC pump (Columbia, MD) 
with a Leap HTS PAL autosampler (Carrboro, NC). Samples (10 
µl) were injected onto a Tosoh TSK-ODS-100Z silica column (150 
mm × 2 mm; 5  � m particle size) with a solvent consisting of meth-
anol/water (V/V, 95:5) and 5 mM ammonium formate using an 
isocratic fl ow rate of 0.22ml/min ( 32 ). The spectra were processed 
using Analyst software, version 1.5. The molecular species of LPC 
and LPA were analyzed by multiple reaction monitoring (MRM) 
in positive ion mode for LPC and negative ion mode for LPA. The 
Q3 (product ion) was set at  m/z  184.0 for LPC and 153.0 for LPA 
(glycerophosphate moiety) ( 32 ). Q1 was set for the neutral molec-
ular ion for all LPLs. Quantifi cation was done by calculating the 
ratio of peak area to that of the appropriate LPC/LPA 17:0 inter-
nal standard and interpolated from the respective standard curve. 

 Partial purifi cation of PLA 1  
 PLA 1  was partially purifi ed using sequential chromatography 

on an AKTA FPLC system (GE Biosciences, Piscataway, NJ) by 
loading 330 mg (75 mg/ml) Sup2 to a Q Sepharose Fast Flow ion 
exchange chromatography column (GE Biosciences, 2 cm × 10 
cm). The column was eluted with a NaCl gradient (0-1 M) at a 1 
ml/min fl ow rate over 20 min with buffer C (3.3 mM NaH 2 PO 4 , 
2.9 mM KCl, 1 mM MgCl 2 6H 2 O, 20 mM HEPES, pH 7.5). The 
PLA 1  active fractions were combined, and 5 ml ( � 30 mg) was 
loaded onto a Butyl-Sepharose hydrophobic interaction chroma-
tography column (GE Biosciences, 0.7 cm × 2.5 cm, 20 mg/ml 
medium). The column was eluted using a gradient from 1.7 M to 
0 M (NH 4 )SO 4  over 20 min in 0.05 M Na 2 HPO 4  buffer (pH 7.6). 
The active fractions were combined, and 5 ml ( � 2.5 mg) was 
loaded onto a HiTrap Blue affi nity chromatography column (GE 
Biosciences, 0.7 cm × 2.5 cm). The column was eluted by increas-
ing (NH 4 )SO 4  from 0 M to 1.7 M over 20 min in 0.05 M Na 2 HPO 4  
buffer (pH 7.6). An amount of 3 ml fractions were collected at 
each step. An amount of 100 µl of each fraction was used for 
PLA 1  activity measurement using 1 µg NBD-PS substrate at 37°C 
for 2 h. An amount of 120 µl water-saturated BuOH was added to 
stop the reaction and extract the lipids. The samples were vor-
texed and centrifuged for 1 min at 14,000  g . Then 10 µl of the 
BuOH phase was spotted to a Silica Gel 60 TLC plate. The plate 
was developed with solvent A, and the products were visualized. 
The fractions with PLA 1  activity from each chromatographic step 
were combined, activity was determined as described, and pro-
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Qiagen PCR purifi cation kit and eluted in 20 µl DNA grade wa-
ter. The DNA was used for ligation-independent cloning (LIC) 
using the Ek/LIC cloning kit from Novagen (EMD, Gibbstown, 
NJ). Primers used for LIC cloning were: LYPLA-I/APT1-full-
length-LIC forward: GACGACGACAAGATGTGCGGCAA TAA-
CATGTCAACC and LYPLA-I/APT1-full-length-LIC reverse: 
GAGGAGAAG CCCGGTTCAATCAATTGGAGGTAGGAG. PCR-
purifi ed DNA (14.6 µl) was taken into a sterile centrifuge tube, 
and 2 µl each of 10× concentrated T4 DNA polymerase buffer 
and 25 mM dATP were added. One hundred millimolars dithio-
threitol (1 µl) and 0.4 µl of T4 DNA polymerase were added to 
start the reaction with gentle stirring at 22°C for 30 min. The re-
action was stopped by incubation at 75°C for 20 min. This T4 
DNA polymerase-treated insert can be annealed into any Ek/LIC 
vectors, including the pET-41 vector used here. For the ligation 
reaction, 1 µl Ek/LIC vector (pET-41) and 2 µl of T4 DNA poly-
merase-treated insert were used and incubated at 22°C for 5 min. 
Then 1 µl of 25 mM EDTA was added for 5 min at 22°C. The li-
gated product was transformed into Novablue cells (EMD biosci-
ences, Gibbstown, NJ). Three transformants were picked, and 
plasmid DNA was isolated and sequenced. The sequences were 
confi rmed to be those of LYPLA-I/APT1. 

 Recombinant LYPLA-I/APT1 purifi cation 
 GST-LYPLA-I/APT1 was purifi ed from transformed BL21-DE3 

 E. coli  bacteria. Protein expression was induced using 200  � M 
isopropyl  � -D thiogalactopyranoside. Bacteria were pelleted by 
centrifugation and resuspended in lysis buffer (50 mM TRIS 
base, 1 mM EDTA, and 10% sucrose containing the protease in-
hibitors; aprotinin 1  � g/ml, leupeptin 1  � g/ml, pepstatin 1  � g/
ml, and PMSF 500  � M). Lysozyme (1 mg/ml) was added to the 
resuspended bacteria and allowed to mix at 4°C for 30 min. NP40 
was added to the suspension (0.2% fi nal concentration) and al-
lowed to mix at 4°C for 30 min. The suspension was cleared by 
centrifugation at 14,000  g  for 30 min at 4°C. Glutathione beads 
(ThermoFisher Scientifi c; 2 ml of 50% slurry) were added to the 
cleared supernatant and allowed to mix for 2 h at 4°C. Glutathi-
one beads were retrieved by centrifugation and washed with 0.2% 
Triton-X-100 (V/V) in PBS three times, followed by a wash with 
PBS plus protease inhibitors. A 20  � l sample of the protein bound 
to the glutathione beads was eluted using Laemmli sample buffer 
and run on a 4-15% gel to visualize the quantity and purity of the 
isolated protein. Protein was eluted from the beads using 20 mM 
reduced glutathione (pH 7.8) and dialyzed against an appropri-
ate buffer and protein and stored in small aliquots at  � 80°C. 

 The GST tag was removed by thrombin cleavage using 1 mg of 
GST-LYPLA-I/APT1 mixed with 2.5 units of biotinylated throm-
bin (Novagen, Darmstadt, Germany) in 20 mM TRIS-HCl (pH 
8.4), 150 mM NaCl, 2.5 mM CaCl 2  buffer at 20°C for 16 h. After 
cleavage, the biotinylated thrombin was removed using streptavidin-
agarose (Novagen) using a ratio of 16:1 settled resin per unit of 
enzyme. 

 Recombinant protein was tested for PLA 1  activity by incubat-
ing 0.5 µg of LYPLA-I/APT1 or 0.05 µg GST-LYPLA-I/APT1 with 
0.9 µg BSA and 0.9 µg NBD-PS in 20 µl of 10 mM TRIS-HCl (pH 
7.6) for 15 min at 37°C. Water-saturated BuOH (30 µl) was added 
to stop the reaction and extract the lipids after centrifugation. 
Samples (10 µl) of the BuOH phase were spotted on Silica Gel 60 
TLC plates, which were developed with solvent A. The products 
were visualized using a Fotodyne imager. 

 Monitoring LPC and LPA production in plasma 
 Blood (5 ml) was drawn into a heparinized or nontreated Va-

cutainer tubes. Blood was centrifuged at 14,000  g  for 1 min, and 
the PRP was transferred to a new tube. The PRP from the tube 

phase A was 2% MeOH/98% water/0.05%HCOOH. Mass spec-
trometric data acquisition was performed in the data-dependent 
mode; one cycle encompassed a full-range MS scan followed by 
seven MS/MS scans on the most abundant ions from the MS 
scan. The LC-MS/MS data were used to search the SwissProt pro-
tein sequence database (subset of human proteins), using the 
program Bioworks/Sequest (Thermo Scientifi c). 

 RNA purifi cation and RT-PCR 
 A total of 100 ml of venous blood was drawn into 20 ml ACD, 1 

µM PGE 1 . The blood was centrifuged at 180  g , and the PRP was 
fi ltered through a PL6T leukocyte reduction fi lter (Pall, Inc., Port 
Washington, NY). Buffer A (68 ml) and 12 ml ACD was added to 
the sample and centrifuged at 1,400  g . The supernatant was re-
moved, the platelet pellet was resuspended in 1 ml Trizol (Invitro-
gen), and RNA was extracted following the manufacturer’s 
protocol. Two gene- and species-specifi c primers for each candi-
date protein were designed. Each primer was designed to produce 
a product between 250 and 350 basepairs long and span an intron 
of more than 1,000 base pairs so that DNA contamination would 
easily be identifi able by the size of the product. The following 
primers were used: LYPLA-I/APT1 1: 5 ′ -GCAGAAGCCTT TGCAG-
GTAT -3 ′ , forward 5 ′ -ATTGCCATTCTTCACTTCTTGAT-3 ′ , re-
verse; LYPLA-I/APT1 2: 5 ′ -ACTCAGTTGCTGGCTTCCAC-3 ′ , 
forward 5 ′ -TGCTTGACATCCATCATTTCC-3 ′ , reverse; MGLL 1: 
5 ′ -GCTGGACCTGCTGGTGTT-3 ′ , forward 5 ′ -TGTTGCAGAT-
TCAGGATTGG-3 ′ , reverse; MGLL 2: 5 ′ -AAGGGGCCTACCTGCT-
CAT-3 ′ , forward 5 ′ -TGGCTGTCCTTTGAGAGACC-3 ′ , reverse; 
PLA1A 1: 5 ′ -CCAATGATGTGGATTGAGGA-3 ′ , forward 5 ′ -GA A-
GCCATCCACACAGACAC-3 ′ , reverse; PLA1A 2: 5 ′ -GCT-
GTGGGCAGCTAGTAGAAC-3 ′ , forward 5 ′ -CCAATGATGTGGA 
TTGAGGA-3 ′ , reverse; LCAT 1: 5 ′ –3 ′ , forward 5 ′ –3 ′ , reverse; LCAT 
2: 5 ′ -GCTCCTCAAT GTGCTCTTCC-3 ′ , forward 5 ′ -CGGTAGCA-
CATCCAGTTCAC-3 ′ , reverse. RT-PCR was done using the Super-
script III kit (Invitrogen). Thirty cycles were performed using 400 
ng RNA template. The PCR products were separated on 2% aga-
rose gels and visualized with ethidium bromide staining. 

 MGLL activity assay 
 Human recombinant monoglyceride lipase (MGLL) was pur-

chased from Abnova Corporation. An amount of 0.5 µg enzyme 
was incubated with NBD-PS (0.9 µg) for 3 h at 37°C in 20 µl 10 
mM TRIS (pH 7.5). Then 30 µl water-saturated BuOH was added 
to extract the lipids, and 10 µl of the extract was spotted on a TLC 
plate. The plates were then developed with solvent A consisting 
of chloroform:methanol:ammonium hydroxide (V/V/V, 6:4:1). 
The products were visualized using a Fotodyne imager (Hart-
land, WI) and quantifi ed by the TotalLab100 software. The 
amount of the product generated was determined by interpola-
tion from the standard curve. 

 Recombinant MGLL was purchased from Abnova Corporation 
(Jhongli, Taiwan) and tested for activity using an assay kit from 
Cayman Chemicals (Ann Arbor, MI) that utilizes the hydrolysis 
of the thioester bond of arachidonoyl-1-thio-glycerol to produce 
a free thiol that reacts with 5,5 ′ -dithiobis-(2-nitrobenzoic acid) 
(DTNB). Recombinant MGLL (0.3 µg or 0.5 µg) or 100 µl PLA 1 -
active Blue-Sepharose fraction was added in 150 µl total volume 
with assay buffer (10 mM TRIS-HCl, 1 mM EDTA, pH 7.2), to a 
2.7 mM ethanolic solution of arachidonoyl-1-thio-glycerol and 
incubated at room temperature for 5 min. The absorbance was 
read at 415 nm using a BioTek microplate reader. 

 Construction of recombinant LYPLA-I/APT1 
expression plasmid 

 Human full-length LYPLA-I/APT1 (Accession #AF081281) 
was PCR-amplifi ed. The PCR products were cleaned using the 
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mine this, PC18:2 (  Fig. 1A  ),  PS18:1 ( Fig. 1B ), NBD-PC 
( Fig. 1C ), and NBD-PS ( Fig. 1D ) were incubated with Sup2 
in the presence or absence of ATX. We found signifi cant 
LPC generation in Sup2, regardless of whether we used PC 
18:2 or NBD-PC as substrate. However, very little LPA was 
produced. Using the fl uorescent NBD-PC substrate, LPA 
production was below the level of detection of our assay; 
however, using mass spectrometry, we detected a 0.028 ± 
0.06 ng/µg/h rate of LPA production. When PS 18:1 was 
used for substrate, we observed the production of LPS 18:1 
and a higher rate of LPA production amounting to 4.2 ± 
0.8 ng/µg/h. However, using NBD-PS, we still were unable 
to detect LPA production. In contrast, when recombinant 
human ATX was added, a 9.5-fold increase in the amount 
of LPA generated from LPC and a 2-fold increase in the 
amount of LPA generated from LPS, with a concomitant 
decrease in the LPC or LPS, was observed. When NBD-PC 
or NBD-PS analogs were used, essentially the same fi nd-
ings were noted, validating the applicability of these fl uo-
rescent analogs for monitoring LPL production. The 
fi nding of high rates of LPC and LPS production in the 
Sup2 suggests that phospholipases are secreted from plate-
lets, but lysophospholipase D is not present in suffi cient 
quantity to provide for substantial LPA production. The 
results with NBD phospholipids indicate that substantial 
amounts of PLA 1  activity are present in Sup2, because the 

with no additive was allowed to clot to generate serum. An 
amount of 10 µg recombinant LYPLA-I/APT1 enzyme was added 
to 1 ml activated plasma and incubated at 37°C for 24 h alongside 
1 ml activated plasma without addition of the enzyme. The inter-
nal standards 17:0 LPA and 17:0 LPC (20 ng each) were added to 
200 µl of the fresh PRP or to 200 µl of the serum samples after 24 
h incubation. A total of 200 µl of citrate phosphate buffer (30 
mM citric acid and 40 mM Na 2 HPO 4 , pH 4.0), 400 µl methanol, 
and 200 µl chloroform were added to the samples, and then cen-
trifuged at 14,000  g  for 1min. The chloroform layer was trans-
ferred to a new tube, dried under argon gas, and reconstituted in 
30 µl methanol:acetonitrile:isopropanol:water (V/V/V/V, 
1:1:1:1). LPA 18:2 and LPA 20:4 were quantifi ed by LC-MS/MS 
as described above. 

 Synthesis of sn-2 lyso-PAF 18:1 
 Synthesis and characterization of sn-2 lyso-PAF 18:1 is de-

scribed in the online supplementary data. 

 Determination of regioisomeric selectivity of ATX against 
two lyso-PAF substrates 

 Serial dilutions of either  sn-1  or  sn-2  lyso-PAF 18:1 (2 mM to 
31.25 µM in 20 µl assay buffer, 50 mM TRIS, pH7.4, 5 mM CaCl 2 , 
1 mg/ml BSA) were added to the wells in a 96-well, half-area 
plate. A total of 20 µl of either 10 nM ATX (fi nal concentration) 
or assay buffer was added to the wells, along with 20 µl Amplex 
Red cocktail [10 µM Amplex Red, 0.1 unit/ml choline oxidase 
(CO), and 1 unit/ml HRP, fi nal concentration] (Amplex Red, 
Invitrogen, Carlsbad CA; CO, MP Biomedical, Solon OH; HRP, 
ThermoFisher Scientifi c, Waltham, MA). The plate was incu-
bated at 37°C for 6 h and was read at excitation/emission wave-
lengths of 530/590 nm every 2 min with a BioTek Synergy 2 plate 
reader (Winooski, VT). A linear segment of time versus concen-
tration of product was plotted for each substrate concentration 
to determine initial reaction velocity. To calculate product con-
centration, a linear segment of absorbance values of serial dilu-
tions of resorufi n (2,000-0.0004768 µM) was used to establish a 
calibration curve of resorufi n fl uorescence. Resorufi n and prod-
uct concentration are directly proportional in the Amplex Red 
assay; thus, experimental absorbance values were interpolated on 
the calibration curve to determine product concentration. Sub-
strate concentration versus initial velocity was then plotted using 
GraphPad Prism ®  version 5.0a for Mac OS X, and a rectangular 
hyperbolic curve fi t was used to defi ne kinetic parameters. 

 RESULTS 

 Phospholipases released from activated platelets 
generate lysophospholipids, but LPA production 
requires ATX from plasma 

 Platelet activation triggers an upsurge in production of 
LPA molecular species, predominantly with 18:2 and 20:4 
fatty acids ( 16–21, 24 ). Using biosynthetic labeling of 
platelet phospholipids, it has been shown that only trace 
amounts of  32 P-LPA were found in the supernatant of acti-
vated platelets ( 19 ). To extend this observation concern-
ing the lack of LPA production by platelets, we tested the 
hypothesis that platelets secrete phospholipase(s) that de 
novo generate a pool of LPL, which in turn serves as sub-
strates for ATX constitutively present in plasma ( 33–35 ). 
The fi rst question we raised in pursuing this hypothesis 
was whether platelet activation by thrombin leads to the 
release of PLA 1  detectable in the supernatant. To deter-

  Fig.   1.  ATX is required for LPA production in activated platelet 
supernatant. Supernatant from thrombin-activated human plate-
lets was incubated in the absence or presence of recombinant hu-
man ATX with 10 µg PC 18:2 (A), 10 µg PS 18:1 (B), 1 µg NBD-PC 
18:1/12:0 (C), or 1 µg NBD-PS 18:1/12:0 (D) supplemented with 
250 µM BSA and 135 mM NaCl in the presence or absence of 200 
nM ATX at 37°C for 1 h. Generation of the corresponding LPC and 
LPA species was quantifi ed using LC/MS (A and B) or TLC (C and 
D). In the absence of added ATX, very little LPA was produced. In 
sharp contrast, LPC was abundantly generated by a PLA activity. 
Addition of ATX lead to a 9.5-fold increase in the amount of LPA 
generated from LPC and a 2-fold increase in the amount of LPA 
generated from LPS, with a concomitant decrease in the LPC or 
LPS. When the unnatural NBD-PC/PS analogs were used, essen-
tially the same fi ndings were noted, validating the usability of these 
fl uorescent analogs for monitoring LPA production. Bars are the 
mean of three independent determinations ± SD.   
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FP probes. FP-RH optimally inactivated PLA 1  at 5 µM and 
2 h of incubation (data not shown). 

 Identifi cation of serine hydrolases secreted from 
thrombin-activated human platelets 

 Since we determined that PLA 1  reacted with the FP 
probes, we then labeled the partially purifi ed PLA 1  ob-
tained after the HiTrap Blue chromatography step with 
FP-biotin. The FP probe allowed us to selectively label all 
serine hydrolases present in our sample, and the biotin 
allowed us to isolate the labeled proteins using streptavi-
din beads. We analyzed samples from three different puri-
fi cations. MS/MS data were obtained for the tryptic 
peptides present in the digest. The MS/MS data, which 
are diagnostic of the peptide sequences, were used to 
identify the proteins of interest through protein data-
base searches. Based on LC-MS/MS data, four relevant 
candidate proteins were identifi ed: lecithin-cholesterol 
acyltransferase (LCAT), phosphatidylserine-specifi c phos-
pholipase A 1  (PS-PLA 1 ), MGLL, and LYPLA-I, also known 
as APT1 (  Table 2  ).  

 Because we used PRP as a starting material, plasma pro-
tein contamination in our sample was a possibility; hence, 
it was important to determine whether the proteins identi-
fi ed in the sample were expressed in platelets. To this end, 
mRNA was isolated from human platelets, and RT-PCR for 
LYPLA-I/APT1, MGLL, PLA1A, and LCAT was performed 
using two different gene-specifi c primer pairs (denoted 1 
and 2,  Fig. 2B ). The eight primer sets were validated to 
amplify the appropriate transcripts derived from selected 
tissues. Only two of the four lipases identifi ed by LC-MS/
MS, namely LYPLA-I/APT1 and MGLL, yielded PCR prod-
ucts of the expected size, indicating the expression of 
these enzymes in human platelets. 

 We hypothesized that either MGLL or LYPLA-I/APT1 
or both might play a role in LPA production during blood 
coagulation. To determine whether any of these proteins 
is involved in LPA production, we needed to fi rst establish 
whether either enzyme possessed PLA 1  enzymatic activity. 
Human recombinant MGLL was tested for PLA 1  activity 
( Fig. 2C ). No cleavage of NBD-PS or generation of NBD-
LPS product was detected, suggesting that it does not 
function as a PLA 1 . Using as much as 0.5 µg recombinant 
MGLL in a MGL activity assay ( Fig. 2D ), we verifi ed that 
the enzyme was active even though it lacked PLA 1  activity. 
Furthermore, using the Blue-Agarose fraction rich in PLA 1  
activity, we were unable to detect MGLL activity using the 
same assay. These results suggested that MGLL does not 
have PLA 1  activity and, therefore, is unlikely to contribute 
to the production of LPA during blood coagulation. 

predominant products formed were NBD-LPC and NBD-
LPS with the fl uorescent label in the  sn-2  position. We hy-
pothesized that phospholipase(s) A 1  are secreted upon 
activation of platelets, and we next attempted to purify 
these enzymes. 

 Partial purifi cation of PLA 1  from supernatants of 
activated human platelets 

 To further substantiate the hypothesis that a novel PLA 1  is 
secreted from platelets, we partially purifi ed this enzyme 
from Sup2. Sup2 from human platelets was prepared and 
applied to Q Sepharose Fast Flow ion exchange chromatog-
raphy using an AKTA FPLC system. Fractions (3 ml) were 
collected, and each fraction was assayed for PLA 1  activity us-
ing NBD-PS as a substrate. Most PLA 1  activity with low PLA 2  
activity contamination was found in the last portion of the 
fl ow-through fractions, and no PLA 1  activity was detected in 
the bound fractions. The active fractions were combined 
and concentrated using a 5 kDa Amicon concentrator to 
exchange the buffer and loaded onto a Butyl-Sepharose col-
umn. The resulting active fractions were then loaded onto a 
HiTrap Blue affi nity chromatography column to eliminate 
albumin from the sample, and the PLA 1  was recovered from 
the fl ow through and concentrated as above. The specifi c 
PLA 1  activity present in the various pooled fractions is shown 
in   Table 1  .  The three chromatographic steps resulted in a 
1,500-fold purifi cation of PLA 1  activity. 

 Activity-based purifi cation of platelet PLA 1  
 Even though the multistep chromatographic purifi ca-

tion yielded a 1500-fold enrichment of PLA 1  activity, the 
sample contained multiple protein bands when examined 
using SDS-PAGE. Further chromatographic purifi cation 
led to loss of activity, necessitating a change in the purifi -
cation strategy. Most phospholipases contain a serine in 
the catalytic site that selectively reacts with fl uorophospho-
nate ( 36 ). Most serine hydrolases are potently inhibited by 
FP or its derivatives. However, FPs do not inhibit cysteine, 
aspartyl, or metalloproteases ( 37 ). Rhodamine- and biotin-
labeled FP probes are rapid, selective, and highly sensitive 
affi nity labels for serine hydrolases. In these probes, the 
fl uorescent reactive group or the biotin tag is coupled 
through a long alkyl chain and two amide bonds ( 37 ). 

 We fi rst determined if the PLA 1  activity present in plate-
lets reacted with a FP probe. A Butyl-Sepharose fraction 
was incubated with incremental amounts of FP-RH and 
NBD-PS substrate. An increase in concentrations of FP-RH 
produced a decrease in NBD-LPS production, presumably 
due to competition between FP-RH and NBD-PS for the 
catalytic site of PLA 1  (  Fig. 2A  ).  This experiment provided 
evidence that PLA 1  was a serine hydrolase and reacted with 

 TABLE 1. Summary of chromatographic steps 

Step µg Protein/µl Specifi c Activity (units  a  /µg) Purifi cation (fold)

Platelet Supernatant (Sup2) 75.3 ± 6.2 0.10 ± 0.03 1
Q Sepharose 16.2 ± 1.7 1.6 ± 0.4 16
Butyl Sepharose 0.08 ± 0.02 89.2 ± 4.4 872
HiTrap Blue 0.03 ± 0.01 159.5 ± 27.6 1560

  a   Units defi ned in nanomoles of LPS formed per h at 37°C.
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1 µg NBD-PC in 20 µl 10 mM TRIS (pH 7.9) at 37°C for 
10 min performed on GST-tagged LYPLA-I/APT1 and 
thrombin-cleaved LYPLA-I/APT showed no detectable 
PLA 1  activity with GST-tagged enzyme ( Fig. 3B ). In con-
trast, the LYPLA-I/APT1 with the tag removed showed ac-
tivity when incubated with NBD-PC, indicating that the 
GST tag inhibits activity of the enzyme and that LYPLA-I/
APT1 possesses phospholipase A 1  activity. 

 Recombinant human LYPLA-I/APT1 acts primarily as a 
phospholipase A 1  and does not break down LPA 

 LYPLA-I/APT1 has two known functions to date. As an 
acyl-protein thioesterase, it has been shown to deacylate G 
proteins and other thioacylated protein substrates ( 38 ). As 
a lysophospholipase, it cleaves the remaining fatty acid 
from either carbon of the glycerol backbone of lysophos-
phatidylcholine or lysophosphatidylserine. Because this 
protein has lysophospholipase activity, it was challenging 
to separate the PLA 1  activity from the lysophospholipase 
activity, as the product of the PLA 1  activity is also the sub-
strate of the lysophospholipase activity. Using unlabeled 
substrate to measure PLA 1  activity of the recombinant en-
zyme was not feasible, as we were unable to distinguish 
how much of the product was being cleaved by the lyso-
phospholipase activity, precluding the determination of 
the specifi c PLA 1  catalytic activity. To establish a timeline 
for the dual activities of the same enzyme, we used NBD-
PC, which allowed us to independently monitor the gen-
eration of NBD-LPC (product of PLA 1  cleavage) and 
NBD-FA (product of LYPLA-I/APT1 cleavage) products 
for both enzymatic activities and at least initially monitor 
reaction preference. NBD-PC, NBD-LPC, and NBD-FA 
were quantifi ed as percentage of total substrate and prod-
uct (  Fig. 4A  ).  Eleven percent of added NBD-PC was con-
verted to NBD-LPC within 1 min, indicating the robust 
PLA 1  activity of the enzyme. In contrast, NBD-FA produc-
tion reached a comparable amount only after 5 min of in-
cubation, further signifying that the initial and preferred 
product of LYPLA-I/APT1 was NBD-LPC. NBD-LPC 
reached a maximum steady-state level of 25% after 5 min, 
whereas NBD-FA generation continued steadily with the 
availability of NBD-LPC substrate for the LYPLA-I/APT1 

 We next tested whether LYPLA-I/APT1 functioned as a 
PLA 1 . Human recombinant GST-LYPLA-I/APT1 was ex-
pressed and purifi ed from transformed  E.coli . Coomassie 
Blue-stained SDS-PAGE showed that the purifi ed GST-
tagged LYPLA-I/APT1 and the LYPLA-I/APT1 with the 
GST tag removed yielded a single protein band with the 
expected 25 KDa size (  Fig. 3A  ).  PLA 1  activity assays using 

  Fig.   2.  FP-RH binds to PLA 1 , inhibiting activity and NBD-LPS 
production. Incremental amounts of FP-RH were incubated with 
NBD-PS and a phospholipase A1 active Butyl-Sepharose fraction 
(A). The production of NBD-LPS decreased with increasing 
amounts of FP-RH. Expression of serine hydrolase transcripts in 
human platelets (B). RT-PCR for LYPLA-I/APT1, MGLL, PS-PLA 1 , 
and LCAT was performed using two different gene-specifi c primer 
pairs (denoted 1 and 2) using mRNA isolated from human purifi ed 
platelets. Only LYPLA-I/APT1 and MGLL amplifi cation yielded 
PCR products of the expected size, indicating the expression of 
these enzymes in human platelets. These results were confi rmed 
with platelets from fi ve other donors of both sexes. MGLL does not 
possess PLA activity (C and D). When incubated with NBD-PS, no 
LPS formed, which indicated MGLL does not possess PLA activity 
(C). Human recombinant MGLL was shown to have MGL activity 
to prove functionality (D). Bars are the mean of three independent 
determinations ± SD.   

 TABLE 2. LC-MS/MS candidate protein peptide sequences 

Protein Name Entry Name
Accession 

Code

Theoretical 
Molecular 

Weight (kDa) Peptide Sequence

Occurrence of 
Peptide in 
Samples

Lecithin-cholesterol acyltransferase LCAT_HUMAN P04180 67 DLLAGLPAPGVEVYC*LYGVGLPTPR 3
TYSVEYLDSSK 2
SSGLVSNAPGVQIR 4
LDKPDVVNWM#C*YR 3
ITTTSPWMFPSR 3
TYIYDHGFPYTDPVGVLYEDGDDTVATR 2

Lysophospholipase A-I LYPA1_HUMAN O75608 25 LAGVTALSC*WLPLR 3
ASFPQGPIGGANR 5
TYEGMMHSSC*QQEMMDVK 5
TLVNPANVTFK 6

Phosphatidylserine-specifi c PLA 1 PLA1A_HUMAN Q53H76 55 FC*TALLPVNDR 1
C*ADFQSANLFEGTDLK 1

Monoglyceride lipase MGLL_HUMAN Q99685 59 LTVPFLLLQGSADR 1

In peptide sequences, C* indicates carbamidomethylated cysteine, and M# indicates oxidized methionine.
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human activated plasma generated by physiological means 
in venous blood were incubated with or without exoge-
nously added human recombinant LYPLA-I/APT1 for 24 
h, and the production of polyunsaturated LPA species was 
quantifi ed using LC-MS/MS. On addition of LYPLA-I/
APT1, LPA 18:2 ( Fig. 5A ) and LPA 20:4 ( Fig. 5B ) began 
increasing in a time-dependent manner in physiologically 
activated plasma. By the end of the 24 h incubation, addi-
tion of LYPLA-I/APT1 to the activated plasma signifi cantly 
increased the amount of LPA 18:2 and 20:4. The genera-
tion of these LPA species in activated plasma without the 
addition of LYPLA-I/APT1 also increased but to a much 
lower extent compared with the LYPLA-I/APT1 spiked 
samples. Note that these samples contained endogenous 

activity of the enzyme. NBD-FA product could also be gen-
erated by PLA 2  cleavage of NBD-PC; however, this product 
was not seen initially, making such catalytic activity un-
likely. Along with the generation of NBD-LPC and NBD-
FA, there was a continuous decrease in the NBD-PC 
substrate. This time course is consistent with the hypothe-
sis that human recombinant LYPLA-I/APT1 acts preferen-
tially as PLA 1  and only secondarily as LYPLA-I/APT1. 

 The hypothesis that LYPLA-I/APT1 would supply LPL 
to ATX and thereby contribute to LPA production could 
only be sustained if LYPLA-I/APT1 did not cleave LPA 
and degrade it. To test this hypothesis, recombinant 
LYPLA-I/APT1 was incubated with LPA 18:1 for up to 1 h, 
and the amount of LPA degraded was quantifi ed by LC-
MS/MS ( Fig. 4B ). The amount of LPA did not decrease 
during the 1 h incubation, indicating that LPA is not a 
substrate for LYPLA-I/APT1. Therefore, LYPLA-I/APT1 
does not contribute to the degradation of LPA. 

 LYPLA-I/APT1 contributes to the production of LPA 
during blood coagulation 

 The predominance of 18:2 and 20:4 LPA species in se-
rum indicates that PLA 1  cleavage must be involved in this 
biochemical pathway as these fatty acids are overwhelm-
ingly esterifi ed to the  sn -2 carbon of phospholipids. ATX 
has low, but constitutive activity for  sn-1  LPC present in 
plasma, indicated by the low concentration of LPA and the 
rather slow increase in LPA in heparinized plasma ex vivo 
(  Fig. 5A , B ) ( 19 ).  Therefore, ATX alone cannot account 
for the upsurge in LPA production subsequent to activa-
tion of blood clotting. We hypothesized that LYPLA-I/
APT1 release from activated platelets is, at least in part, 
responsible for the increase in LPA production by supply-
ing a newly formed pool of LPL to ATX upon the activa-
tion of platelets. To examine this, heparinized plasma and 

  Fig.   3.  Human recombinant LYPLA-I/APT1 with and without a 
GST tag were purifi ed for analysis (A). Coomassie Blue-stained 
SDS-PAGE gels show the protein profi les of the GST-tagged LYPLA-
I/APT1 protein and the thrombin-cleaved LYPLA-I/APT1 protein 
(5 µg each). Human recombinant LYPLA-I/APT1 must be unla-
beled for functionality (B). PLA activity assay was performed on 
both GST-tagged LYPLA-I/APT1 and thrombin-cleaved untagged 
LYPLA-I/APT1 (0.5 µg each). No activity was found when the GST 
tag was present. The thrombin-cleaved version of LYPLA-I/APT1 
had abundant PLA1 activity when incubated with NBD-PC in the 
presence of BSA. Bars are the mean of three independent determi-
nations ± SD.   

  Fig.   4.  Human recombinant LYPLA-I/APT1 acts fi rst as PLA 1 , 
and then has lysophospholipase activity when incubated with NBD-
PC (A). Purifi ed human recombinant LYPLA-I/APT1 was incu-
bated with NBD-PC and BSA for 0, 1, 2.5, 5, 10, 20, and 30 min. 
NBD-LPC was generated immediately, indicating PLA 1  activity of 
the enzyme. After the initial generation of NBD-LPC, NBD-FA was 
generated, indicating a lysophospholipase activity of the enzyme 
with a simultaneous decrease in the starting substrate. Human re-
combinant LYPLA-I/APT1 did not cleave LPA, and therefore, did 
not contribute to the breakdown of LPA (B). LYPLA-I/APT1 was 
incubated with LPA 18:1 in the presence of BSA for 1 h. The 
amount of LPA did not decrease during incubation, indicating that 
LPA is not a substrate for LYPLA-I/APT1. Bars are the mean of 
three independent determinations ± SD.   

  Fig.   5.  Human recombinant LYPLA-I/APT1 increases the 
amount of LPA 18:2 and LPA 20:4 in a time-dependent manner. 
Physiologically activated plasma and plasma with heparin additive 
were incubated with or without human recombinant LYPLA-I/
APT1 for 24 h. LPA 18:2 and LPA 20:4 in activated plasma began 
increasing after 3 h and increased greatly at 24 h. In contrast, in 
heparinized plasma LPA 18:2 and LPA 20:4 showed no increase, 
except in the sample with LYPLA-I/APT1 at 24 h.   
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contributes to the production of LPA during blood 
coagulation. 

 Regioisomeric preference of ATX 
 To further understand the mechanism of LPA produc-

tion upon blood coagulation, we wanted to determine the 
regioisomeric preference of ATX. We had determined 
that LYPLA-I/APT1 cleaves phospholipids to yield  sn-2  
LPLs. These LPLs can either undergo acyl migration and 
then be further cleaved by ATX to yield  sn-1  LPA or the 
 sn-2  LPLs can fi rst be cleaved by ATX yielding  sn-2  LPA 
that then undergoes acyl migration to form  sn-1  LPA. As 
the  sn-2  regioisomer of LPC is relatively unstable (T 1/2   � 30 
min at pH 8.0), especially during incubation at 37°C ( 31 ) 
(acyl migration generates a 9:1 excess of the  sn-1  form), we 
were unable to use the natural substrate for ATX to experi-
mentally determine substrate preference. To prevent acyl 
migration, we used lyso-PAF, an analog of LPC in which 
the fatty acid is ether-linked to the glycerol backbone. Us-
ing an Amplex Red, fl uorescence-based choline release 
assay, we determined the K m  and V max  of the  sn-1  regioiso-
mer to be 96 ± 10 µM and 0.11 ± 0.003 µM·min  � 1 , respec-
tively. In contrast, the K m  and V max  of the  sn-2  regioisomer 
were 51 ± 4 µM and 0.03 ± 0.004 µM·min  � 1 , respectively 
(  Table 3  ).  The k cat  value for the  sn-1  regioisomer was 11 ± 
0.03 min  � 1 , whereas for the  sn-2  regioisomer it was 3 ± 0.14 
min  � 1 . The K m  and k cat  values help assess the effi ciency of 
the enzymes against a given substrate; however, these val-
ues should not be used alone when considering the kinetic 
parameters of an enzyme. To better compare the enzyme 

LYPLA-I, which also contributed to the production of LPC. 
There was no signifi cant increase in either LPA species 
when platelet activation was prevented by heparin and re-
moval of plasma from the blood cells within 5 min of blood 
collection. However, there was a small increase at 24 h 
with the addition of LYPLA-I/APT1 to heparinized plasma, 
suggesting the enzyme could utilize physiological sub-
strates. We also determined that heparin (18.75 U/ml) 
used for anticoagulation of blood inhibited 90% of the ac-
tivity of ATX, although it did not inhibit the phospholi-
pase A 1  activity of LYPLA-I/APT1 (data not shown). 

 To extend these observations, we tested the effect of ex-
ogenous LYPLA-I/APT1 addition on LPA 18:2 and LPA 
20:4 production in a small sample of human donors from 
both sexes. Activated plasma was incubated with or with-
out 10 µg/ml human recombinant LYPLA-I/APT1 for 24 
h, and the amount of LPC 18:2, LPC 20:4, LPA 18:2, and 
LPA 20:4 was quantifi ed using LC-MS/MS. LPC 18:2 (  Fig. 
6C  )  increased signifi cantly by 1.5-fold with the addition of 
LYPLA-I/APT1, in contrast to a 1.3-fold increase without 
LYPLA-I/APT1. Similarly, LPC 20:4 ( Fig. 6D ) increased 
2.8-fold with the addition of LYPLA-I/APT1 and 2.5-fold 
without LYPLA-I/APT1. In the same samples, LPA 18:2 
( Fig. 6A ) increased 3.5-fold over 24 h compared with 2.6-
fold without LYPLA-I/APT1. LPA 20:4 ( Fig. 6B ) increased 
4.6-fold without the addition of LYPLA-I/APT1 relative to 
the level found at the beginning of the incubation and 5.8-
fold with the addition of LYPLA-I/APT1. The addition of 
LYPLA-I/APT1 signifi cantly increased the production of 
polyunsaturated LPC and LPA, indicating that this enzyme 

  Fig.   6.  Human recombinant LYPLA-I/APT1 in-
creases the amount of LPA 18:2 (A), LPA 20:4 (B), 
LPC 18:2 (C), and LPC 20:4 (D) produced in physi-
ologically activated plasma. Physiologically activated 
plasma was incubated with or without human recom-
binant LYPLA-I/APT1 for 24 h. LPA 18:2 and LPA 
20:4 increased in 24 h compared to the amount pres-
ent in plasma immediately after blood draw. Produc-
tion of LPA and LPC substantially increased with the 
addition of LYPLA-I/APT1, showing that LYPLA-I/
APT1 plays a role in the production of LPA during 
blood coagulation. Results are from three female do-
nors and four male donors (A-C) or one female 
donor and three male donors (D). Open symbols 
represent female donors, and closed symbols repre-
sent male donors. Identical shapes throughout indi-
cate same donor.  P  < 0.05, 24 h activated plasma with 
LYPLA-I versus without LYPLA-I analyzed by paired 
 t -test.   
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pathway were missing from the platelet supernatant ( 19 ). 
Using our newly developed method, we were able to di-
rectly demonstrate that ATX addition to platelet superna-
tant signifi cantly increased LPA production, indicating 
that there was de novo generation of ATX substrates within 
the platelet supernatant ( Fig. 1 ). Using  sn-2  NBD-labeled 
PC and PS, we found overwhelming hydrolytic activity gen-
erating NBD-LPC/LPS, consistent with the abundant pres-
ence of PLA 1  activity in the platelet supernatant. Under 
these conditions, we found much less NBD-FA generation 
from either NBD-labeled phospholipid substrate, indicat-
ing that PLA 2  activity was lower than corresponding PLA 1  
activity toward these substrates. In the absence of exoge-
nously added recombinant ATX, more LPA (although 
very little) was generated from PS than from PC. This fi nd-
ing might indicate that some lysophospholipase D enzymes 
present in the supernatant prefer LPS over LPC, or that 
trace amounts of contaminating ATX from plasma was 
present in the supernatant. It is also possible that the NBD-
labeled lipids are poor substrates for ATX but good sub-
strates for LYPLA-I. Lastly, it is known that LYPLA-I/APT1 
is a multifunctional enzyme that cleaves LPC as a lysophos-
pholipase and PC as a phospholipase. The lysophospholi-
pase activity could have consumed LPC more readily than 
LPS, diminishing the former substrate from ATX and 
thereby decreasing the amount of LPA produced. 

 Pamuklar et al. ( 40 ) examined the interaction of ATX 
with  � 3 integrin expressed on platelets and proposed that 
this mechanism could localize and augment LPA produc-
tion at the surface of platelets. We did not detect substan-
tial LPA production by activated purifi ed human platelets 
in the absence of added ATX ( Fig. 1 ). Thus, it appears that 
little ATX is associated with nonactivated circulating hu-
man platelets and activation of  � 3 integrins is required for 
capturing ATX to the platelet surface. Whether LPA re-
ceptors expressed in platelets activate  � 3 integrins, thereby 
promoting ATX binding, remains to be demonstrated. 
Such a feed-forward mechanism amplifying LPA produc-
tion at the platelet surface and promoting platelet activa-
tion via LPA receptors could play a role in thrombosis and 
hemostasis. 

 Using three sequential chromatographic steps, we were 
unable to purify the PLA 1  activity to homogeneity. We pur-
sued an affi nity-labeling strategy using an FP probe, which 
selectively reacted with serine residues in the catalytic site 
of serine hydrolases to which most lipases belong ( 36 ). Us-
ing the FP-biotin-labeled serine hydrolases isolated from 
the partially purifi ed PLA 1  fraction, we applied LC-MS/
MS in combination with database searches to identify these 
enzymes. We searched for proteins that were known li-
pases among FP-biotin-labeled proteins. Most lipase do-
main members have characteristic surface loops ( � 9 loops) 

effi ciency for the two substrates, the ratio k cat /K m  (specifi city 
constant) can be used. The constant provides a measure of 
catalytic effi ciency and allows for direct comparison of the 
effi ciency of an enzyme toward different substrates. The k cat /
K m  values for the  sn-1  and  sn-2  regioisomers of lyso-PAF 18:1 
were 0.12 ± 0.01 µM  � 1 ·min  � 1  and 0.05 ± 0.01 µM  � 1 ·min  � 1 , 
respectively (  Fig. 7  ).  Thus, the K cat /K m  of the  sn- 1 regioiso-
mer was 2.3 times higher than that of the  sn- 2 regioisomer, 
indicating that ATX catalyzes the  sn-1  regioisomer of lyso-
PAF 18:1 more effi ciently than the  sn-2  regioisomer. 

 DISCUSSION 

 We identifi ed LYPLA-I/APT1 as an enzyme with PLA 1  
activity that is released from human platelets during blood 
clotting and that contributes to the generation of polyun-
saturated species of LPA abundant in serum. Since the 
early reports of Schumacher et al. and Mauco et al. ( 16, 
21 ) in the late seventies, it has been known that platelet 
activation and LPA production were coupled; however, 
the precise mechanism remained unknown ( 17–20 ). Pre-
viously we have shown that only trace amounts of LPA are 
generated in activated platelets, far less than could ac-
count for the rise in LPA concentration from the nanomo-
lar range in plasma to the several micromolar level found 
in serum ( 19 ). Attention in the fi eld has since been fo-
cused on the hypothesis that activated platelets release 
phospholipases, which generate a new pool of LPLs that is 
subsequently converted to LPA by ATX ( 19, 39 ). Because 
more than 80% of LPA in serum is composed of the poly-
unsaturated 18:2 and 20:4 acyl species, we proposed that 
the LPL pool accessed by the constitutive ATX in plasma is 
likely to be generated by PLA 1  enzyme(s) derived from ac-
tivated platelets ( 19 ). In pursuit of this hypothesis, we re-
port in this study the identifi cation of one such PLA 1  
enzyme, previously known as LYPLA-I/APT1, which con-
tributes to the increase in LPA production during blood 
coagulation. Even though our results suggest that this 
PLA 1  is a major contributor to the increase in LPA produc-
tion, it may not be the only contributing phospholipase 
released by activated human platelets. 

 Previous studies have used fl uorescent phospholipids or 
[ 32 P]orthophosphate for biosynthetic labeling of the sub-
strates to monitor platelet-derived phospholipases ( 19 ). 
We developed LC-MS/MS techniques to monitor the se-
quential cleavage of PC/PS to LPC/LPS to LPA without 
the use of unnatural, fl uorescently labeled substrates. Sano 
et al. showed that when fl uorescently labeled PC, PE, or PS 
was incubated with supernatant from thrombin-stimulated 
platelets no LPA production could be detected. However, 
when plasma or serum was added, LPA generation com-
menced, suggesting that elements of the biochemical 

 TABLE 3. Kinetic parameters for ATX-mediated hydrolysis of Lyso-PAF 18:1 

Lyso-PAF K m  (µM) V max  (µM·min  � 1 ) K cat  (min  � 1 ) K cat /K m  (µM  � 1 ·min  � 1 )

 sn-1 96 ± 10 0.11 ± 0.003 11 ± 0.03 0.12 ± 0.01
 sn-2 51 ± 4 0.025 ± 0.004 3.0 ± 0.1 0.050 ± 0.01

N = 3, average values ± SE.
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On the basis of these data, it has been proposed that 
LYPLA-I/APT1 has a much higher thioesterase activity 
than lysophospholipase activity. However, in vivo, the ac-
tivity of this enzyme is likely to be affected by the availabil-
ity and presentation of the different substrates. 

 To make a distinction between substrate preference for 
PC and LPC of LYPLA-I/APT1, we used NBD-PC substrate 
and followed the time course of NBD-LPC production 
generated by the PLA 1  activity and NBD-FA production 
generated through lysophospholipase activity. We ob-
served a considerable delay in the formation of NBD-FA 
relative to NBD-LPC, the latter being continuously gener-
ated. For this reason, we suggest that LYPLA-I/APT1 func-
tions preferentially as a PLA 1  and only after the buildup of 
LPL concentration, presumably via acyl migration, it be-
gins to cleave this substrate as a lyso-PLA 1 . Although 
LYPLA-I/APT1 also may be able to function as a PLA 2 , its 
PLA 1  activity accounts for the generation of polyunsatu-
rated LPA, whereas the PLA 2  activity would generate LPL 
molecular species overwhelmingly of the saturated type. In 
this context, we emphasize that ATX present in blood will 
cleave the headgroups of the nascent LPL generated by 
LYPLA-I/APT1. Once the headgroup is removed, the LPA 
is no longer cleaved by LYPLA-I/APT1 ( Fig. 4B ), allowing 
for the accumulation of LPA in serum. 

 Without a knockout animal model or specifi c inhibitors 
of LYPLA-I/APT1, we were limited to study the effect of 
the enzyme on ex vivo LPA production in activated plasma. 
Following the addition of LYPLA-I/APT1 to heparinized 
plasma, we detected only a very small increase in polyunsat-
urated LPA production at 24 h, suggesting that the enzyme 
can utilize physiological substrates. However, this increase 
was confounded because heparin inhibited the activity of 
ATX but not the PLA 1  activity of LYPLA-I/APT1. LPA pro-
duction in activated plasma began to increase after 3 h and 
continued up to 24 h (the last time point tested). Spiking 
LYPLA-I/APT1 into activated nonanticoagulated plasma in-
creased LPA 18:2 and 20:4 production by 5- and 4-fold, re-
spectively. This augmentation of LPA production indicates 
that LYPLA-I/APT1 recognizes and cleaves plasma phos-
pholipids and contributes to the generation of LPA during 
blood coagulation. Production of LPA by this pathway is 
limited by the amount of LYPLA-I/APT1 released from 
platelets and the rate with which ATX generates LPA rela-
tive to the rate with which LYPLA-I/APT1 degrades LPL. 

 We considered that LYPLA-I/APT1 generates a new 
pool of  sn -2 LPL, which can potentially undergo acyl mi-
gration before or after headgroup cleavage by ATX. The 
 sn-2  regioisomer of LPC is relatively unstable and under-
goes acyl migration to the  sn-1  position at neutral pH at 
37°C. Due to the several minute-long half-life of the  sn -2 
regioisomer ( 31 ), we were unable to obtain biochemical 
proof whether the nascent LPA generated was of the  sn- 2 
or  sn-1  regioisomer because the extraction and HPLC sep-
aration of the regioisomers takes longer than 30 min. To 
obtain indirect insight into the role of acyl migration on 
ATX cleavage, we synthesized the  sn-2  regioisomer of lyso-
PAF and compared its cleavage with the  sn-1  regioisomer. 
ATX cleaved the  sn-1  lyso-PAF with a higher k cat /K m  than 

and a lid domain ( 12 ). These loops are part of the active 
site and help determine substrate recognition. The do-
mains helped to identify our protein of interest. We also 
ignored all proteins that were too large to fi t the size of the 
PLA 1  estimated by gel fi ltration (25 KDa and 50 KDa; data 
not shown) and excluded any unknown peptide sequences. 
Using these exclusion criteria, we identifi ed four proteins 
that were potential candidates for a PLA 1 . We further rea-
soned that if PLA 1  is released from platelets, it should be 
synthesized in platelets. Therefore, we looked for RNA 
transcripts of the four lipases in platelets. Using this crite-
rion, we were able to eliminate LCAT and PS-PLA 1 , leaving 
MGLL and LYPLA-I/APT1 as the two candidates. 

 We were also able to eliminate MGLL as a candidate 
protein because the recombinant enzyme lacked PLA 1  ac-
tivity. We next cloned and expressed the human LYPLA-I/
APT1 and unexpectedly found that the GST tag interfered 
with enzymatic activity. We do not know whether the GST 
tag may have interfered with protein folding or may have 
affected the ability of the substrate to bind to the enzyme. 
Despite this interference, once the GST tag was removed, 
we determined that the recombinant LYPLA-I/APT1 had 
PLA 1  activity against NBD-labeled and natural PC and PS. 
Our attempts to determine the  K m   value of LYPLA-I/APT1 
with PC and PS substrates were unsuccessful because the 
product of PLA 1  cleavage is also the substrate of the lyso-
phospholipase activity of the enzyme. LYPLA-I/APT1 has 
been shown to cleave fatty acids esterifi ed to either the 
 sn -1 or the  sn -2 carbon of LPC ( 41 ). However, we deter-
mined that LPA was not cleaved by LYPLA-I/APT1, indi-
cating that the product escapes further modifi cation by 
this multifunctional enzyme. 

 Another function of LYPLA-I/APT1 is the deacylation/
depalmitoylation of G proteins, ghrelin, and other thioa-
cylated protein substrates ( 38, 42–44 ). Deacylation/
depalmitoylation contributes to the regulation of lipid 
modifi cations and reverses the process of thioacylation of 
proteins involved in signal transduction. It has been shown 
that the K m  of the lysophospholipase activity is about 8 
times higher than the K m  of the thioesterase activity of the 
enzyme. The V max  is about 17 times lower for the lysophos-
pholipase activity than for the thioesterase activity ( 44 ). 

  Fig.   7.  Comparison of the cleavage of  sn-1  with  sn-2  lyso-PAF 
18:1 by ATX. A linear segment of time versus amount of product 
was plotted for each substrate concentration (31.25 µM-2 mM) 
to determine initial velocity. Substrate concentration versus initial 
velocity was plotted. All absorbance values were converted to µM of 
resorufi n produced to report as actual product. Bars are the mean 
of three independent determinations ± SEM.   
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its  sn -2 counterpart. Based on this fi nding, it seems logical 
to propose that acyl migration occurs predominantly at 
the LPL stage of this biochemical pathway. However, only 
direct measurement of the nascent LPL and LPA regioiso-
mers can help settle this question. An additional factor 
that must be considered is the short half-life of LPA in 
blood in vivo .  LPA appears to be continuously produced and 
simultaneously broken down in blood on the minute scale 
( 45 ). This might create a situation that could enrich the 
abundance of  sn -2 regiosomer in blood relative to the  sn -1 
regioisomer because the LPA generated is broken down be-
fore or at a similar rate with which acyl migration occurs. 

 On the basis of the results of this study, we hypothesize 
that LPA production during blood coagulation occurs via 
the following steps:  1 ) Upon activation, platelets release 
LYPLA-I/APT1;  2 ) LYPLA-I/APT1 cleaves phospholipids 
to generate a new pool of  sn-2  LPL;  3 ) The newly gener-
ated  sn-2  LPLs undergo acyl migration within minutes to 
produce a pool of  sn -1 LPLs; and  4 ) ATX or other lyso-
phospholipase D enzymes cleave the  sn -1 LPLs to generate 
an upsurge of  sn-1  LPA enriched in polyunsaturated FA. 
This hypothesis needs further testing. The availability of 
LYPLA-I/APT1 knockout animals and rapid methods for 
the detection of LPA and LPA regioisomers will accelerate 
the progress toward a better understanding of LPA pro-
duction in biological fl uids.  
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