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Background: Apolipoproteins (apo) C-I and C-III regulate plasma triglyceride metabolism by inhibition of lipoprotein
lipase (LPL) activity.
Results: ApoC-I or apoC-III prevents LPL from binding to lipid droplets. This results in inhibition of LPL.
Conclusion: Inhibition of LPL activity by apoC-I and apoC-III is due to displacement of LPL from lipid droplets.
Significance:Our proposed mechanism explains several effects of these apolipoproteins on lipoprotein metabolism.

Apolipoproteins (apo)C-I andC-III are known to inhibit lipo-
protein lipase (LPL) activity, but the molecular mechanisms for
this remain obscure. We present evidence that either apoC-I or
apoC-III, when bound to triglyceride-rich lipoproteins, prevent
binding of LPL to the lipid/water interface. This results in
decreased lipolytic activity of the enzyme. Site-directed
mutagenesis revealed that hydrophobic amino acid residues
centrally located in the apoC-IIImolecule are critical for attach-
ment to lipid emulsion particles and consequently inhibition of
LPL activity. Triglyceride-rich lipoproteins stabilize LPL and
protect the enzyme from inactivating factors such as angiopoi-
etin-like protein 4 (angptl4). The addition of either apoC-I or
apoC-III to triglyceride-rich particles severely diminished their
protective effect on LPL and rendered the enzymemore suscep-
tible to inactivation by angptl4. These observations were seen
using chylomicrons as well as the synthetic lipid emulsion Intr-
alipid. In the presence of the LPL activator protein apoC-II,
more of apoC-I or apoC-III was needed for displacement of LPL
from the lipid/water interface. In conclusion, we show that
apoC-I and apoC-III inhibit lipolysis by displacing LPL from
lipid emulsion particles. We also propose a role for these apo-
lipoproteins in the irreversible inactivation of LPL by factors
such as angptl4.

Lipoprotein lipase (LPL)2 has central functions in blood lipid
metabolism (1, 2). The enzyme hydrolyzes triglycerides in chy-
lomicrons and very low density lipoproteins (VLDL). The
released fatty acids and monoglycerides are taken up in tissues
for metabolic purposes or for storage. In addition, LPL is
important for binding of lipoproteins to cell surfaces, and for
receptor-mediated endocytosis of whole lipoprotein particles,
by stimulating the interaction of lipoproteins with receptors

(3). Loss-of-function mutations in the genes encoding LPL or
its cofactor apolipoprotein C-II (apoC-II) lead to severe hyper-
triglyceridemia (4). In contrast, a premature stop mutation in
apolipoprotein C-III (apoC-III) is associated with low levels of
plasma triglycerides (5). This finding in humans is in line with
studies demonstrating that apoC-III knock-out mice are hypo-
triglyceridemic (6), whereas overexpression of apoC-III inmice
leads to hypertriglyceridemia (7–9). ApoC-III is known to
inhibit LPL activity in vitro (10–12). Alaupovic and co-workers
(13) concluded from studies of hypertriglyceridemic patients
that apoC-III correlated positively with plasma triglyceride lev-
els and that the inhibitory effect of human plasma on LPL activ-
ity was due to apoC-III. The general consensus is that apoC-III
increases plasma triglycerides by affecting the function of LPL,
but the mechanism for this inhibitory effect is not yet resolved.
In addition, apoC-III has been reported to interfere with VLDL
assembly and secretion (14), binding of lipoproteins to glycos-
aminoglycans (15), and lipoprotein remnant clearance by
receptor-mediated endocytosis (16).
Apolipoprotein C-I (apoC-I) has been shown to inhibit LPL

activity by studies in vitro (11, 17–19), and transgenic mice
expressing human apoC-I display hypertriglyceridemia (20).
Like apoC-III, apoC-I inhibits remnant clearance and lipopro-
tein-binding to receptors (16), whereas lipoprotein association
to glycosaminoglycans was reported to be unaffected by apoC-I
(21). The increased lipid levels in blood of apoC-I transgenic
animals were concluded to be due to impaired uptake of VLDL
by the liver rather than to an enhanced production or disturbed
lipolysis ofVLDL (22). This viewhas later been changed in favor
of effects of apoC-I mainly on LPL and intravascular lipolysis
(23, 24).
When comparedwith apolipoproteins of theC family, angio-

poietin-like protein 4 (angptl4) is a more recently discovered
modulator of LPL activity. Unlike the apolipoproteins, angptl4
causes irreversible inactivation of LPL by binding to the enzyme
and converting active LPL dimers to inactive monomers (25).
LPL is known to be stabilized by binding to detergents, emul-
sion particles, and lipoproteins. Recently, it was shown that
inactivation of LPL by angptl4 is slower in the presence of lipo-
proteins (26). The expression of angptl4 is up-regulated by per-
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oxisome proliferator-activated receptors, which in turn are
activated by free fatty acids and other ligands (27, 28). Angptl4
is a strong candidate for the tissue-specific, post-translational
regulation of LPL activity that is necessary for directing uptake
of blood lipids according to the needs of different tissues of the
body (2, 29) and for protecting tissues against deleterious
effects of lipid overload (27, 28).
We have used a simple filtration technique for studies of the

effects of apoC-I and apoC-III on binding of LPL to lipid emul-
sion particles. Our data indicate that a main factor in the inhi-
bition of LPL by these apolipoproteins is that the enzyme is
expelled from the substrate. As a consequence, LPL becomes
more prone to inactivation, here demonstrated by increased
sensitivity to angptl4.

EXPERIMENTAL PROCEDURES

Bovine LPL was purified from milk as described (30). 125I-
labeled LPL was produced by the lactoperoxidase method and
then purified by chromatography on heparin-Sepharose (31).
Heparin was obtained from Leo Pharma AB. Bovine serum
albumin (A-4503) was obtained from Sigma-Aldrich. Apolipo-
protein A-I (10686-H07E) was obtained from Sino Biological
Inc. Liposomes made from dimyristoylphosphatidylcholine
(DMPC) were prepared as described (32).
Intralipid 10 and 20%, kindly donated by Fresenius Kabi

(Stockholm, Sweden), was repeatedly washed to remove lipo-
somes formed from excess phospholipids, and other potential
smaller lipid particles, by floatation at 40,000 � g, 30,000 � g,
and 20,000 � g, respectively, for 15 min at 15 °C. After each
centrifugation, the infranatantwas discarded, and buoyant lipid
particles were dispersed in 50 mM Tris, pH 7.4. After the last
centrifugation, the remaining lipid emulsion particles were dis-
persed to a final concentration of 10% triglycerides (w/v) in 50
mM Tris, pH 7.4, containing 2% glycerol (v/v). If not stated
otherwise, 20% Intralipid was used as starting material. Rat
intestinal lymph chylomicrons were isolated through cannula-
tion of mesenteric lymph vessels as described (33).
ApoC-I and apoC-II were extracted from human plasma by

absorption to Intralipid emulsion particles and then purified as
described previously (34). The N-terminal domain of human
angptl4 (amino acids 26–184) was cloned into pET29a. Human
apoC-III (amino acids 21–99) was cloned into pET23b (35).
Both proteins were expressed in the Escherichia coli strain
BL21. Transfected bacteria were grown until A600 � 0.6, and
expression was induced with 1mM isopropyl-1-thio-�-D-galac-
topyranoside for 1 h for apoC-III, and for 4 h for angptl4, at
37 °C. Cultures were centrifuged at 3200 � g for 20 min at 4 °C
and dissolved in 50 mM sodium phosphate buffer, pH 7.4, con-
taining 0.3 M NaCl, 6 M guanidine:HCl, and 5 mM imidazole
prior to freeze/thaw lysis at�80 °C. Angptl4 was purified using
HisPur cobalt resin (Pierce) according to the manufacturer’s
protocol, under reducing conditions. The protein was eluted by
20 mM acetic acid, pH 4.0, and stored at �80 °C. ApoC-III was
purified on a HisTrapTM FF crude column (GE Healthcare)
using a gradient of increasing concentrations of imidazole (10
mM to 500 mM) in 50 mM sodium phosphate buffer, pH 7.4,
containing 0.3 MNaCl and 6M urea. Fractions eluting late in the
gradient were dialyzed against 10 mM NH4HCO3 and later fro-

zen at �20 °C prior to lyophilization. The dried product was
dissolved in 10 mM Tris, pH 8.5, containing 5 M urea. Murine
N-terminal angptl4 was expressed inHEK293 cells as described
previously (25). Protein concentrations were determined by the
bicinchoninic acid assay (Pierce).
LPL Activity Measurements—LPL activity was measured

using emulsion particles isolated from Intralipid corresponding
to 1–4 mg of triglyceride/ml in 0.15 M Tris, pH 8.5, containing
0.1 MNaCl, 6%BSA (w/v), and 16.7 units of heparin/ml. Human
apoC-II was used in some experiments at the concentrations
given in the figure legends. Incubations were made at room
temperature for 30–45min in 96-well microtiter plates (Nunc,
catalog number 236108) containing a total volume of 150
�l/well. The plates were gently agitated on an orbital shaker
(600 rpm). Different amounts of apolipoproteins were added
from stock solutions containing 5 M urea. By dilutions in the
same buffer, care was taken so that all wells contained the same
volume of vehicle. Lipid hydrolysis was stopped by the addition
of 50 �l of 10% Triton X-100 (v/v). Aliquots (3.5–10 �l) were
transferred to another 96-well microtiter plate (Greiner Bio-
One, catalog number 655101) containing 150 �l of NEFA-
HR(2) R1 (Wako Chemicals) for determination of the amounts
of fatty acids released (where NEFA indicates “non-esterified
fatty acids”). The mixtures were incubated for 15 min at room
temperature by gentle agitation on the orbital shaker (600 rpm).
Then 75 �l of NEFA-HR(2) R2 (Wako Chemicals) was added,
and the incubation was continued for an additional 10 min.
Fatty acids were quantified by absorbance measurements on a
SpectraMax 340 (Molecular Devices) using NEFA C standard
(Wako Chemicals) as reference. LPL activity is expressed in
units where 1 unit corresponds to the release of 1 �mol of fatty
acid/min.
Preincubation Experiments—LPL was preincubated with

emulsion particles isolated from Intralipid, corresponding to 2
mg of triglyceride/ml in 0.15 M Tris, pH 7.4, containing 0.1 M

NaCl and 6% BSA (w/v). Preincubations were made in 96-well
microtiter plates (Nunc catalog number 236108) at room tem-
perature for 15 min on an orbital shaker (600 rpm) in the pres-
ence of different combinations of apoCs and angptl4 (N-termi-
nal domain) in a final incubation volume of 150 �l. Aliquots of
5–10 �l were then transferred to incubation mixtures contain-
ing [9,10-3H]triolein-labeled Intralipid (courtesy of Pharmacia-
Upjohn and Fresenius-Kabi) corresponding to 2 mg of triglyc-
eride/ml in 0.15 M Tris, pH 8.5, containing 0.1 M NaCl, 6% BSA
(w/v), 16.7 units of heparin/ml, and 5% (v/v) heat-inactivated
rat serum as source of apoC-II. The contribution of lipid sub-
strate from the first incubation did not influence activity mea-
surements in the second incubation, which was carried out in a
final volume of 200 �l at 25 °C for 30–60 min on an orbital
shaker. Released fatty acids were extracted and quantified as
described previously (36).
Binding Studies by Filtration—Trace amounts of 125I-labeled

LPL were mixed with unlabeled LPL and added to the same
incubation system (total volume 150�l) as used for LPL activity
measurements, but with washed, unlabeled Intralipid (see
above). After 2min at room temperature, 1ml of ice-cold 0.15M

Tris, pH 8.5, was added, and the mixture was filtered through a
0.22-�m syringe filter (PALL PN4602). This filter prevented
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passage of large lipid emulsion particles. Radioactivity from
125I-labeled LPL was determined in the filtrate (flow-through)
and was considered to represent unbound LPL. Error bars for
these experiments were calculated using Gaussian approxima-
tion of mean error using Equation 1,

S�x�

y�� � �Sx�
2

y�2 �
Sy�

2

y�4 x�2 (Eq. 1)

where x� and y� are mean values of the observed measurements.
Sx� and Sy� are mean errors for the observed measurements,
respectively.
Folding Studies by CDMeasurements—To assess interaction

of apoC-III with lipids, solutions of apoC-III (0.2 mg/ml of wild
type and mutants) in 20 mM potassium phosphate buffer, pH
7.4, were titrated with successive additions of liposomes made
from DMPC. Circular dichroism spectra were recorded on a
Jasco CD spectrophotometer using a 0.1-cm path length quartz
cell at 20 °C. Spectra were obtained by averaging three scans in
the wavelength range 190–260 nm. The signal obtained from
buffer only was subtracted from the spectra. Estimation of pro-
tein secondary structure was made in CDPro (37) using the
CDSSTR algorithm and SDP48 as reference set. Raw data in
millidegrees were converted to per residue molar absorption
units (��) using Equation 2,

�� �
� � MRW

32,980 � c � l
(Eq. 2)

where � is the observed raw measurement in millidegrees,
MRW is the mean residual weight of the protein (molecular
weight/total number of amino acid residues), c is the protein
concentration in mg/ml, and l is the path length in cm.
Multiple Sequence Alignment and Mutagenesis of ApoC-III—

The following sequenceswere obtained from theNational Cen-
ter for Biotechnology Information (NCBI):Homo sapiens, NP_
000031.1; Mus musculus, NP_075603.1; Cavia porcellus,
NP_001166386.1; Bos taurus, NP_001001175.1; Sus scrofa,
NP_001002801.1; Canis lupus familiaris, NP_001003369.1;
and Rattus norvegicus, NP_001257982.1. Alignments were
made using ClustalW2 (38). Mutagenesis was made using
QuikChange II (Stratagene) according to the supplier’s instruc-
tions followed by DNA sequencing.
Heparin-Sepharose Chromatography—For separation of active

LPL dimers from inactive, presumably monomeric, forms of
LPL, we used affinity chromatography on heparin-Sepharose
(25, 31, 39). Approximately 6 nM 125I-labeled LPL was added to
0.15 M Tris, pH 7.4, containing 0.1 M NaCl and 6% BSA (w/v) to
a final volume of 300�l. The samples were incubated in Eppen-
dorf tubes at room temperature for 15 min on an orbital shaker
(600 rpm), if not stated otherwise. Incubations were made in
the absence and presence of 2mg of triglyceride/ml from emul-
sion particles isolated from Intralipid containing either no apo-
lipoproteins, 2 �M apoC-I, or 2 �M apoC-III. In addition, 73 nM
angptl4 (N-terminal domain) was included for some experi-
ments. After incubation, 900 �l of ice-cold 20 mM Tris, pH 7.4,
containing 20% glycerol (v/v) was added, and mixtures were
then filtered (PALL PN4602). A sample (500 �l) of the filtrate
was loaded on a 1-mlHiTrap column (GEHealthcare) using the

ÄKTA purifier system (GE Healthcare). A linear gradient from
0 to 2 M NaCl was applied (in 20 mM Tris, pH 7.4, 20% glycerol)
to elute the bound LPL protein. Radioactivity of each fraction
was determined using a Wallac Wizard 1480 (PerkinElmer).

RESULTS

This study was primarily designed to investigate the mecha-
nism by which apoC-III inhibits LPL activity. The inhibition
was found to be explained by the prevention of LPL from bind-
ing the lipid/water interface of lipid emulsion particles. ApoC-I
was later included to investigatewhether it affected LPL activity
by a similar mechanism as apoC-III. For most of the studies, we
used a commercial egg yolk phospholipid-stabilized emulsion
of soy bean triglycerides (Intralipid) as substrate for LPL. This
lipid emulsion is made to resemble triglyceride-rich lipopro-
teins and is used for parenteral nutrition of patients. The results
with Intralipid were confirmed using rat lymph chylomicrons
for some experiments. Crucial residues for lipid interaction
were indentified in apoC-III by substitution of hydrophobic
amino acid residues in amphipathic �-helical parts of apoC-III
by alanines. Finally, the protective effect of triglyceride-rich
emulsion particles on inactivation of LPL by angptl4 was inves-
tigated in the absence and presence of apoC-I and apoC-III.
To investigate themechanism for the inhibition of LPL activ-

ity by apoC-III, a filtration method was developed for rapid
separation of the lipid emulsion particles from the rest of the
incubation mixture. Using 125I-labeled LPL, we could demon-
strate that apoC-III displaced LPL from the lipid emulsion par-
ticles in a dose-dependent manner (Fig. 1A). At a higher con-
centration of lipid emulsion, more apoC-III was required to
observe the same displacement of LPL. A similar relationship
was obtained for the inhibitory action of apoC-III on LPL activ-
ity, which also depended on the amount of lipid emulsion (Fig.
1B).
We next questioned whether the inhibition of binding and

activity of LPLwas a feature unique for apoC-III by comparison
with the effects of similar amounts of apoC-I and apoA-I.
ApoC-I mimicked the effects of apoC-III by preventing LPL
from binding to the large lipid emulsion particles and by inhib-
iting LPL activity (Fig. 1,C andD). ApoA-I had no effect on LPL
displacement, nor did it inhibit LPL activity (Fig. 1, E and F).

Next we investigated whether our observations regarding
binding of LPL to Intralipid were applicable to a natural sub-
strate such as rat lymph chylomicrons. As in experiments with
Intralipid, the addition of apoC-I or apoC-III resulted in
reduced binding of LPL to the lipid particles (Fig. 2A) and inhi-
bition of LPL activity (Fig. 2B). The amounts of apoC-I or apoC-
III needed to displace LPL from the chylomicrons were consid-
erably higher than those with Intralipid. This could be due to
the presence of the LPL co-factor apoC-II on the chylomicrons
(40), which is present at quantities sufficient for maximal LPL
activation (41). The inhibition of LPL activity by apoC-III was
previously shown to be related to the amount of bound apoli-
poprotein C-II on the lipid substrate (42). As expected, when
Intralipid particles contained apoC-II,more apoC-I or apoC-III
was required to displace LPL from the emulsion particles and to
inhibit LPL activity (Fig. 2,C andD) when comparedwith emul-
sion particles without apoC-II. Analyses of the distribution of
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apoC-III in the incubation system by ELISA indicated that the
presence of apoC-II did not prevent apoC-III from binding to
the lipid particles. Approximately 10% of apoC-III was found in
the filtrate both in the absence and in the presence of apoC-II
(data not shown).
Our finding that the inhibitory action of apoC-III on LPL

activity correlated negatively with the amount of lipid emulsion
suggested that apoC-III competes with LPL for binding to the
lipid emulsion particles, rather than acting directly on LPL.
Starting from the amphipathic structure of apoC-III previously
determined by solution NMR (43), we used site-directed
mutagenesis to identify key residues for binding of apoC-III to
the emulsified lipid. These sites were identified by comparing
all available apoC-III sequences, and selection was made on
basis of which hydrophobic residues were largely conserved
across animal species (Fig. 3). The apoC-III variants with ala-
nine replacements were first analyzed with regard to their abil-
ity to inhibit LPL activity. The double mutants L27A/V35A,

W42A/F47A, and F47A/L50A all exhibited reduced ability to
inhibit LPL activity when compared with wild-type apoC-III,
with W42A/F47A being the least inhibitory (Fig. 4A). When
this variant was further mutated to W42A/F47A/L50A, the
inhibitory potential was greatly diminished. Replacement of
two additional hydrophobic residues upstream toward the N
terminus, generating the five-point mutant L27A/V35A/
W42A/F47A/L50A, resulted in an apoC-III variant without any
inhibitory effect on LPL activity. In contrast, replacements of
four hydrophobic residues in the C-terminal half of apoC-III,
W54A/F61A/F64A/W65A, resulted in a variant with moder-
ately reduced effects on the inhibition of LPL activity when
compared with wild-type apoC-III. Interestingly, the mutant
W42A/F47A/F64A/W65A had lost all inhibitory effect on LPL
activity. Binding studies with 125I-labeled LPL demonstrated
that the most inactive mutant with regard to inhibition of LPL
activity, L27A/V35A/W42A/F47A/L50A, lacked the ability to
displace LPL from the emulsion particles (Fig. 4B).

FIGURE 1. ApoC-I and apoC-III prevent LPL from binding to lipid emulsion particles and inhibit triglyceride hydrolysis. A, unlabeled LPL (24 nM) and trace
amounts of 125I-labeled LPL were added to emulsion particles isolated from Intralipid corresponding to 1 mg (F), 2 mg (Œ) or 4 mg (�) of triglyceride/ml with
different amounts of either apoC-III or apoC-I. C, identical experiments were carried out using 2 mg of triglyceride/ml for apoC-I and apoA-I. E, the experiment
with apoA-I was conducted using a different batch of isolated Intralipid particles. Therefore apoC-III was also used as a control in this experiment (dotted line).
Solutions were filtered, and the amount of unbound LPL was determined in the filtrate as a percentage of LPL without Intralipid. B, D, and F, using identical
conditions as in panels A, C, and E (but without 125I-labeled LPL), the solutions were incubated for 30 min at room temperature, and free fatty acids were then
quantified to determine LPL activity. Data points represent mean values of duplicate samples � Gaussian approximation of mean error (A, C, and E) or � S.D.
(B, D, and F).
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Interaction with lipids readily induces �-helical structure in
apoC-III (44). Comparison of CD spectra fromwild-type apoC-
III with those of three of ourmutated apoC-III variants revealed
differences in secondary structure. As expected, the �-helical
content increased in wild-type apoC-III with the addition of

increasing amounts of liposomes made from DMPC (Fig. 5A).
This response was also seen, but was less pronounced, with two
of the double-point mutants where the CD spectra of F47A/
L50A were more similar to those of wild-type apoC-III than
those of W42A/F47A (Fig. 5, B and C). In comparison, mutant

FIGURE 2. Addition of human apoC-I or apoC-III to rat lymph chylomicrons prevents LPL binding and inhibits enzyme activity, but higher concentra-
tions of the apolipoproteins were required than with emulsion particles isolated from Intralipid. A and C, unlabeled LPL (6 nM) and trace amounts of
125I-LPL were added to lipid particles corresponding to 2 mg of triglyceride/ml containing different amounts of either apoC-I (E) or apoC-III (�). The solutions
were then filtered to assess LPL binding to the lipid particles. The lipid particles were either rat lymph chylomicrons (A) or isolated lipid particles from Intralipid
containing 0.5 �M apoC-II (C). B and D, using identical conditions as in panels A and C (but without 125I-labeled LPL), the solutions were incubated for 60 min at
room temperature. Free fatty acids were then quantified to determine LPL activity for rat lymph chylomicrons (B) or Intralipid (D). Data points represent mean
values of duplicate samples � Gaussian approximation of mean error (A and C) or S.D. (B and D).

FIGURE 3. Multiple sequence alignment of apoC-III. The indicated positions in the (mature) human amino acid sequence of apoC-III were substituted by
alanine residues in different combinations.

FIGURE 4. Substitutions of hydrophobic residues in apoC-III with alanine resulted in variants with reduced ability to inhibit LPL activity due to inability
of displacing the enzyme from lipid emulsion particles. A, LPL (24 nM) was added to emulsion particles isolated from Intralipid containing different amounts
of mutated variants of apoC-III at 2 mg of triglyceride/ml. Incubations were carried out for 45 min at room temperature. Free fatty acids were then quantified
to determine LPL activity. B, the ability to displace LPL from lipid emulsion particles was compared for wild-type apoC-III (�) and the least inhibitory mutant
apoC-III L27A/V35A/W42A/F47A/L50A (Œ) using identical conditions as in panel A, but with the addition of a trace amount of 125I-LPL. Data points represent
mean values of duplicate samples � S.D. (A) or � Gaussian approximation of mean error (B).
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L27A/V35A/W42A/F47A/L50A displayed mainly unordered
structure also in the presence of liposomes, indicating that this
variant was unable to bind to lipid.
Previous studies had demonstrated that LPL is stabilized by

interaction with detergents, with lipid emulsions, or with lipo-
proteins (45) and that the putative LPL-controlling protein
angptl4 has reduced ability to inactivate LPL in the presence of
triglyceride-rich lipoproteins (26). Given that apoC-I and
apoC-III prevent LPL from binding to lipid emulsions and lipo-
proteins, we hypothesized that these apolipoproteins would
make LPL more susceptible to inactivation by angptl4. Control
experiments with incubation of LPL with emulsion particles
isolated from Intralipid showed that neither apoC-I nor apoC-
III caused accelerated LPL inactivation on their own (Fig. 6, A
and C). As expected, angptl4 inactivated LPL in the absence of
Intralipid but had limited effect when the enzyme was incu-
bated in the presence of lipid emulsion particles (Fig. 6A). How-
ever, when apoC-I or apoC-III was added, inactivation of LPL
was promoted (Fig. 6B). This effect was also confirmedwith the
N-terminal domain of mouse angptl4 expressed in HEK239
cells (data not shown). In the presence of apoC-II, more apoC-I
or apoC-III (about 10-foldmore) had to be added to expose LPL
to inactivation by angptl4 (Fig. 6, C and D). The presence of
chylomicrons gave similar results as those obtained in the pres-
ence of emulsion particles isolated from Intralipid with added
apoC-II (Fig. 6, E–G).
To investigate how apoC-I or apoC-III, either alone or in

combination with angptl4, affected the activity status of LPL,
we used heparin-Sepharose chromatography. This technique
was previously shown to separate active LPL dimers with high
affinity for heparin from inactive, monomeric forms of LPL
with lower heparin affinity (25, 31, 39). 125I-labeled LPL was
preincubated with or without angptl4, with or without apolipo-
proteins, and was thereafter applied on a heparin-Sepharose

column and then eluted by a linear gradient of NaCl. Without
preincubation, LPL eluted at about 1 M NaCl, as expected for
active LPLdimers (39). Preincubation of LPL at 42 °C for 15min
resulted in a peak eluting already at 0.5 MNaCl, characteristic of
LPL monomers (39). Preincubation of LPL with angptl4
resulted in a peak eluting at 0.5 M NaCl. Some radioactivity
eluted at 1 M NaCl, presumably corresponding to remaining
active LPL dimers. Forms of LPL eluting in between 0.5 and 1 M

NaCl were also seen (Fig. 7A). In the corresponding experiment
with preincubation of LPL alone for 15 min at room tempera-
ture, some radioactivity eluted already at 0.5 MNaCl. This dem-
onstrated that LPL was not perfectly stable on its own, as
expected, but that some degree of spontaneous inactivation
occurred. The presence of lipid droplets from Intralipid con-
taining either apoC-I or apoC-III during the preincubation
resulted in almost identical elution patterns as when no Intra-
lipid particles were present, supporting our findings that LPL
was unable to bind to the emulsion particles under these con-
ditions. As expected, the addition of angptl4 to the preincuba-
tion solution resulted in a substantial loss of LPL eluting at 1 M

NaCl, corresponding to active dimers, and more LPL eluting at
0.5 M NaCl, as inactive monomers (Fig. 7, B and C).

DISCUSSION

By a simple filtration technique, we were able to rapidly sep-
arate unbound LPL from an incubation system containing
either large lipid emulsion particles isolated from Intralipid or
chylomicrons and demonstrate that apoC-I and apoC-III pre-
vented binding of LPL to both types of lipid particles. This cor-
related well with the observed reduction in LPL activity seen on
the addition of apoC-I or apoC-III to these incubation systems.
Higher concentrations of apoC-III were required for inhibition
of activity and displacement of LPL when more lipid emulsion
was used or when apoC-II was present. Similar results were

FIGURE 5. Lack of induced secondary structure upon addition of liposomes parallels the inability of apoC-III variants to inhibit LPL activity against
emulsified triglycerides. A–D, CD analysis of apoC-III variants in the absence of lipid (E) or with successive additions of liposomes made from DMPC to a final
concentration of 0.25 mg (�), 0.5 mg (‚), 0.75 mg (F), or 1 mg (ƒ) of DMPC/ml. ApoC-III variants were wild type (A), W42A/F47A (B), F47A/L50A (C), and
L27A/V35A/W42A/F47A/L50A (D). Insets represent predicted �-helical content estimated by CDPro/CDSSTR. Each spectrum represents an average of three
scans.
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obtained with apoC-I. To calculate the potential surface occu-
pancy of the added apoCs, we used data fromWang et al. (46),
who designed an apolipoprotein-derived peptide to examine
the surface area that an amphipathic �-helical structure may

occupy on a lipid/water interface.We assumed that each amino
acid residue in apoC-III occupies a similar area as calculated for
the peptide and that our isolated Intralipid particles range
between 200 and 400 nm. By this, we could estimate that only

FIGURE 6. Triglyceride-rich lipid particles protect LPL from inactivation by angptl4, but addition of either apoC-I or apoC-III to the lipid particles
renders LPL susceptible to inactivation. A, the first incubation (preincubation) contained emulsion particles isolated from Intralipid corresponding to 2 mg
of triglyceride/ml, 73 nM angptl4, and the indicated amounts of apoC-I or apoC-III in different combinations. Solutions were preincubated with 24 nM LPL for 15
min at room temperature before the remaining LPL activity was measured by transfer of 5-�l aliquots to an assay system with radiolabeled Intralipid. B, using
identical conditions as in panel A, the effects of LPL inactivation by increasing amounts of either apoC-I (�) or apoC-III (�) in combination with angptl4 were
investigated. Experiments were repeated in the presence of 0.5 �M apoC-II during the preincubation. C and D, in this case, only 6 nM LPL was added, and aliquots
of 10 �l were transferred to the assay system with radiolabeled Intralipid. E–G, next, experiments were made with rat lymph chylomicrons (Chylo, correspond-
ing to 2 mg of triglyceride/ml) instead of isolated Intralipid particles. The amount of LPL was 24 nM, and the amount of angptl4 was 73 nM. Aliquots of 5 �l of the
preincubated solutions were transferred to the assay with radiolabeled Intralipid for determination of remaining LPL activity. With these conditions, we
examined the ability of chylomicrons to protect LPL from angptl4-dependent inactivation in the absence of exogenous apolipoproteins (E) or in the presence
of apoC-I (F) or apoC-III (G). Data points represent mean values of duplicate samples � S.D.
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10–20% of the Intralipid particles were covered when 1 �M

apoC-III was added to emulsion particles corresponding to 2
mg of triglyceride/ml. From these calculations, it seems
unlikely that the apolipoproteins expel LPL from the lipid/wa-
ter interface simply due to steric effects. Our findings rather
suggest that apoC-I and apoC-III modify the surface properties
of the lipid particles such that LPL is unable to bind to them.
Alternatively, the apolipoproteins compete with LPL for bind-
ing to specific structures on the lipid particles. Interestingly,
apoA-I did not decrease binding of LPL to Intralipid or cause
inhibition of LPL activity, although this apolipoproteinwas pre-
viously demonstrated to bind avidly to lipid particles isolated
from Intralipid by floatation (47).
The filtrationmethod has great advantages over other meth-

ods used to isolate lipid emulsion particles in that the filtration
by syringe filters is simple and rapid so that separation can be
obtainedwithin seconds. There areminimal pressure effects on
the systemwhen compared with when centrifugation is used at
high g forces (48).We found that the nonspecific binding of LPL
to the filters variedwith different types of syringe filters, butwas
efficiently reduced by the high concentration of BSA that is
normally used as fatty acid acceptor during measurements of
LPL activity. With the system we used, 93.8 � 6.1% of the LPL
protein was recovered after filtration in the absence of lipid
emulsion particles. A possible drawback of the filter technique
is that the lipid binding ability of LPL can be underestimated
because some emulsion particles are small enough to pass
through the filters. We observed differences in howmuch 125I-
labeled LPL passed through the filter depending on the batch of
lipid emulsion particles used. Intralipid differs in mean diame-
ter size depending on the triglyceride/phospholipid ratio of the
emulsion (49). We isolated the largest emulsion particles from
Intralipid by floatation for our experiments, but still noted
some variation between experiments. The presence of smaller
sized particles can probably explain why as much as 60% of the
enzyme passed through the filter when rat lymph chylomicrons
were used because the chylomicrons were not washed by
floatation.
Others have reported that apoC-III is able to remove phos-

pholipids frommonolayers (50). We found that the majority of
the added apoC-III did not pass the syringe filters. It is therefore
unlikely that apoC-III sequestered phospholipids from the
emulsion particles to form smaller lipid particles that attracted

LPL and carried the enzyme through the filter leading to an
incorrect interpretation of our results.
The surface behavior of several apolipoproteins and their

interaction with phospholipids spread at an air/water interface
have been thoroughly investigated (51–53). It was demon-
strated that apolipoproteins can penetrate a phospholipid
monolayer, resulting in increased surface pressure as the inter-
face becomes more crowded (46). If the surface pressure
becomes too high, bound proteins are expelled from the inter-
face. This particular pressure is called the exclusion pressure.
Studies with surfaces more similar to lipoproteins such as the
phospholipid/triolein/water interface showed that apoC-I
remains bound even at high surface pressure, and the affinity of
apoC-I for the lipid/water interface increases when the propor-
tion of phospholipid over triolein is increased (54). It was sug-
gested that the plasticity of the interaction of apoC-I with lipid
could account for the finding that other more complex apoli-
poproteins such as apoA-I and apoE are displaced under con-
ditions when apoC-I remains at the interface (54). Studies with
LPL using lipid monolayers containing both phospholipid and
triglycerides demonstrated decreased enzyme activity with
increased surface pressure (55, 56). One could speculate that
the observed decrease in enzymatic activity coincides with the
exclusion pressure of LPL. Furthermore, the lipid binding prop-
erties of apoC-I, and possibly those of apoC-III, may resemble
those of LPL. Thiswouldmake these apolipoproteins specific in
terms of their ability to prevent LPL from binding the lipid/
water interface. In the presence of apoC-II, more of apoC-I or
apoC-III was needed to obtain the same degree of displacement
of LPL from the lipid particles and inhibition of LPL activity
when compared with when apoC-II was absent. Similar data
were previously reported from studies in other systems (40).
Jackson et al. (42) showed that apoC-III displaced apoC-II from
triglyceride-rich emulsion particles with a concomitant loss of
LPL activity. Approximately 10 �M apoC-III was required to
displace LPL and inhibit LPL activity in the presence of apoC-II
at a concentration of emulsion particles from Intralipid corre-
sponding to 2 mg of triglyceride/ml. We estimate that under
these conditions, apoC-III could cover most of the lipid parti-
cles. The interaction betweenLPL and apoC-II is likely to create
a higher affinity of the LPL-apoC-II complex for the lipid/water
interface when compared with that for any of the individual
proteins. This may explain the need for increased amounts of

FIGURE 7. Angptl4 promotes conversion of LPL to forms with lower heparin affinity, and this is promoted in the presence of apolipoprotein-contain-
ing emulsion particles. A, 125I-labeled LPL (�6 nM) was subjected to different conditions and was then applied to a heparin-Sepharose column and eluted by
a gradient of NaCl to separate different molecular forms of the enzyme. LPL was applied directly on the column without any pretreatment (f), preincubated
for 15 min at 42 °C (Œ), or preincubated at room temperature for 15 min with 73 nM angptl4 (E). B, LPL was preincubated for 15 min in room temperature in the
absence (�) or presence of emulsion particles isolated from Intralipid with 2 �M apoC-I (�) or with 2 �M apoC-I and 73 nM angptl4 (‚). C, same as panel B but
with apoC-III instead of apoC-I.

Lipoprotein Lipase Activity Inhibition by ApoC-I or ApoC-III

34004 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 47 • NOVEMBER 22, 2013



apoC-I or apoC-III to displace LPL in the presence of apoC-II.
The exact mechanism by which apoC-II activates LPL is not
fully understood. There are indications for a direct interaction
betweenLPL and apoC-II (32), although it has not beenpossible
to demonstrate the truemode of interaction between these pro-
teins. We demonstrate here that the addition of exogenous
apoC-I or apoC-III to rat chylomicrons displaced LPL and
inhibited LPL activity.When comparedwith ourmodel system,
there were distinct differences that can in part be explained by
the presence of apoC-II. However, other apolipoproteins on the
chylomicrons could also affect LPL residency. Previous studies
in vitro with chylomicrons from an apoC-II-deficient patient
demonstrated that exogenous apoC-II was required for initiat-
ing LPL activity with this substrate in contrast to results with
Intralipid (57).Hence, for the rare patientswithmissensemuta-
tions in the gene for apoC-II, a reduction in expression of apo-
lipoproteins that prevents LPL binding could be helpful to con-
trol their hyperchylomicronemia.
Plasma concentrations of apoC-III in healthy individuals are

�10 mg/dl (�11 �M) of which close to 20% resides on triglyc-
eride-rich lipoproteins (TRLs) (58). Hypertriglyceridemic sub-
jects showed a 3.5-fold increase of apoC-III, whereas apoB lev-
els were only increased 1.5-fold. Interestingly, these individuals
also displayed an increased ratio of apoC-III per TRL/HDL,
with �50% of apoC-III residing on TRLs (58). A similar obser-
vation was seen for apoC-I (59). The concentrations of apoC-I
and apoC-III used in our model system thus fall within the
physiological range.
Previous studies had shown that cleavage of apoC-III by

thrombin generates two fragments (residues 1–40 and 41–78)
(60, 61). No secondary structure was induced in the N-terminal
fragment when added to DMPC liposomes. In contrast, the
�-helical content was increased in the C-terminal fragment,
indicating lipid binding (60). In that study, only the C-terminal
fragment was capable of inhibiting LPL activity, but the frag-
ment was somewhat less potent when compared with the full-
length protein.Others had shown that theN-terminal fragment
had some, yet limited, ability to inhibit LPL activity (61). Our
results are in line with these findings. The C-terminal half of
apoC-III appearedmost important in terms of inhibition of LPL
activity. Alanine substitutions of residues Leu-27 and Val-35
did not affect the inhibition of LPL activity by apoC-III, whereas
substitutions of hydrophobic residues locatedmore centrally in
the apoC-III molecule (residues 42–50) resulted in marked
reductions in the inhibitory potential. Previous studies
reported that alanine substitutions of Phe-64 and Trp-65
decreased lipid binding of apoC-III, whereas they seemed to
increase the inhibition of LPL activity (35). Thiswas interpreted
as proof that themain effect of apoC-III onLPL activity is due to
a direct interaction with the enzyme. In our systems, we had
limited effects when substituting residues in the C-terminal
part of apoC-III. The mutant W54A/F61A/F64A/W65A was
modestly less inhibitory than wild-type apoC-III. However,
substitutions of the centrally located hydrophobic residues
(Trp-42/Phe-47/Leu-50), in combination with either L27A and
V35A or F64A and W65A, led to apoC-III variants where the
potential for inhibition of LPLwas abrogated. For apoC-III vari-
ants examinedwithmeasurements of CD, the inhibitory poten-

tial on LPL activity paralleled their ability to increase their con-
tent of �-helical structure in the presence of DMPC liposomes.
Because apoC-III forms �-helices on binding to phospholipids
(60), we assume that our apoC-III variants are limited in their
lipid binding capability. However, we cannot rule out that the
apoC-III variants were still residing on the lipid/water interface
but without affecting LPL. Hydrophobic residues across the
entire apoC-III protein are likely to be involved in the lipid
binding (43), but those that are centrally located in themolecule
seem to be the most important. It is possible that they are
involved in the initial anchoring of apoC-III to the lipid/water
interface, which in turn induces the necessary conformational
changes to promote multisite interactions involving several of
the six amphipathic�-helices (43). A similarmechanism can be
anticipated for inhibition of LPL by apoC-I, but the molecular
basis for this was not studied in detail.
Recently, Sundaram et al. (14) proposed that apoC-III plays a

crucial role in VLDL assembly by incorporation of bulk triglyc-
erides into precursor lipoproteins independently of micro-
somal transfer protein. In two following studies, the same group
showed that two naturally occurring human mutations of
apoC-III, A23T and K58E, were unable to promote triglyceride
incorporation during VLDL assembly (73, 74). Plasma concen-
trations of triglycerides and apoC-III are lower in carriers of the
A23T or K58E mutations (62, 63). Interestingly, recombinant
A23T was reported to be as effective as wild-type apoC-III in
inhibiting LPL activity (63). It remains to be examined whether
K58E will affect the inhibitory potential on LPL activity. We
have made single-point substitutions of other conserved
charged residues (K21A, D25N, R40A, K51A, and D66N), and
all of these mutants were as efficient as wild-type apoC-III in
inhibiting LPL activity (data not shown). If A23T or K58E has
an effect on intravascular lipolysis, we propose that this is due to
decreased ratios between apoC-III/apoB on triglyceride-rich
lipoproteins.
Angptl4 is a powerful player in controlling lipid metabolism

(64).One of the direct effects of angptl4 is that it inactivates LPL
by dissociating active LPL dimers to inactive monomers (25).
This effect resides in the N-terminal domain of angptl4, which
binds to LPL. We used the recombinant N-terminal domain of
human angptl4 to study the effects of apoC-I and apoC-III on
the inactivation of LPL in the presence of Intralipid or rat chy-
lomicrons. We hypothesized that if inactivation of LPL by ang-
ptl4 occurs in the plasma compartment, the presence of ele-
vated concentrations of apolipoproteins on the surface of
lipoproteins should decrease binding of LPL to them and make
the enzyme more prone to be inactivated by angptl4. This was
found to be the case in vitro. It is not yet known where angptl4
acts on LPL in vivo, whether this occurs on the endothelium in
contact with blood, or whether angptl4 acts on LPL along its
transport route to the luminal side of the endothelium. Trans-
genic miniature pigs that overexpress human apoC-III have
similar levels of LPL activity that can be released to blood by
heparin when compared with their wild-type littermates, indi-
cating that the luminal LPL activity is not affected (8). Effects on
in the heparin-releasable LPL activity of one tissue could, how-
ever, be masked by release of LPL from other tissues as seen in
heart-specific overexpression of angptl4 (65) and in mice defi-
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cient in LPL in adipose tissue (66). There are only few studies
addressing the specific activity of LPL in plasma, i.e. activity/
LPL mass. Interestingly, the levels of apoC-I were reported to
correlate with low specific LPL activity (59). This could possibly
be related to the enhanced action of angptl4 on LPL in the
presence of higher concentrations of apoC-I (67). Angptl4
expression is up-regulated by fasting (68), and that is the con-
dition known to decrease LPL activity in adipose tissue by post-
translational mechanisms (39). One could therefore anticipate
that LPL activity is suppressed by increased levels of apoC-I or
apoC-III primarily in adipose tissue.
In summary,we suggest that apoC-I and apoC-III inhibit LPL

activity by a similar mechanism. Both apolipoproteins can
dose-dependently displace LPL from the lipid/water interface
of lipoproteins and lipid emulsion particles. This results in
decreased enzymatic activity, but not necessarily inactivation of
the enzyme. However, the presence of increased levels of
apoC-I or apoC-III may promote inactivation of LPL by factors
such as angptl4, as demonstrated in vitro. Further studies are
needed to corroborate this observation in vivo. Interestingly,
patients with renal insufficiency have high plasma levels of both
apoC-III and angptl4 (69, 70). These patients are known to have
low levels of LPL activity in post-heparin plasma, elevated levels
of plasma triglycerides, and increased risk for cardiovascular
complications (71, 72). Our present results can possibly con-
tribute to an explanation for the hypertriglyceridemia associ-
ated with kidney disease.
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