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Lipoprotein lipase (LPL) is a principal enzyme responsible for
the clearance of chylomicrons and very low density lipoproteins
from the bloodstream. Two members of the Angptl (angiopoi-
etin-like protein) family, namely Angptl3 and Angptl4, have
been shown to inhibit LPL activity in vitro and in vivo. Here, we
further investigated the structural basis underlying the LPL
inhibition by Angptl3 and Angptl4. Bymultiple sequence align-
ment analysis, we have identified a highly conserved 12-amino
acid consensus motif that is present within the coiled-coil
domain (CCD) of both Angptl3 and Angptl4, but not other
members of the Angptl family. Substitution of the three polar
amino acid residues (His46, Gln50, and Gln53) within this motif
with alanine abolishes the inhibitory effect of Angptl4 on LPL in
vitro and also abrogates the ability of Angptl4 to elevate plasma
triglyceride levels inmice. TheCCDofAngptl4 interacts with LPL
and converts the catalytically active dimers of LPL to its inactive
monomers,whereas themutantproteinwith the threepolaramino
acidsbeingreplacedbyalanine loses suchaproperty.Furthermore,
a synthetic peptide consisting of the 12-amino acid consensus
motif is sufficient to inhibit LPL activity, although the potency is
much lower than the recombinant CCD of Angptl4. In summary,
ourdata suggest that the12-aminoacidconsensusmotifwithin the
CCD of Angptl4, especially the three polar residues within this
motif, is responsible for its interaction with and inhibition of LPL
by blocking the enzyme dimerization.

Lipoprotein lipase (LPL)3 is an endothelium-bound enzyme
that catalyzes the hydrolysis of plasma triglyceride (TG) asso-

ciated with chylomicrons and very low density lipoproteins (1,
2). This enzyme plays a major role in maintaining lipid home-
ostasis by promoting the clearance of TG-rich lipoproteins
from the bloodstream. Abnormality in LPL functions has been
associated with a number of pathological conditions, including
atherosclerosis, dyslipidemia associated with diabetes, and
Alzheimer disease (1).
LPL is expressed in a wide variety of cell types, particularly in

adipocytes and myocytes (2). As a rate-limiting enzyme for
clearance of TG-rich lipoproteins, the activity of LPL is tightly
modulated bymultiplemechanisms in a tissue-specific manner
in response to nutritional changes (3, 4). The enzymatic activity
of LPL in adipose tissue is enhanced after feeding to facilitate
the storage of TG, whereas it is down-regulated during fasting
to increase the utilization of TG by other tissues (5). The active
form of LPL is a noncovalent homodimer with the subunits
associated in a head-to-tail manner, and the dissociation of its
dimeric form leads to the formation of a stable inactive mono-
meric conformation and irreversible enzyme inactivation (6).
At the post-translational level, the LPL activity is regulated by
numerous apolipoprotein co-factors. For instance, apoCII, a
small apolipoprotein consisting of 79 amino acid residues in
human, activates LPL by directly binding to the enzyme (7, 8).
By contrast, several other apolipoproteins such as apoCI, apo-
CIII, and apoE have been shown to inhibit the LPL activity in
vitro (3).
Angiopoietin-like proteins (Angptl) are a family of secreted

proteins consisting of seven members, Angptl1 to Angptl7 (9,
10). All the members of the Angptl family share a similar
domain organization to those of angiopoietins, with an NH2-
terminal coiled-coil domain (CCD) and a COOH-terminal
fibrinogen-like domain. Among the seven family members,
only Angptl3 and Angptl4 have been shown to be involved in
regulating triglyceride metabolism (10, 11). The biological
functions of Angptl3 in lipid metabolism were first discovered
by Koishi et al. (12) in their positional cloning of the recessive
mutation gene responsible for the hypolipidemia phenotype in
a strain of obese mouse KK/snk. Subsequent studies have dem-
onstrated that Angptl3 increases plasmaTG levels by inhibiting
the LPL enzymatic activity (13–15). Angptl4, also known as
fasting-induced adipocyte factor, hepatic fibrinogen/angiopoi-
etin-related protein, or peroxisome proliferator-activated

* This work was supported by the General Research Fund of Hong Kong
Research Council Grant HKU 7609/05M, Outstanding Young Researcher
award (to A. X.), a small project grant (to M. H. Y.) from the University of
Hong Kong, and National 973 Program of China Grant 2006CB910202.

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Table 1 and Figs. 1 and 2.

1 Both authors contributed equally to this work.
2 To whom correspondence should be addressed: Dept. of Medicine, Univer-

sity of Hong Kong, L8-40, 21 Sassoon Rd., Hong Kong, China. Tel.: 852-
28199754; Fax: 852-28162095; E-mail: amxu@hkucc.hku.hk.

3 The abbreviations used are: LPL, lipoprotein lipase; Angptl, angiopoietin-
like protein; TG, triglyceride; CCD, coiled-coil domain; h, human; BSA,
bovine serum albumin; PBS, phosphate-buffered saline; MALDI-TOF MS,
matrix-assisted laser desorption/ionization time-of-flight mass spectrom-
etry; SELDI-TOF, surface-enhanced laser desorption/ionization time-of-
flight; DTT, dithiothreitol.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 18, pp. 11942–11952, May 1, 2009
© 2009 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

11942 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 284 • NUMBER 18 • MAY 1, 2009



receptor-� angiopoietin-related, is a secreted glycoprotein
abundantly expressed in adipocyte, liver, and placenta (16–18).
In addition to its role in regulating angiogenesis, a growing body
of evidence demonstrated that Angptl4 is an important player
of lipidmetabolism (10, 11). Elevation of circulating Angptl4 by
transgenic or adenoviral overexpression, or by direct supple-
mentation of recombinant protein, leads to a marked elevation
in the levels of plasma TG and low density lipoprotein choles-
terol in mice (19–22). By contrast, Angptl4 knock-out mice
exhibitmuch lower plasmaTGand cholesterol levels compared
with the wild type littermates (19, 20). Notably, treatment of
several mouse models (such as C57BL/6J, ApoE�/�, LDLR�/�,
and db/db obese/diabetic mice) with a neutralizing antibody
against Angptl4 recapitulate the lipid phenotype found in
Angptl4 knock-out mice (19). The role of Angptl4 as a physio-
logical inhibitor of LPL is also supported by the finding that its
expression levels in adipose tissue change rapidly during the
fed-to-fasting transitions and correlate inversely with LPL
activity (23). In humans, a genetic variant of theANGPTL4 gene
(E40K) has been found to be associated with significantly lower
plasma TG levels and higher high density lipoprotein choles-
terol concentrations in several ethnic groups (24–26).
Angptl3 and Angptl4 share many common biochemical and

functional properties (10). In both humans and rodents,
Angptl3 and Angptl4 are proteolytically cleaved at the linker
region and circulate in plasma as two truncated fragments,
includingNH2-terminal CCDandCOOH-terminal fibrinogen-
like domain (14, 27–29). The effects of both Angptl3 and
Angptl4 on elevating plasmaTG levels aremediated exclusively
by their NH2-terminal CCDs (15, 22, 23, 27, 30). The CCDs of
Angptl3 and Angptl4 have been shown to inhibit the LPL activ-
ity in vitro as well as inmice (23,30,31). Angptl4 inhibits LPL by
promoting the conversion of the catalytically active LPL dimers
into catalytically inactive LPL monomers, thereby leading to
the inactivation of LPL (23, 31). However, the detailed struc-
tural and molecular basis underlying the LPL inhibition by
Angptl3 and Angptl4 remain poorly characterized at this stage.
In this study, we analyzed all known amino acid sequences of

Angptl3 and Angptl4 from various species and found a short
motif, LAXGLLXLGXGL (whereX represents polar amino acid
residues), which corresponds to amino acid residues 46–57 and
44–55 of human Angptl3 and Angptl4, respectively, is highly
conserved despite the low degree of their overall homology
(�30%). Using both in vitro and in vivo approaches, we demon-
strated that this 12-amino acid sequencemotif, in particular the
three polar amino acid residue within this motif, is essential for
mediating the interactions between LPL and Angpt4, which in
turn disrupts the dimerization of the enzyme.

EXPERIMENTAL PROCEDURES

Materials—Restriction endonucleases were from New Eng-
land Biolabs (Ipswich, MA). T4 DNA ligase and ImProm-IITM
Reverse Transcription System were purchased from Promega
(Madison, WI). Cell culture media, fetal bovine serum, and
cloning vector pPROEx-Htb were obtained from Invitrogen.
All oligonucleotide primers used for cloning and mutagenesis
were synthesized byTechdragonCo. (HongKong,China). PS20
ProteinChip� array and all PCRs were performed with iProof

High Fidelity PCR system from Bio-Rad. QIAprepTMminiprep
kit, QIAquickTM gel extraction kit, and Ni2�-nitrilotriacetic
acid affinity gel beads were from Qiagen GmbH (Hilden, Ger-
many). Escherichia coli BL21(DE3)-codon plus RILP-compe-
tent cell was from Stratagene (La Jolla, CA). Human recombi-
nant Angptl3-CCD was kindly provided by the Biovendor
Laboratory Medicine, Inc. (Modrice, Czech Republic). In-
tralipid 10% emulsion (soybean triacylglycerol emulsified in egg
yolk phospholipids) was from KABI-Fresenius (Uppsala, Swe-
den). [3H]Triolein was obtained from American Radiolabeled
Chemicals Inc. (St. Louis, MO). Isopropyl �-D-thiogalactoside,
purified bovine LPL, sinapinic acid, and the synthetic peptides
were from Sigma. 3T3-L1 and HepG2 cells were from ATCC
(Manassas, VA). Detoxi-GelTM endotoxin removing gel was
from Pierce.
Plasmid Construction—The first strand cDNA for human

Angptl4-CCD was prepared by reverse transcription PCR of
total RNA extracted fromHepG2 cells using primers as listed in
supplemental Table 1. Restriction endonuclease cleavage sites
SalI and XhoI were added to the 5� and 3� ends of the amplified
fragment, respectively. The fragment was subcloned into
pPROEX-HTb bacterial expression vector, which generated an
in-frame fusion with an NH2-terminal His6 tag. The construct
was verified by DNA sequencing and was used for the produc-
tion of recombinant protein as well as the template for subse-
quent site-directed mutagenesis. All the mutants were gener-
ated by overlapping PCRmutagenesis using the oligonucleotide
primers listed in supplemental Table 1. The restriction site at
the 5� end was changed to StylI instead of SalI after amplifica-
tion using the 5� primer “hA4-F-StyI” by the iProof High Fidel-
ity PCR system following themanufacturer’s instruction for the
GC-rich conditions. The purified gene fragments were digested
and cloned into pPROEX-HTb vector digested with StyI and
XhoI, and the constructs were confirmed by DNA sequencing
analysis as described above.
Expression and Purification of Recombinant Angptl4-CCD—

The constructs encoding either wild type humanAngptl4-CCD
or its variants were transformed into E. coli BL21(DE3)-codon
plus RILP-competent cells for protein expression as described
(32). Cells were harvested and lysed by pulsed sonication in 50
mM sodium phosphate, 0.3 M NaCl, 5 mM imidazole, 20% glyc-
erol (pH 6.5). After removing the debris by centrifugation, the
lysates were loaded onto a Ni2�-nitrilotriacetic acid column
pre-equilibrated with the same buffer. The wild type or
mutated hAngptl4-CCD was eluted with 150 mM imidazole
after extensive washing, concentrated by ultrafiltration, and
dialyzed overnight at 4 °C against 50mMsodiumphosphate (pH
6.5). Endotoxinwas removed byDetoxi-GelTM according to the
manufacturer’s instructions.
Lipase Activity Assay—LPL activity was measured using a

[3H]triolein-incorporated phospholipid emulsion of soybean
triacylglycerols (10% Intralipid�) as described (33). All the reac-
tions were performed using fetal calf serum as a source of apo-
CII unless otherwise stated. The reactionmix (100�l) was incu-
bated at 30 °C for 1 h with gentle shaking. Free fatty acids, the
main product of the reaction, were extracted by Dole’s extrac-
tion method (34). Briefly, after the reaction was terminated by
addition of 1 ml of Dole’s solution (isopropyl alcohol:heptane:
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H2SO4, 40:48.3:1, v/v), 0.25 ml of H2O was added and mixed
vigorously by vortexing. Following separation of the two phases
by centrifugation at 1,500 � g for 5 min, 0.4 ml of upper layer
was transferred to another fresh tube containing a 0.5-ml solu-
tion of alkaline ethanol (50% ethanol in 50mMNaOH). Triacyl-
glycerols were extracted twice by addition of 3 ml of heptane
followed by vigorously mixing and phase separation. The
amount of [3H]oleic acid in the lower aqueous phase wasmeas-
ured by determining the radioactivity using Liquid Scintillation
Analyzer TRI-CARB 2900TR (PerkinElmer Life Sciences). One
milliunit of lipase activity is equal to 1 nmol of fatty acids pro-
duced per min. All samples were measured at least in triplicate.
Cell Culture and Treatment—3T3-L1 preadipocytes were

cultured inDulbecco’smodified Eagle’smedium supplemented
with 10% fetal bovine serum and were induced for differentia-
tion as described (35). Fully differentiated 3T3-L1 adipocytes
were treated with different concentrations of wild type or
mutant hAngptl4-CCD proteins for 4 h, and LPL activity in
both secreted and surface-bound fractions was measured as
above. The cell surface-bound LPL was released by incubating
the sample with 0.5 ml of Dulbecco’s modified Eagle’s medium
containing 0.2% BSA, 100 units/ml heparin for 30 min at 4 °C.
Mouse Serum TG Measurement—C57BL/6J mice were

obtained from the Laboratory Animal Unit, and all animal
experimental protocols were approved by the Animal Ethics
Committee at the University of Hong Kong. Male C57BL/6J
mice were housed at 25 °C under 12-h dark/12-h light cycle and
had free access to water and standard rodent chows. The mice
were fasted for 4 h prior to administration of recombinant wild
type or mutant hAngptl4-CCD proteins (50 �g) through tail
vein injection. The same volume of PBS was injected as the
control. After injection, the mice were kept fasted throughout
the experiment, and blood samples were collected frommice at
various time points formeasurement of serumTGusing a com-
mercial TG assay kit (Leadman Bioscience, Beijing, China).
Matrix-assisted Laser Desorption Ionization Time-of-Flight

Mass Spectrometric (MALDI-TOF MS) Analysis—MALDI-
TOF MS experiments were performed using a 4800 MALDI
TOF/TOFTM mass spectrometer (Applied Biosystems) equipped
with a solid state OptiBeam laser (355 nmwavelength, 200 Hz).
Briefly, bovine LPL (0.3�g, Sigma) was incubated at room tem-
perature with 1.5�g of BSA, hAngptl4-CCD, or itsmutant pro-
tein in a total volume of 10 �l of 20 mM Tris-HCl, 0.15 M NaCl
(TBS) (pH 7.4), for 1 h. The protein samples were mixed with
the sinapinic acid matrices (10 mg/ml in a 1:1 mixture of ace-
tonitrile, 0.5% trifluoroacetic acid (v/v)) and applied immedi-
ately onto the 384-well specimen holder plates (Applied Biosys-
tems). For MS analysis, positive ion spectra were acquired in
linear mode using the following parameters: laser, 4000; laser
shots, 25 � 20 subspectra; delayed time, 1500 ns; m/z range,
12,000–120,000. External calibration was performed with the
Calmix3 provided by the manufacturer.
Surface-enhanced Laser Desorption/Ionization Time-of-Flight

Mass Spectrometry (SELDI-TOF MS)—A modified specimen
holder plate that can hold three protein chips for analysis on
4800 MALDI TOF/TOFTM mass spectrometer was manufac-
tured by Technology Support Centre of the University of Hong
Kong with the permission from Applied Biosystems. All the

protein-protein interaction experiments were performed using
the SELDI protein chipswith a pre-activated surface (PS20 Pro-
tein-Chip� array, Bio-Rad). Briefly, bovine LPL (5 �g) in 5 �l of
PBS was immobilized onto spots of the PS20 protein chips as
described before (36). After overnight coupling at 4 °C, free
active sites on the spots were blocked with 0.5 M Tris-HCl (pH
8.0) for 2 h at room temperature before sequential washes with
PBS containing 0.5% Triton X-100 followed by PBS alone. Sub-
sequently, 500 ng of BSA, hAngptl4-CCD, or the mutant pro-
tein dissolved in PBS were applied onto the chip and incubated
in a moist chamber at room temperature for 1 h. The unbound
proteins were washed twice with PBS and rinsed with water.
Saturated sinapinic acid in 50% acetonitrile and 0.5% trifluoro-
acetic acid was applied to the spot surface after air drying, and
then the samples were analyzed on the 4800 MALDI TOF/
TOFTM mass spectrometer using the settings described above.
All of the spectra were externally calibrated using Calmix3.
Biotinylation and Separation of Bovine LPL by Sucrose Den-

sityGradient Centrifugation—100�g of bovine LPLwas biotin-
ylatedwith a Sulfo-NHS-Biotin kit (Pierce) andwas then re-pu-
rified by sucrose density gradient ultracentrifugation to
separate low density lipoprotein dimers and monomers as
described elsewhere (23, 37). Briefly, 5–20% sucrose density
gradient was made up in a buffer containing 20 mM Tris-HCl
(pH 7.4), 2 M NaCl, and 2 mg/ml BSA. The total gradient vol-
ume was 3.6 ml. Biotinylated LPL was loaded into each tube,
followed by centrifugation using a Beckman Coulter SW60
rotor at 270,000 � g for 16 h at 10 °C. After centrifugation,
fractions of 0.24ml were collected by puncturing the bottom of
each centrifugation tube with a needle that was attached with
tubing to a pump. Fractions that contain LPL dimers were col-
lected as described (23, 37), pooled, and concentrated using a
concentrator with molecular mass cutoff of 10,000 Da (Viva-
science AG, Hannover, Germany). The protein samples were
suspended in a buffer containing 20mMTris-HCl (pH 7.4), 150
mM NaCl, and 2% BSA for further analysis.
Heparin-Sepharose Chromatography—Biotinylated LPL pre-

pared as described above was subjected to heparin-Sepharose
chromatography using an AKTA explorer fast protein chroma-
tography system (GE Healthcare) as described (31, 37) with
slight modifications. Briefly, 5 �g of biotinylated LPL was incu-
bated with 1 ml of heparin-Sepharose beads in a capped tube
with rotation for 1 h at 4 °C to allow the binding of LPL to the
beads. The samples were then subjected to a brief centrifuga-
tion, followed by washing three times with 10 ml of buffer con-
taining 20mMTris-HCl (pH 7.4), 150mMNaCl, and 2% BSA to
remove unbound LPL. Afterward, the beads were incubated
with 2 ml of the same buffer containing hAngptl4-CCD,
Angptl3-CCD, or their mutants with shaking for another 2 h at
16 °C. The beads were collected by a brief centrifugation,
washed three times as above, and placed into an empty chro-
matography column. LPL bound to the beads was eluted by a
linear gradient of NaCl (from 0.20 to 1.8 M) in the same buffer.
Proteins in each fractionwere precipitated by 10% trichloroace-
tic acid, separated by SDS-PAGE, transferred to nylon mem-
brane, and then probed with horseradish peroxidase-conju-
gated streptavidin to visualize biotinylated LPL.
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RESULTS

NH2-terminal Coiled-coil Domains of Angptl3 and Angptl4
Differentially Inhibit the LPL Activity in Vitro—Recombinant
human Angptl4-CCD with an NH2-terminal His6 tag was
expressed in E. coli and purified as described under “Experi-
mental Procedures.” SDS-PAGE analysis of the purified hAng-
ptl4-CCD showed an apparent single band with a molecular
mass of �21 kDa under a reducing condition (Fig. 1A, lane 3).
In contrast, three bands with the molecular masses of �21, 42,
and 85 kDa, which corresponded to the monomeric, dimeric,
and tetrameric forms of hAngptl4-CCD, respectively, were sep-
arated by a nonreducing SDS-PAGE (Fig. 1A, lane 4) suggesting
the formation of hAngptl4-CCD oligomers via disulfide bonds.
On the other hand, SDS-PAGE analysis of the recombinant
human Angptl3 CCD (hAngptl3-CCD) revealed an apparent
single band under both reducing and nonreducing conditions
(Fig. 1A, lanes 1 and 2).
Both hAngptl4-CCD and hAngptl3-CCD showed dose-de-

pendent inhibitory effects on LPL activities with IC50 values of
0.2 and 5 �g/ml, respectively (Fig. 1B). At a concentration of 1
�g/ml, hAngptl4-CCD almost completely inhibited the activi-
ties of LPL, whereas the same concentration of hAngptl3-CCD
only caused amodest inhibition of this enzyme.Treatmentwith
DTT (20 mM) completely eliminated the disulfide linkages of
hAngptl4-CCD oligomers and converted the oligomeric com-

plexes of hAngptl4-CCD into the
monomers (Fig. 1A, lanes 5 and 6).
Notably, disrupting the disulfide
bond-mediated oligomerization of
hAngptl4 greatly attenuated its
inhibitory activity on LPL to a level
comparable with that of hAngptl3-
CCD (Fig. 1B). These results suggest
that the disulfide bond formation
facilitates the oligomeric formation
of hAngptl4-CCD, which in turn
enhance its inhibitory effects on the
LPL activity.
We next determined whether the

presence of apoCII, an activating
co-factor of LPL, would interfere
with the inhibitory effect mediated
by hAngptl4-CCD. Increasing con-
centrations of human apoCII from 0
to 2 �g/ml in the assay mixture
caused a dose-dependent elevation
in the LPL activity (Fig. 1C). Addi-
tion of hAngptl4-CCD (0.125 to 1
�g/ml) inhibited both basal and
apoCII-stimulated LPL activities.
When the LPL activity was ex-
pressed as the percentage remaining
in comparison with those without
hAngptl4-CCD treatment (Fig. 1D),
we found that the presence of apo-
CII did not rescue hAngptl4-CCD-
induced suppression of LPL activity.
These data exclude the possibility

that hAngptl4-CCD inhibits LPL activity through competing
the activation site of apoCII.
A Highly Conserved Motif Is Present in the CCDs of Angptl3

and Angptl4—To determine the common structural features
shared by the CCDs of Angptl3 and Angptl4 that are responsi-
ble for their LPL inhibitory effects, we aligned and analyzed the
amino acid sequences of the CCDs of these two proteins from
different species (supplemental Fig. 1). The overall homology of
the CCDs from Angptl3 to that of Angptl4 was less than 30%.
However, a highly conserved motif, LAXGLLXLGXGL, was
identified near their NH2 termini, whereX could be His or Gln.
Most importantly, this sequence motif is not present in any
other members of the Angptl family (data not shown). There-
fore, it is intriguing to speculate that this region might be
responsible for the LPL inhibitory activities shared by both
Angptl3 and Angptl4. Prediction of the secondary structure for
hAngptl4-CCD using PSIPRED showed that this motif was
most likely localized within an �-helix (helix-1, Arg35 to Cys80,
supplemental Fig. 1A). The amino acid sequence of helix-1 was
submitted to the REPPER server for sequence periodicity pre-
diction (38). This program predicted that helix-1 had a left-
handed coiled-coil topology with periodicity at 3.54. Further
analysis usingHHrep (39) identified a 7-amino acid shifted self-
alignment (p value � 2.8e�20; identities � 13%) with Val43 in
the consensus motif aligned with Gln50 (data not shown), sug-

FIGURE 1. NH2-terminal CCDs of Angptl4 and Angptl3 inhibit the activities of LPL with different poten-
cies. A, SDS-PAGE analysis of recombinant hAngptl3-CCD and hAngptl4-CCD. 3 �g of proteins per lane were
separated under either reducing or nonreducing conditions by 12% SDS-PAGE. For DTT treatment, purified
recombinant hAngptl4-CCD was incubated with 20 mM DTT for 1 h at room temperature to disrupt all the
disulfide linkages. B, measurement of LPL activities in the presence of recombinant hAngptl3-CCD, hAngptl4-
CCD, or DTT-treated hAngptl4-CCD. Note that DTT was completely removed by extensive dialysis before use.
C, effects of hAngptl4-CCD on LPL activities stimulated with different concentrations of apoCIII. D, percentage
of LPL activity remained after addition of different concentrations of hAngptl4-CCD. n � 4 –5 in each group.
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gesting that helix-1 is possibly wound in a left-handed coiled-
coil topology with periodicity of “7/2” (i.e. seven amino acid
residues per two turns). A helical wheel projection model of
helix-1 was built (supplemental Fig. 1B), which showed that the
hydrophobic residues (positions 2 and 6) fall onto one face of
the helix that is likely responsible for lipid interactions, whereas
the polar residues (positions 1, 4, and 7) fall on the opposite face
that is solvent-exposed and is probably involved in the protein-
protein interactions. Interestingly, the three polar residues
(His46, Gln50, and Gln53) of the motif are most notably situated
in close proximity and solvent-accessible. These sequence and
structural analyses suggest that the conserved motif might be
important for the LPL inhibitory effects by both Angptl4 and
Angptl3.
Substitution of the Three Polar Amino Acid Residues within

the Conserved Motif Abolishes the Inhibitory Effects of Both

Angptl4 and Angptl3 on LPL—To examine whether the three
polar amino acid residues (His46, Gln50, and Gln53) within the
consensus sequence motif are involved in mediating the inhib-
itory effects of human Angptl4 on LPL, we expressed and puri-
fied the recombinant human Angptl4-CCD mutants in which

FIGURE 2. Role of the three polar amino acid residues within the con-
served motif in mediating the inhibitory activity of hAngptl4-CCD on
LPL. A, SDS-PAGE analysis of the purified mutant hAngptl4-CCD with a single
alanine substitution (H46A, Q50A, and Q53A). Each lane contains 3 �g of
protein separated by 12% polyacrylamide gel under either reducing or non-
reducing conditions. B, comparison of the inhibitory effects of wild type
hAngptl4-CCD and the three mutants on LPL activity. Different concentra-
tions of the wild type hAngptl4-CCD or the mutant proteins were included in
the LPL activity assay mixture as indicated. The results are expressed as the
percentage of LPL activity in the absence of hAngptl4-CCD or its mutants. *,
p � 0.05; **, p � 0.01 versus wild type Angptl4-CCD treated group (n � 4 –5).

FIGURE 3. Effects of simultaneous alanine substitutions at His46, Gln50,
and Gln53 on LPL inhibition by hAngptl4-CCD. A, SDS-PAGE analysis of the
purified hAngptl4-CCD mutant, A4-465053A, with His46, Gln50, and Gln53

being substituted with alanine residues. An equal amount of protein (3 �g)
was loaded onto each lane and separated by 12% polyacrylamide gel under
either reducing or nonreducing conditions. B, comparison of the effects
between wild type hAngptl4-CCD and A4-465053A on purified bovine LPL
activity. **, p � 0.01 versus wild type recombinant hAngptl4-CCD (n � 4).
C, comparison of the effects between wild type hAngptl4-CCD and
A4-465053A on LPL activity in differentiated 3T3-L1 adipocytes. Fully differ-
entiated adipocytes were incubated with different concentrations of the
recombinant proteins for 4 h at 37 °C. Free LPL in medium and heparin-releas-
able LPL fractions were collected to determine LPL activity. ●● , p � 0.01
versus medium control; ��, p � 0.01 versus heparin-releasable control (n �
4 –5). D, effects of wild type hAngptl4-CCD and A4-465053A on plasma TG
levels of C57BL/6J mice. 50 �g of proteins were injected intravenously into
C57BL/6J mice. Control mice were injected with PBS only. Blood samples
were collected at the indicated time points and analyzed for TG contents. n �
4 –5, #, p � 0.05; ##, p � 0.01 versus control mice (n � 4 –5).
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one of the polar amino acid residues was replaced by alanine
(H46A, Q50A, or Q50A, respectively). Nonreducing SDS-
PAGE analysis showed that all three mutants were present as
several oligomeric complexes, a pattern similar to that of the
wild type human Angptl4-CCD (Fig. 2A). Compared with wild

type human Angptl4-CCD, the
inhibitory activities of all these three
mutants on LPL were significantly
attenuated (Fig. 2B). Among these
three mutants, the Q50A mutation
caused the most dramatic effect,
with a 75% drop in its inhibitory
activity on LPL compared with wild
type control. The effects of H46A
and Q53A mutations were milder,
with 33 and 44% decreases in the
inhibitory activity on LPL, respec-
tively. These results suggest that the
three polar residues participated in
the LPL inhibition. Gln50, which is
completely conserved across all the
species of Angptl3 and Angptl4, is
apparently more crucial than His46
and Gln53 in conferring the LPL
inhibition.
Wenext examined the LPL inhib-

itory effect of the hAngptl4-CCD
mutant with all three polar amino
acid residues replaced by alanines
(designated as A4-212528A). As
shown in Fig. 3A, simultaneous
mutation of the three polar resi-
dues did not affect the oligomeriza-
tion of this protein. However, the
inhibitory activity of this Angptl4-
CCD mutant on LPL was com-
pletely abolished (Fig. 3B). This
observation was further confirmed
in 3T3L1 adipocytes treated with
hAngptl4-CCD or its mutant
A4-212528A (Fig. 3C). 1 �g/ml
hAngptl4-CCD inhibited the activ-
ity of LPL derived from both
secreted and heparin-releasable cell
surface-associated fractions by �64
and 57%, respectively, whereas the
mutant A4-212528A at the same
concentration or even 5-fold higher
did not cause any significant effect.
The inhibitory activity of Angptl3-
CCD on LPLwas also abrogated fol-
lowing substitution of the three
polar amino acid residues with ala-
nine (supplemental Fig. 2), suggest-
ing that this conserved motif is
indispensable for the LPL inhibition
by both Angptl3 and Angptl4.
To further explore the physiolog-

ical relevance of the above findings, the inhibitory activities of
hAngptl4-CCD and its mutant A4-212528A on LPL were eval-
uated in C57/B6 mice (Fig. 3D). In control mice injected with
PBS, the plasma TG levels gradually decreased throughout the
course of the experiment (4 h) from 68.4 � 4.4 to 43.2 � 5.7

FIGURE 4. Determination of the interactions between LPL and wild type or mutated hAngptl4-CCD using
SELDI-TOF MS analysis. The protein chips were coated with bovine LPL and incubated with hAngptl4-CCD
(A), its mutant A4-212528A (B), or BSA as control (C). The bound proteins were detected by mass spectrometry
as described under “Experimental Procedures.” Note that the molecular mass of 20996.78, 42132.82, 63288.33
and 84419.64 represents the monomeric, dimeric, trimeric and tetrameric forms of hAngptl4-CCD,
respectively.
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mg/dl. Intravenous injection of 50�g of hAngptl4-CCD caused
amarked elevation in the plasmaTG levels in a time-dependent
manner (Fig. 3D). The plasmaTG levelswere increased by 230%
at 30min after injection and reached the peak level at around 60
min, suggesting that bacterially expressed wild type hAngptl4-
CCD functions properly in mice to inhibit the LPL activity and

thus reduces the rate of TG hydrol-
ysis. By contrast, injection of the
same amount of its mutant form
A4-465053A (50 �g) did not cause
any significant change in the plasma
TG level throughout the course of
experiment comparedwith the con-
trol group, indicating that themuta-
tions at the three polar amino acid
residues abolish the LPL inactivat-
ing activity of Angptl4-CCD in vivo.
Substitution of the three polar
amino acid residues also led to a
marked attenuation of Angptl3-in-
duced elevation of plasma TG levels
in mice (data not shown).
Three Polar Amino Acid Residues

of Angptl4 Are Involved in the Direct
Interaction with LPL and Conver-
sion of LPL from Its Dimers to
Monomers—Previous reports dem-
onstrated that the CCD of Angptl4
binds to LPL and promotes the con-
version of LPL from its catalytically
active dimers to the inactive mono-
mers in vitro and in vivo (23, 31).
Here, we further characterized the
structural basis underlying the
interactions between Angptl4 and
LPL using SELDI-TOF analysis. To
this end, a biochip was pre-coated
with bovine LPL as a binding ligand
and was then incubated with wild
type hAngptl4-CCD, the mutant
protein A4-212528A, or BSA (as
control). Following extensive wash-
ing, the biochip was subjected to
mass spectrometric analysis. In the
biochip incubated with wild type
hAngptl4-CCD, mass spectromet-
ric analysis detected four peptide
species with molecular masses of
20,996, 41,994, 62,988, and 83,991
Da (Fig. 4), which corresponds to
the monomeric, dimeric, trimeric,
and tetrameric forms of human
Angptl4-CCD, respectively, indicat-
ing that LPL interacts with several
oligomeric forms of Angptl4. By
contrast, in the biochip incu-
bated with the mutant protein
A4-212528A or BSA, no obvious

mass peaks equivalent to these two proteins were retained and
detected, indicating that the three polar amino acid residues
within the conserved motif are critically involved in the inter-
actions between LPL and Angptl4.
MALDI-TOF analysis revealed that bovine LPL formed both

monomers and dimers with themolecularmasses of 52 and 104

FIGURE 5. MALDI-TOF MS analysis of LPL monomers and dimers. LPL was incubated with BSA (A), hAngptl4-CCD
(B), or its A4-212528A (C) as described under “Experimental Procedures,” and the protein mixtures were analyzed by
MALDI-TOF MS. Note that LPL dimeric form is not present in the sample treated with wild type hAngptl4-CCD.
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kDa, respectively (Fig. 5). Co-incubation with recombinant
hAngptl4-CCD resulted in an almost complete absence of the
LPL dimers, whereas both LPL monomers and dimers were
detectable in the samples co-incubated with BSA or themutant
protein A4-212528A. These data suggest that the ability of
Angptl4 to convert LPL from its catalytically active dimeric
form to the inactive monomer is dependent on the three polar
amino acid residues.
To further confirm the above findings, we next evaluated the

effects of Angptl4-CCD and its mutant on oligomerization
states of LPL using heparin-Sepharose chromatography.
Because LPL monomers have much lower affinity for heparin
thanLPLdimers, this chromatographicmethod allows effective
separation of monomeric and dimeric LPL by elution with a
linear gradient of NaCl (23, 31, 37). To facilitate detection, we
labeled bovine LPL with biotin. Afterward, biotinylated LPL
was subjected to sucrose density gradient centrifugation. Frac-
tions containing the dimeric LPL were collected, pooled, and
subjected to further heparin-Sepharose chromatography.
Immunoblot analysis showed that LPL was predominantly
present in the fractions eluted by 1.0–1.3 M NaCl, which corre-
sponds to the dimeric form of this enzyme (Fig. 6). After incu-
bation with recombinant hAngptl4-CCD, a large portion of
LPL was eluted by a much lower concentration of NaCl (0.4–
0.7 M), which corresponds to LPL monomers. The increase in
monomeric LPL by hAngptl4-CCD was accompanied by a
marked reduction in LPL dimers eluted by 1.0–1.3 M NaCl. By
contrast, LPL was still present predominantly as dimers eluted
by 1.0–1.3 M NaCl after incubation with the mutant protein
A4-212528A.
Incubation of the LPL-bound heparin-Sepharose beads

with hAngptl3-CCD also caused conversion of LPL dimers
to monomers (Fig. 6). However, compared with hAngptl4-
CCD, the effect of hAngptl3-CCD was much weaker and was
observed only when a much higher concentration of recom-
binant hAngptl3-CCD was used. Noticeably, the ability of
hAngptl3-CCD was also abolished when the three polar res-

idues within the conserved motif
were mutated to alanine. Alto-
gether, these findings highlight
the critical role of the three polar
amino acid residues in disruption
of LPL dimerization by both
Angptl4 and Angptl3.
A Synthetic Peptide Containing

the Conserved 12-Amino Acid Con-
sensus Motif Mimics the Inhibitory
Effects of Angptl4 on LPL Activities—
Both our in vitro and in vivo findings
described above highlight an essen-
tial role of the three polar amino
acid residues within the conserved
motif in mediating the inhibitory
effect of Angptl4 on LPL activity.
We next investigated whether this
highly conserved motif alone is suf-
ficient to inhibit LPL activity in
vitro. To this end, a peptide of 15

amino acid residues containing the conserved motif, NH2-
VLAHGLLQLGQGLRE-COOH, was synthesized. The last two
amino acid residues, Arg56 andGlu57, were included to improve
the solubility of this hydrophobic peptide. As shown in Fig. 7A,
this synthetic peptide inhibited the activity of bovine LPL in a
dose-dependent manner, with an IC50 value of 20 �g/ml. The
molar ratio of the synthetic peptide relative to LPL dimer is
estimated to be around 1500 to 1, which is �1,000-fold that for
hAngptl4-CCD. The synthetic peptide inhibited the LPL activ-
ity in a time-dependent manner in the initial 15 min, whereas
longer incubation did not result in further inhibition (Fig. 7B).
On the other hand, the peptide with three polar residues
being substituted by alanine, NH2-VLAAGLLALGAGLRE-
COOH, did not exhibit any inactivating effect on LPL even
when 100 �g/ml concentration was used in the assay mix-
ture, indicating that the inhibitory effect of the synthetic
peptide on the LPL activity is also dependent on the three
polar amino acid residues.
Consistent with the above in vitro findings, intravenous

injection of the wild type synthetic peptide into C57/B6 mice
also caused a significant elevation of plasma triglyceride levels
(Fig. 7C). At 30 min after injection, plasma triglyceride levels
were increased by 164% compared with the saline-treated con-
trols, suggesting that the synthetic peptide alone is able to
mimic the LPL inhibitory effect of hAngptl4-CCD in vivo. By
contrast, the mutated synthetic peptide with the three polar
residues being replaced by alanine did not have any effect on
plasma triglyceride levels.

DISCUSSION

Although a large body of evidence has demonstrated the role
of Angptl3 and Angptl4 as the endogenous inhibitors of LPL (3,
10, 11), the structural basis underlying the LPL inhibition by
these two proteins remains poorly characterized. In this study,
we have identified a highly conserved 12-amino acid consensus
motif within the CCD of both Angptl3 and Angptl4, which
mediate the LPL inhibition in vitro as well as in vivo. Notably,

FIGURE 6. Conversion of LPL dimers to monomers by both hAngptl4 and hAngptl3 are dependent on the
three polar residues within the conserved motif of the coiled-coil domain. Bovine LPL was biotinylated
and re-purified by sucrose density gradient ultracentrifugation to obtain LPL dimers. 5 �g of biotinylated LPL
dimers were added to a tube containing 1 ml of heparin-Sepharose beads. The beads were collected by
centrifugation, washed, and incubated further with 15 �g of hAngptl4-CCD or its mutant A4-212528A and 75
�g of hAngptl3-CCD or its mutant in which the three polar amino acid residues were replaced by alanine.
Afterward, LPL bound to the beads were eluted by a linear gradient of NaCl (from 0.20 to 1.8 M) as described
under “Experimental Procedures.” Protein in each fraction was precipitated by 10% trichloroacetic acid, trans-
ferred to nylon membrane, and then probed with horseradish peroxidase-conjugated streptavidin to detect
biotinylated LPL. The representative blots were shown from three independent experiments. Note that LPL
monomers and dimers were eluted by 0.4 – 0.7 M NaCl and 1.0 –1.3 M NaCl, respectively.
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this consensus motif is present in all known species of Angptl3
and Angptl4, but not the other members of the Angptl family.
The presence of this commonmotif in theCCDof bothAngptl3
and Angptl4 might explain, at least in part, why the two pro-
teins share a similar inhibitory property on LPL despite only
�30% overall sequence homology.
The three-dimensional structures for either Angptl3 or

Angptl4 have not been resolved so far. Our results from the
secondary structural prediction suggest the presence of two
�-helices located within the CCD of both Angptl3 and Angptl4
(supplemental Fig. 1). The highly conserved 12-amino acid
motif is located at the central part of the first �-helix, with the
three polar amino acid residues (His46, Gln50, and Gln53) in the
consensus motif pointing to the same orientation in the hydro-
philic face, which is likely to be solvent-exposed and is involved
in the protein-protein interaction. Importantly, substitution of
the three polar amino acid residues with alanine results in a
complete abrogation of Angptl3- and Angptl4-mediated inhi-
bition on LPL activity in vitro and abolishes the ability of
Angptl4 to elevate plasma TG levels inmice (Fig. 3). Consistent
with previous reports (23, 31), our SELDI-TOF analysis also
demonstrates that the CCD of Angptl4 interacts with LPL and
converts LPL from its catalytically active dimers to the inactive
monomers (Fig. 5). By contrast, the mutant Angptl4 with the
three polar amino acid residues being substituted by alanine
loses such an activity. Taken in conjunction, these data suggest
that the three polar amino acid residues within the conserved
motif are directly involved in the interaction with LPL, thereby
leading to the LPL inactivation by destabilizing the dimeriza-
tion of the enzyme. In addition, we have prioritized the relative
contributions of the three polar residues to the inhibitory
effects of Angptl4 on LPL activities and found that alanine sub-
stitution of Gln50, which is completely conserved across all the
species of Angptl3 and Angptl4, causes the most severe defect
in inhibiting LPL activity (Fig. 2).
The indispensable role of the highly conserved 12-amino

acid consensus motif in Angptl4- and Angptl3-mediated LPL
inhibition is also supported by our observation that a synthetic
peptide containing this motif alone is sufficient to suppress the
enzyme activity in vitro, despite the fact that the IC50 value is
1000-fold higher than that of the recombinant-hAngptl4-CCD
(Fig. 7). The key role of the three polar amino acid residues is
further highlighted by our observation that a synthetic peptide
with the three polar amino acid residues being replaced by ala-
nine does not possess the inhibitory activity on LPL. Consistent
with our finding, it is noteworthy that the synthetic peptide
corresponding to apoCII Thr64–Val74 or Ser61–Glu79 has pre-
viously been shown to be capable of interacting with and acti-
vating LPL (40), although the degree of the activation is much
less than the full-length apoCII. These findings suggest that the
activity of LPL can be modulated by small molecules such as
short peptides. Further characterization of the precise domains
of LPL involved in its interaction with these short peptides will

FIGURE 7. Effect of the synthetic peptide containing the conserved
sequence motif on LPL activity. A, synthetic peptides consisting of the wild
type (NH2-VLAHGLLQLGQGLRE-COOH) or the mutated motif (NH2-VLAAGL-
LALGAGLRE-COOH) within the CCD of hAngptl4 were added to the LPL assay
mixtures to a final concentration as indicated, and the reactions were per-
formed at 30 °C for 1 h. B, time-dependent effect of the synthetic wild type

peptide on the LPL activity. C, plasma triglyceride levels in C57/B6 mice at
various time points after intravenous injection of wild type or mutated syn-
thetic peptides (500 �g/mouse) or saline as control. *, p � 0.05; **, p � 0.01
versus control group (n � 5).
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provide the structural basis for rational design of novel lipid-
lowering drugs through enhancing the LPL activity.
Although our data show the 12-amino acid motif as a core

sequence element for mediating the LPL suppression by
Angptl4 and Angptl3, its much lower potency in comparison
with the recombinant CCD of Angptl4 suggests that additional
amino acid sequences and/or three-dimensional conforma-
tions are required to achieve its maximal bioactivity. Indeed,
several recent genetic investigations in different ethnic groups
have identified a genetic variant (E40K) of ANGPTL4 associ-
ated with significantly lower plasma TG levels and higher high
density lipoprotein cholesterol levels (24–26). Site-directed
mutagenesis analysis confirmed that thismutation causes a sig-
nificant loss of the inactivating effects of Angptl4 on LPL in
vitro (41). According to our secondary structural prediction,
Glu40 is also located within the first �-helix and lies at the same
solvent-exposed face with the three polar amino acids within
the conserved motif. These findings support our hypothesis
that the first �-helix of hAngptl4-CCDmediates its interaction
with LPL through its solvent-exposed face. Whether or not
Glu40 is also involved in the interaction between Angptl4 and
LPL remains to be determined.
Despite the fact that both Angptl3 and Angptl4 inhibit LPL

via their CCD, it is important to note that the two proteins
exhibit distinct potency and expression patterns and might
involve different mechanisms on LPL inhibition (42). Consist-
ent with our observation, Angptl4 has been shown to be much
more potent than Angptl3 on LPL inhibition in vitro and on
elevation of plasma triglyceride in mice (15, 41). Angptl4 forms
variably sized oligomers resulting from intermolecular disul-
fide bond formation mediated through two cysteine residues
(76 and 80), although these two cysteine residues are not pres-
ent in Angptl3 (43). The disulfide bond-mediated oligomeriza-
tion has been shown to be important for mediating Angptl4-
induced elevation of plasma triglyceride in mice (43). In line
with this in vivo finding, this study demonstrated that disrupt-
ing disulfide bond-mediated oligomerization byDTTmarkedly
attenuates the LPL inhibitory effects of Angptl4 to a level com-
parable with that of Angptl3 (Fig. 1), suggesting that the much
higher potency of Angptl4 on LPL inhibition in comparison
withAngptl3 is attributed, at least in part, to the disulfide bond-
mediated oligomerization of Angptl4.
Another notable difference between the two proteins is the

presence of a putative heparin-bindingmotif located within the
CCD of Angptl3 ((61VHKTKG66) (14), whereas this motif can-
not be found in any known sequence ofAngptl4. Substitution of
the basic amino acid residue within this motif decreases the
ability of Angptl3 to elevate plasma TG levels in mice (14).
However, whether or not heparin modulates the inhibitory
effect of Angptl3 on LPL through binding with this motif is
debatable. An earlier study by Ono et al. (14) showed that addi-
tion of heparin does not affect the inhibitory effect of Angptl3
on the LPL activity, suggesting that the putative heparin-bind-
ing site might interact with other factors instead of heparin. By
contrast, a more recent report by Shan et al. (41) demonstrated
that heparin can rescue LPL from the inhibition of Angptl3.
In summary, this study has identified a common structural

basis that mediates the inhibitory effect of both Angptl3 and

Angptl4 on the LPL activity. Even though the two proteins
exhibit differential potencies and distinct regulation, we pro-
pose that the highly conserved 12-amino acid motif within the
CCD of Angptl3 and Angptl4 acts as a core sequence element
responsible for their LPL inhibition by the direct interaction
with this enzyme, thereby converting the catalytically active
dimers of the enzyme to its inactive monomers. Therefore,
therapeutic intervention targeting this short consensusmotif is
expected to block the effect of both Angptl3 and Angptl4 on
elevation of plasma triglyceride levels, and it might represent
a promising strategy for treatment and prevention of dyslipi-
demia. Interestingly, a recent report by Desai et al. (19) dem-
onstrated that treatment of several high fat-fed mouse lines
with a monoclonal antibody against Angptl4 by tail vein
injection potently alleviates hyperlipidemia in these mice,
although it is unclear whether the 12-amino acid consensus
motif is within the epitope recognized by this monoclonal
antibody. Further studies are warranted to investigate
whether an antibody specifically targeting this motif can
block the effect of both Angptl3 and Angptl4 on LPL inhibi-
tion in vitro and on elevation of plasma triglyceride in mice.
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