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lipase activity, which is not observed with LCAT.
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Lecithin cholesterol acyltransferase (LCAT) is the
ey enzyme in the esterification of plasma cholesterol
nd in the reverse cholesterol transport on high-
ensity lipoprotein (HDL). We have found a novel
CAT-related gene among differentially expressed
DNA fragments between two types of foam cells de-
ived from THP-1 cells, which are different in choles-
erol efflux ability, using a subtractive PCR technique.
he deduced 412-amino-acid sequence has 49% amino
cid sequence similarity with human LCAT. In con-
rast to the liver-specific expression of LCAT, mRNA
xpression of the gene was observed mainly in periph-
ral tissues including kidney, placenta, pancreas, tes-
is, spleen, heart, and skeletal muscle. The protein
xists in human plasma and is probably associated
ith HDL. Moreover, we discovered that the recom-
inant protein hydrolyzed lysophosphatidylcholine
lysoPC), a proatherogenic lipid, to glycerophos-
horylcholine and a free fatty acid. We have therefore
amed this novel enzyme LCAT-like lysophospho-

ipase (LLPL), through which a new catabolic pathway
or lysoPC on lipoproteins could be elucidated. © 1999

cademic Press

LCAT is known to be involved in the intravascular
etabolism of HDL [1] and mainly synthesized in the

iver [2]. Although many important proteins exist as a
amily, LCAT is considered to be a single lipoprotein-
ssociated enzyme without any related protein. In the
resent paper we describe the cloning of LLPL, which
s structurally similar to LCAT, and also the discovery
f its potential biological activity in vivo, lysophospho-

1 To whom correspondence should be addressed: Fax: 81-298-64-
308. E-mail: Taniyama _Yoshio@ takeda.co.jp).
The sequence for human LLPL has been deposited in DDBJ,
MBL and GenBank nucleotide sequence databases with the acces-
ion number: AB017494.
50006-291X/99 $30.00
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ysoPC is produced in reactions catalyzed by LCAT on
DL and has been reported to be partially transferred

rom HDL to serum albumin [3]. However, until now
he catabolism of the resulting lysoPC has remained
nclear. Moreover, lysoPC is also produced by LDL-
ssociated phospholipase A2 (PLA2) [4] after the oxi-
ation of LDL. LysoPC is believed to be proatherogenic
ecause it serves as a chemoattractant for monocytes,
nduces monocyte adhesion to arterial endothelial
ells, impairs endothelium-dependent arterial relax-
tion and promotes macrophage proliferation [5].
ased on our data that LLPL exists in the plasma and

s probably associated with HDL, we propose a model
y which lysoPC produced by LCAT on HDL is de-
raded by LLPL , and lysoPC on oxidized LDL can also
e a substrate for LLPL in the circulation.

XPERIMENTAL PROCEDURES

Preparation of foam cells. Two types of foam cells were prepared
undamentally according to the previous method [6] with minor
odifications. Namely, THP-1 cells (Dainippon Pharmaceutical,
saka, Japan) were induced to differentiate into macrophage-like

ells by 3 days of treatment with 400 ng/ml PMA followed by expo-
ure to 0.2 mg/ml total cholesterol of rabbit b-VLDL (Biomedical
echnologies Inc., Stoughton, MA) for 1 day. Similarly, THP-1 cells
ere treated with 5 ng/ml PMA for 5 days, and then treated with
-VLDL.

Subtraction of mRNA between the two types of foam cells. For
ach cell type, the total RNA was extracted with guanidine isothio-
yanate, and the poly(A)1RNA was purified using an oligo-dT cellu-
ose column (Pharmacia). A subtractive PCR was carried out using a
CR-select cDNA Subtraction Kit (Clontech) according to the in-
tructions of the manufacturer.

cDNA cloning of human LLPL. Cloning of the cDNA was per-
ormed using a Gene Trapper Positive Selection System (Gibco BRL)
ccording to the manufacturer’s manual. The following synthetic
ligonucleotide specific for clone 4s-086 (Fig. 1) was used as a probe
or the screening of the human heart and kidney cDNA plasmid
ibraries (Gibco BRL): 59-GCTGCTGCCCTACAACTACACAT-39. Se-
uence analysis of the cDNA clones was done using a Dye Termina-



tor Cycle Sequence FS Ready Reaction Kit and a Prism sequencer
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Detection of lysophosholipase activity. [14C]LysoPC (40mM) was
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77 (PE Applied Biosystems).

Polyclonal antibodies against human LLPL peptide and recombi-
ant LLPL produced by E. coli. The partial peptide (H-
VIGPLKIREQQRSAVSTC-NH2) of human LLPL was chemically
ynthesized as LLPL antigen. To prepare the protein with His pep-
ide (7mer) fused at the C-terminus (LLPL/His), a primer: 59-
AACGAGGAACCCGGGGAGCTCGCC-39, which was complemen-

ary to the upper strand and consisting of the Xho I linker sequence
dded at the 59-end and a primer: 59-ACATATGGCTAGCGCC-
GACGTCACCCC -39, for the upper strand involving the start codon
nd its upstream of the Nde I site were constructed. PCR was carried
ut to obtain a DNA fragment. Purification and production of the
rotein in E. coli was performed using pET system (Novagen) by the
nstructions of the manufacturer. Immunization was performed by
tandard procedures [7]. Rabbit antiserum PCL33 against the pep-
ide was purified by affinity column. Two kinds of antisera to LLPL/
is, PCL01 and PCL02 were purified with High-Trap protein G

olumn (Amersham-Pharmacia).

Expression of LLPL cDNA in COS-7 cells. The EcoRI/XbaI digest
f LLPL cDNA was subcloned into the same sites of a mammalian
xpression vector pCI (Promega). COS-7 cells were transfected by
he plasmid using TransFast Transfection Reagent (Promega).

Expression of the LLPL/FLAG and LLPL genes in insect cells. To
repare the protein with the FLAG peptide (DYKDDDDK) fused at
he C-terminus (LLPL/FLAG), a primer (59-CCGCTCGAGTCACT-
GTCATCGTCGTCGTCCTTGTAGTCGGGCCCAAGGAGCACACG-
TTCAG-39) which was complementary to the upper strand and
onsisting of the sequence encoding the FLAG peptide and the Xho I
inker sequence added at the 59-end and a primer (59-
GAGACAACCAACCGGATCCC-AGTCATCGGG-39) for the upper

trand upstream of the Bam HI site were constructed. PCR was
arried out using the positive clone from heart as the template to
btain a DNA fragment, and its nucleotide sequence was confirmed.
hen a DNA fragment encoding the N-terminal sequence was pre-
ared, and the two fragments were ligated into pFAST Bac I (Gibco
RL). Recombinant virus was acquired from the insect cell line Sf9
ccording to the manual of the Bac-To-Bac Baculovirus Expression
ystem (Gibco BRL).

Purification and determination of the N-terminal amino acid se-
uence of LLPL/FLAG protein. High Five cells (Gibco BRL) were
rown to a density of 2.0 3 106 cells/ml in Ex-Cell 405 medium (JRH
iosciences, Lenexa, KS), and then infected at a multiplicity of

nfection of 1. The culture was incubated at 27°C for 3 days. The
upernatant was applied to an anti-FLAG M2 affinity column. After
ashing with TBS buffer, elution was carried out with solutions of
LAG peptide in TBS buffer. A portion of the above solution was
ubjected to SDS-PAGE and transferred to a PVDF membrane (Mil-
ipore), and the N-terminal amino acid sequence was determined
sing a HP G1005A protein sequencing system (Hewlett Packard,
alo Alto, CA).

Preparation of hydrophobic proteins in lipoprotein deficient plasma
LPDP). Ten ml of fresh human plasma was separated by ultra-
entrifugation, and the resulting LPDP pool (d . 1.21 g/ml, 40 krpm,
0 h) was dialyzed against 10 mM sodium phosphate buffer (pH 7.0)
ontaining 0.5 M NaCl and 0.1% NaN3, and loaded on to a 10 3 60
m Phenyl Sepharose CL-4B (Pharmacia) column equilibrated with

he same buffer. The column was washed with 100 ml of the same
uffer and eluted with 50 ml of deionized water. The eluent was
oncentrated with YM-10 membrane (Amicon) to 5 ml, and used as
S eluent.

Northern blot analyses. The multiple tissue northern blots of
uman tissues (Clontech) were hybridized with a clone 4S-086 la-
eled with [a-32P]dCTP by the random priming method. The mem-
rane was autoradiographed with an image analyzer (BAS2000, Fuji
ilm).
51
ncubated with the enzyme in 10 mM Tris-HCl (pH 7.5)-150 mM
aCl solution at 37°C for 1 h. After extraction from the mixture by
HCl3/MeOH (1:2, v/v), the release of the free fatty acid was mea-
ured by TLC using successive development with chloroform/
ethanol/H2O (65/35/5; v/v/v) and hexane/diethylether/acetic acid

90/20/1; v/v/v) and an image analyzer.

ESULTS

DNA Cloning of LLPL

To isolate the genes related to the lipid metabolism,
he nucleotide sequences of the differentially expressed
DNA fragments between two types of foam cells (see
xperimental Procedures) were determined and ho-
ology searches undertaken in the GenBank database

or them using the BLAST N program [8]. We found
lone 4s-086 (Fig. 1) had a novel nucleotide sequence
hich is similar to that of chicken LCAT. Four clones
ere selected from human heart and kidney cDNA

ibraries, three of which were found to encode a pre-
icted 412-amino-acid protein (Fig. 1). The other clone
rom kidney encoded a predicted 444-amino-acid pro-
ein, corresponding to a variant with a 32-amino-acid
nsert in the above form (Fig. 1), suggesting that this
ong form may be generated by alternative splicing.
he presence of the long form was confirmed by PCR in
ther human cDNA libraries. The sequence of the three
lones revealed only one possible open reading frame
ith a typical signal peptide of 33 residues and a
ature protein of 379 amino acids (Fig. 1).

rimary Structure of LLPL

Compared with the amino acid sequence of human
CAT [9], the two potential disulfide bonds and three
otential N-linked glycosylation sites are conserved
Fig. 2). While the putative active site serine is present
n the LLPL protein, the GXSXG motif commonly
ound in lipases is replaced by the AXSXG motif [10].
ecently, a surface region consisting of 25 amino acids

inked by a disulfide bond (C74-C98 in Fig. 2) in LCAT
as been reported to be involved in the binding of the
nzyme to lipoproteins [11]. The corresponding region
f LLPL demonstrates a high sequence similarity with
hat of LCAT (Fig. 2), suggesting that this region of
LPL is functional, as in the case of LCAT.

roduction of Recombinant LLPL Protein

To study the properties of the LLPL protein, the
LPL/FLAG as well as native LLPL protein were pro-
uced in insect cells using the baculovirus system. The
ulture supernatants were then harvested and ana-
yzed by Western blotting. In the case of LLPL/FLAG,

specific band reacting with both the anti-peptide
ntibody and an anti-FLAG M2 monoclonal antibody
Eastman Kodak, New Haven, CT) was identified at a
osition corresponding to 47 kDa (Fig. 4e). This protein
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as purified using an anti-FLAG M2 affinity column
Eastman Kodak) from the culture supernatants (ca. 6
g/l). Sequence analysis of the purified epitope-tagged

rotein gave a partial N-terminal amino acid sequence
f AGRHPPVVLV, indicating that the N-terminal se-
uence of this mature protein starts from the 34th

mino acid of the precursor protein shown in Fig. 1.
imilarly, the native LLPL was analyzed by Western
lotting, giving a specific band with a molecular mass
f about 45 kDa.

iological Activities of the Recombinant Proteins

The esterase activity of the recombinant LLPL/FLAG
as assayed using p-nitrophenyl butyrate (PNPB) as a

ubstrate [12]. LLPL/FLAG hydrolyzed PNPB with a Km
f 310 mM and a Vmax of 3.3 nmol/min in the presence of
.4 mg/ml of the protein, calculated from the Lineweaver-
urk plot. These kinetic parameters are in good accor-

FIG. 1. Nucleotide and deduced amino-acid sequences of a cDNA
resumed initiating methionine. The N-terminal amino acid sequ
nderlined. The consensus sequences for N-linked glycosylation site
ashed line and solid line, respectively. Amino acid sequence of the
he clone 4S-086 is indicated by dashed underlining. Nucleotide sequ
he site for insertion of the amino acid sequence LECSGAISAHYTS
rrow. The stop codon is indicated by an asterisk.
52
ance with those of human plasma LCAT [12]. The par-
ially purified recombinant native LLPL also had the
sterase activity. Although we tried to determine
hether the recombinant proteins have lecithin choles-

erol acyltransferase activity (LCAT activity) [13], none
as detectable under the conditions. We studied the
hospholipase activity of the LLPL/FLAG protein, since
CAT activity consists of PLA2 and acyltransferase ac-
ivities. When 1,2-di [14C] oleoyl-phosphatidylcholine was
sed as a substrate, a low level of radioactivity was de-
ected in spots corresponding to the free fatty acid, sug-
esting that the enzyme has weak phospholipase activity
oward phosphatidylcholine (0.4 6 0.1 nmol/min/mg). Fi-
ally, we examined the lysophospholipase activity of this
nzyme and found that it released a fatty acid at the sn-1
osition of lysoPC (Fig. 3) with an activity of 12 6 0.2
mol/min/mg, which is ca. 30 times higher than the phos-
holipase activity described above. In addition, the lyso-

coding human LLPL. Amino acids are numbered beginning with the
ce of purified LLPL/FLAG experimentally determined, is double
nd for the conserved lipase active-site serine motif are boxed by a
tide for antigen is indicated by underlining. Nucleotide sequence of
e of the probe for Gene Trapper is indicated by an underlined arrow.
QAQALLLPQTPDNWDYR in a variant is indicated by an upward
en
en
s a

pep
enc
AS
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hospholipase activity of the recombinant enzyme was
naffected by treatment with 1 mM EDTA, but was in-
ibited by the serine esterase inhibitor diisopropylfluoro-
hosphate at 1 mM, indicating that the activity is
alcium-independent and that the active site contains a
erine residue.

FIG. 2. Alignment of the amino acid sequences of human LLPL a
erase active-site serine motif conserved between LLPL and LCAT i
ipoproteins is indicated by a dashed line. The conserved N-linked g
re boxed by dashed and solid lines, respectively.

FIG. 3. Lysophospholipase activity of human LLPL/FLAG.
-[14C]palmitoyl-sn-glycero-3-phosphocholine was incubated with
lane 2) and without (lane 1) 2 mg of the LLPL/FLAG protein. The
esulting lipid products were analyzed by TLC. The positions of
tandard lysoPC (L-a-lysophosphatidyl-choline palmitoyl (C16:0)),
onoglyceride (1-mono palmitoyl-rac-glycerol (C16:0)) and a free

atty acid (palmitic acid), determined by phosphomolybdic acid va-
or, are indicated.
53
etection of Plasma LLPL

The reactivity of antibody PCL33 was shown in Fig.
a. In PS eluent of LPDP, it detected one sharp band
ith the same molecular size as that of the recombi-
ant LLPL secreted by COS-7 cells (about 57 kDa), and
he broad weak band with molecular mass of 60-70
Da, where the existence of large amounts of protein
ere detected by Coomassie-stained protein profile.
igure 4b illustrates the reactivity of antibody PCL01.
lthough additional bands were observed, the strong
and is only one with molecular mass of 57 kDa. Figure
e shows the pattern of Western blot using biotin-
abeled antibody PCL02 with an excess amounts of
reimmune serum. It also detected the band with mo-
ecular mass of 57 kDa strongly in PS eluent. Compar-
ng with the profile without preimmune serum (Fig.
c), the pattern is almost the same. To study the attri-
ution of the non-specific recognition in this antibody,
xcess amounts of PCL02 without the modification of
iotin were added (Fig. 4d). The broad band (60-70
Da) almost disappeared, suggesting that PCL02 also
ecognizes a different molecule migrated at the
rotein-rich band in PS eluent. Moreover, we could not
ule out the possibility that the band at 57 kDa in lane
of Fig. 4c involves an additional molecule other than
LPL, since a faint staining was observed at 57 kDa in
ig. 4d. Nonetheless, it is clearly shown that the band
ith apparent molecular mass of 57 kDa contains the

LCAT. Identical amino acids are indicated by asterisks. Carboxyes-
dicated by a solid line. The potential region involved in binding to
sylation sites and cysteine residues for potential disulfide linkages
nd
s in
lyco
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lasma LLPL as assessed by Western blot analyses
sing three different antibodies.

xpression of LLPL

Northern blot analysis of human tissues revealed a
igh level of LLPL mRNA expression in peripheral
issues (Fig. 5). The low transcription level of LLPL in
iver is surprising because LCAT mRNA has been re-
orted to be expressed most abundantly in liver [2].

ISCUSSION

We have reported here the molecular cloning and
haracterization of a new human lysophospholipase
hat we have designated as LLPL, which contains a
nique sequence motif, AXSXG, found in Bacillus

ipases [10]. We have confirmed that this unique motif
s also conserved in the counterpart molecules of mouse
nd rabbit, suggesting that the motif in LLPL has been
onserved among mammalian species during evolu-
ion. To our knowledge, an enzyme containing this
otif has not yet been reported in mammalian species.

n addition, the catalytic residues, D369 and H401 and
he possible second oxyanion hole residue F127 of
CAT in Fig. 2 are conserved in LLPL protein, sug-

FIG. 4. Western blot analyses of the plasma LLPL in LPDP
raction. Five ml of PS eluent was separated by 12.5% SDS-PAGE
nder reducing conditions and transferred to a Hybond-P membrane
Amersham). Lane1, recombinant LLPL secreted by COS-7 cells;
ane 2, PS eluent of LPDP; lane F, recombinant LLPL/FLAG secreted
y insect cells. Blots recognized by anti-human LLPL-peptide anti-
ody, PCL33 (a), and anti-human LLPL/His antibody, PCL01 (b)
ere detected with alkaline phosphatase conjugated goat anti-

rabbit IgG) polyclonal antibody absorbed with human serum protein
Sigma, MO). Blots recognized by biotinylated antibody PCL02 in the
bsence (c) or presence (e) of excess amounts of rabbit preimmune
gG, and presence of excess amounts of non-biotinylated PCL02 (d),
ere all detected with Streptavidin alkaline phosphatase conjugate

Boehringer). No bands were detected without first antibodies in
hese systems.
54
LPL is similar to that of LCAT [14].
LLPL has sequence homology with LCAT, which as-

ociates with lipoproteins. To confirm the existence of
ildly associated LLPL with lipoproteins, human

lasma precipitated with dextran sulfate/MnCl2 [15]
as fractionated [16] and analyzed by Western blot-

ing. As a result, the bands with a molecular weight of
bout 57 kDa appeared mainly in the HDL fractions,
uggesting that this 57-kDa band involves the plasma
LPL protein associated with HDL (data not shown).
lthough the source of LLPL found in the plasma re-
ains unknown, data on the tissue distribution of the
RNA and its structural homology with LCAT protein

uggest that the peripheral cells secrete LLPL protein,
hich then associates or interacts with HDL, and the
LPL protein affects the metabolism of lipoproteins in
he plasma.

A 59- flanking region of the human LLPL gene has been
loned and found to contain a sequence TCCAGGTCA, a
otential responsive element for nuclear receptor SF-1,
uggesting that their ligands such as oxysterols [17] are
nvolved in the regulation of LLPL gene transcription.
n fact, the expression of the LLPL transcript in
acrophage-like THP-1 cells was increased by about

-fold with stimulation by oxidized LDL, indicating that
he expression is inducible. The expression of LCAT gene,
owever, appears to be relatively resistant to dietary or
rug challenge in vivo [18].
HDL is believed to have antiatherogenic properties.

his assumption is supported by epidemiologic evidence,
pecifically, an inverse correlation between the incidence
f coronary artery disease and the plasma HDL level [19].
uch properties of HDL may be ascribed to some of the
nzymes located in HDL complexes, for instance, para-
xonase, PAF-acetylhydrolase, and LCAT. An important
ctivity of HDL is to stimulate the efflux of cholesterol
rom peripheral cells and to accommodate the cholesterol
ia its esterification. LCAT on HDL is thought to be
esponsible in a large part for this activity of HDL. Since
LPL has similarity with LCAT and exists in the plasma

Fig. 2, Fig. 4), it may also contribute to the activity of
DL of accumulating free cholesterol released by periph-

ral cells. LLPL is also likely to regulate the activity of
CAT by reducing the level of lysoPC because the end-
roduct, lysoPC, has been reported to inhibit LCAT ac-
ivity as a feed-back regulator [3]. LLPL may catalyze the
ransfer of a fatty acid from the 1-position of lysoPC to the
n-2 position of another lysoPC or to the hydroxyl group
f some cholesterol derivatives in vivo. Furthermore, sev-
ral lines of evidence [20] suggest a role for HDL in the
rotection of LDL against oxidative modification. Re-
ently, LCAT has been reported to hydrolyze oxidized
hosphatidylcholine to lysoPC and be involved in the
rotective activity against oxidation of LDL [21]. Simi-
arly, PAF-acetylhydrolase hydrolyzes oxidized phos-
hatidylcholine to lysoPC [4]. Although lysoPC is
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roatherogenic, both enzymes apparently have only
LA2 activity, with lysoPC as a reaction end product. In

his paper, LLPL structurally resembling LCAT was
hown to play a role in degrading the proatherogenic
ipid, lysoPC and to exist in the plasma. Therefore, we
ould sufficiently explain the antiatherogenic property of
DL, the protection of LDL against oxidative modifica-

ion, with this novel enzyme. Recently, bile-salt-
timulated lipase in the aorta has been postulated to
rotect against atherosclerosis by degrading the lysoPC
n oxidized LDL [22]. Thus, the regulation of lysophos-
holipase activity may be used for therapeutic applica-
ions. From this point of view, the presence of the LLPL
ariant is interesting because its activity and localization
ay be different from native LLPL and the profile of its

xistence in individuals may be associated with suscep-
ibility to atherosclerosis. Although the physiological
oles of LLPL remain to be determined, our results
trongly suggest that LLPL, a novel enzyme in the
lasma, plays several important roles in the antiathero-
enic properties of HDL.
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