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Lipoprotein lipase (LPL) hydrolyzes chylomicron and
very low density lipoprotein (VLDL) triglycerides and
potentiates the cellular uptake of lipoproteins. These
LPL-lipoprotein associations could involve only pro-
tein-lipid interaction, or they could be modulated by
apolipoproteins (apo), ApoB is the major protein compo-
nent of chylomicrons, VLDL, and low density lipopro-
tein (LDL). ApoBlOO, a large glycoprotein with a molec-
ular mass of 550 kDa, is composed of several functional
domains. A carboxyl-terminal region of the protein is
the ligand for the LDL receptor. There are several hy-
drophobic domains that are believed to be important in
lipid binding. The relatively hydrophilic amino-termi-
nal region of apoB, however, has no known function.
Using solid phase assays we quantified LPL-lipoprotein
complex formation. On a molar basis, severalfold
greater amounts ofLPL bound to LDL and VLDL than to
high density lipoprotein at all the concentrations ofLPL
tested (0.9-55 11M).

To assess the roles of LDL protein versus lipid, we
performed competition and ligand blotting experi-
ments. LDL and an amino-terminal fragment of apoB
competed better for 125I_LPL binding to LDL than did
lipid emulsion particles. Delipidation of LDL-coated
plates did not alter LPL binding. On ligand blots, LPL
bound to amino-terminal fragments of apoB generated
by thrombin digestion but not to apoAl, apoE, or car-
boxyl-terminal fragments of apoB. Further evidence for
LPL interaction with the amino-terminal region of apoB
was obtained using anti-apoB monoclonal antibodies.
Antibodies directed against the amino-terminal regions
of apoB blocked LPL interaction with LDL, whereas
those against the carboxyl-terminal region of apoB did
not inhibit LPL interaction with LDL. Thus, we con-
clude that a specific interaction between LPL and the
amino-terminal region of apoB may facilitate LPL asso-
ciation with circulating lipoproteins.

Lipoprotein lipase (LPL)l is primarily responsible for hydro-
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lyzing chylomicron and VLDL triglycerides (TG). This enzyme
is synthesized in a variety of tissues and cells including adi-
pose, muscle (1), brain (2), and macrophages (3). After synthe-
sis, the enzyme is transported across the endothelium to its site
of activity on the luminal surface of endothelial cells (4). The
enzyme binds to this site via electrostatic interactions with cell
surface proteoglycans (5, 6) and, perhaps, via protein-protein
interaction involving a non-proteoglycan binding protein (7).

A number of experimental observations suggest that LPL
has a greater affinity for LDL than for HDL. LPL is primarily
a triacylglycerol hydrolase, and its enzymatic actions are usu-
ally assayed using a TG-rich substrate (8, 9). Yet LPL-medi-
ated hydrolysis ofLDL, a cholesteryl ester-rich lipoprotein, and
VLDL, a TG-rich lipoprotein, had a lower K m than HDL (10).
Further evidence that LPL does not bind indiscriminately to all
classes of lipoproteins was obtained from studies of human
postheparin plasma. Most active LPL in postheparin plasma
elutes during gel filtration in a major peak that precedes the
peak of LDL cholesterol (11). Although Vilella et al. (12) re-
ported that some LPL was also associated with HDL, HDL-
associated LPL was less active than the LPL on apoB-contain-
ing lipoproteins. Thus, active LPL is associated primarily with
LDL or buoyant LDL size lipoproteins in the circulation.

In addition to its enzymatic actions, LPL can anchor lipopro-
teins to cell surface and matrix proteoglycans. This molecular
bridge has been postulated to increase lipoprotein retention by
subendothelial cell matrix and increase cellular lipoprotein
uptake. Both Saxena et al. (13) and Eisenberg et at. (14) showed
that LPL anchors apoB-containing lipoproteins to subendothe-
lial cell matrix. Saxena et at. (13) were unable to show any
increase in LPL-mediated HDL binding to matrix. In contrast,
Eisenberg et at. (14) reported that LPL caused a small increase
in HDL association with matrix heparan sulfate proteoglycans.
This increase in HDL binding was almost an order of magni-
tude less than that found for LDL or VLDL. Saxena et at. (13)
performed their experiments in media containing serum li-
poproteins that could have competed for LPL binding to HDL.
This might explain the disparity between results. Nonethe-
less, LPL appears to preferentially anchor apoB-containing
particles.

How does LPL interact with lipoproteins? One hypothesis is
that LPL has several hydrophobic regions that bind to lipid
molecules on the surface oflarge particles containing a TG core
(15). LPL, however, does not associate well with protein-free
lipid particles. Fielding and Fielding (16) reported a method of
partial LPL purification by incubating postheparin plasma
with 5 mg/ml TG derived from 20% Intralipid in low ionic
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strength buffer. Even with this protocol in which the TG con-
centration was severalfold greater than the usual plasma cho-
lesterol or TG concentrations, less than 50% ofthe LPL activity
was recovered with the lipid. Additional studies have shown
that LPL associates better with apoB-containing lipoproteins
than with Intralipid. In the studies of Rumsey et al. (17), the
LPL-mediated increase in emulsion particle binding to the
surface of fibroblasts was much less than that found using
LDL. Thus, optimal LPL association with lipoproteins may
require more than just lipid.

In the experiments presented in this paper, we studied LPL
interaction with lipoproteins and lipid emulsions. Using a solid
phase plate assay, we assessed the interaction between LPL
and lipoproteins in a system that was free oflipoprotein recep-
tors and cell surface proteoglycans. Because more LPL associ-
ated with LDL than HDL or lipid emulsions, we studied the
roles of apoB and lipoprotein lipid in this process. Our data
support a role for apoB, specifically the amino-terminal region
of apoB, in LPL interaction with lipoproteins.

MATERIALS AND METHODS

Preparation of Lipoproteins-Human LDL (d 1.019-1.063 g/ml) and
HDL (d 1.063-1.21 g/ml) were isolated from EDTA-containing plasma
by ultracentrifugation (18). Apolipoprotein patterns of all the lipopro-
tein preparations were analyzed by SDS-polyacrylamide gel electro-
phoresis. Total protein concentration oflipoproteins was determined by
the method of Lowry et al. (19) with bovine serum albumin (BSA) as a
standard.

Preparation ofApoB17-A 6507-base pair EcoRI fragment encoding
the amino-terminal 46% of human apoB was subcloned from a pCMV5
vector containing the apoB78 eDNA (a gift from Brian Blackhart and
Brian McCarthy) into the EcoRI site ofpBluescript M13+ (Stratagene,
La Jolla, CAl to form pBS-B46. A 2569-base pair BamHI fragment from
this vector was then inserted into the BamHI site of the baculovirus
transfer vector pAcYM1, yielding pAcB17. This plasmid was cotrans-
fected with the wild-type baculovirus genome (Autographa californica
nuclear polyhedrosis virus) into Spodoptera frugiperda Sf-21 cells. Re-
combinant viruses were then selected, plaque-purified, and titered as
described (20, 21). These viruses encode the 27-amino acid apoB signal
peptide as well as the amino-terminal 782 amino acids of mature apoB.

Tissue culture supernatants from expressing and nonexpressing cells
were harvested, and cells were removed by centrifugation at 1000 x g
for 5 min. Phenylmethylsulfonyl fluoride at 0.001 % and benzamidine at
0.3 mg/ml were added to the supernatant. Samples were analyzed by
10% SDS-polyacrylamide gel electrophoresis (22) followed by either
Coomassie Blue staining or immunoblotting (23) with anti-human apoB
monoclonal antibodies 1D1 and CC3.4 (24, 25) and alkaline phospha-
tase-conjugated goat anti-mouse IgG (Sigma).

In some experiments, amino-terminal fragments of apoB were gen-
erated by thrombin digestion of human LDL as described by Cardin et
al. (26).

Preparation of Cholesteryl Ester-rich Lipid Emulsions-Cholesteryl
ester-rich lipid emulsions were prepared as reported previously (17) by
adding 40 mg of triolein (Nu-Check, Elysian, MN) and 40 mg of cho-
lesteryl oleate to 80 mg of egg yolk phosphatidylcholine (Avanti Polar
Lipids, Inc., Alabaster, AL).

Purification of Bovine Milk LPL-LPL was purified from fresh bo-
vine milk as described previously using the method of Socorro et al. (27).
Protein was determined by the method of Lowry et al. (19). When
analyzed by SDS-polyacrylamide gel electrophoresis, a single band with
a molecular mass of approximately 55 kDa was identified on a Coomas-
sie staining (data not shown). Enzyme activity was assayed using a
method described by Nilsson-Ehle and Schotz (9). The purified enzyme
was stored at -70 DC.

Radioiodination and Biotinylation ofLPL-Purified LPL was radio-
iodinated (7) using lactoperoxidase and glucose oxidase enzymes (Sig-
ma) as reported (7). A typical preparation had a specific activity of about
800-1000 cpm/ng LPL, and more than 90% of the counts were precipi-
table by 10% trichloroacetic acid.

LPL was biotinylated as described by Sivaram et al. (28). Briefly,
N-hydroxysuccinimide ester of biotin (Vector Laboratories, Burlingame,
CAl dissolved in dimethyl sulfoxide was added to purified LPL and
incubated for 10 min at 4 DC. Biotinylated LDL was then purified from
the mixture using a heparin-agarose column, and fractions were char-
acterized by ligand blotting using streptavidin. LPL activity was also

measured, and active fractions containing biotinylated LPL were pooled
and stored in aliquots at -70 DC.

Monoclonal Antibodies-Either ascites containing the hybridoma an-
tibodies or purified IgG was used. The monoclonal antibodies mAb 3
and mAb 19 have determinants in the amino-terminal region of apoB
(29). mAb 47 recognizes the LDL receptor binding site of apoB close to
the carboxyl terminus (24).

SDS-Polyacrylamide Gel Electrophoresis and Ligand Blotting-8am-
pies were analyzed using polyacrylamide gels containing 0.5% SDS (22).
Proteins were then transferred to a nitrocellulose membrane
(Schleicher and Schuell) using a Milliblot SDE semidry blotting system
(Millipore Corp., Bedford, MA) and then incubated overnight in PBS
containing 3% BSA at 4 DC. The membrane was then incubated with
biotinylated LPL for 2 h at 4 DC and then washed six times with PBS
containing 0.3% BSA. Proteins bound to biotinylated LPL were visual-
ized by incubation with avidin-conjugated horseradish peroxidase fol-
lowed by development with 4-chloro-1-naphthol (peroxidase substrate)
(7).

Microtiter Plate Assays-8olid phase plate assays were performed as
described by Williams et al. (30). For binding studies, LDL, HDL, or
VLDL, diluted in 50 mM Tris, 150 mMNaCl, pH 7.4 (TBS) containing 5
mM Ca2+ was added to 96-well plates and incubated at 4 DC overnight.
The unbound lipoproteins were removed, and the plates were washed
three times with 0.3% BSA in TBS. Then the plates were incubated with
3% BSA in TBS, 5 mM Ca2+ for 1 h at room temperature to block
nonspecific binding sites. After washing with 0.3% BSA in TBS, 1251_
LPL in TBS, 5 mM Ca2+ , 3% BSA was added and incubated for 24 h at
4 DC. Again, the plates were washed, and 200 f.Ll of 0.1 N NaOH was
added. An aliquot of 150 f.Ll was counted.

For competition studies, LDL (50 f.Lg!ml protein, 91 nM) was bound to
96-well plates overnight at 4 DC. The experimental protocol used in this
experiment was identical to the one described for the binding experi-
ments except that 125I_LPL (5 ug/ml, 45 nM) was added along with
competitors. After incubating for 2 h at room temperature, unbound
125I_LPL was removed, and radioactivity bound to the well was meas-
ured. Binding to BSA-coated wells was determined in each assay as a
control. Competition studies were performed using Intralipid (20%)
(Vitrum, Stockholm) and cholesteryl ester-rich emulsions. The molar
concentration of Intralipid was calculated using a diameter of 300
nmllipid particle. Cholesteryl ester-rich lipid emulsion concentration
was calculated based on the total neutral lipid concentration (r,e, 30
f.Lg/ul) and assuming that 1 umol of the particle contains 5 X 106 f.Lg. The
protein molecular masses of 550 kDa for LDL, 150 kDa for HDL, and
110 kDa for LPL dimers were used to calculate the concentrations of
these lipoproteins. For VLDL we estimated that the total molecular
mass of VLDL was approximately 1 x 104 kDa and that 10% of this
would be the protein mass; thus, we used 1 x 103 kDa as a molecular
mass ofVLDL.

To determine the binding of apoB17 to LPL, enzyme-linked immu-
nosorbent assay was performed using a monoclonal antibody against
the amino-terminal region of apoB (rrtAb 19). Briefly, LPL or BSA at 5
f.Lg!ml was incubated at 4 DC overnight in microtiter plates. After wash-
ing the plates four times with 0.3% BSA in PBS and blocking with 3%
BSA in PBS for 1 h, various concentrations of apoB17 were added. The
plates were incubated for 2 h at room temperature, washed four times,
and then incubated for another 2 h at room temperature with primary
antibody (mAb 19 diluted to 1:500 in PBS). Unbound antibodies were
removed, and horseradish peroxidase-conjugated goat anti-mouse IgG
(Kirkegaard & Perry Laboratories, Gaithersburg, MD) at 1:500 dilution
was added. One and a half hours later, 100 f.Ll of substrate solution
containing o-phenylenediamine dihydrochloride (Sigma), 5 f.Ll of 50%
H20 2 in 0.1 Mcitric acid (pH 6) was added to each well. After 20 min at
room temperature the absorbance at 492 nm was measured.

RESULTS

LPL binding to LDL, HDL, and VLDL-125I-LPL binding to
LDL-, HDL-, and VLDL-coated plates was determined. We first
measured the amounts required to saturate the binding sites of
the plate. To do this, 125I_LDL, 125I_HDL, or 125I_VLDL at
various protein concentrations (1-100 J.Lg/ml) were incubated
overnight at 4 DC in microtiter plate wells. After washing, la-
beled lipoprotein in each well was assessed. Approximately 10
J.Lg/ml LDL or HDL and 25 J.Lg/ml VLDL were required to
saturate the plate. At this concentration, 2.3 X 10-4 nmol of
LDL protein, 6.1 X 10-4 nmol ofHDL protein, and 2.43 X 10-4

nmol of VLDL protein were bound to each well. Thus, several-
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FIG. 2. Competition for 125I·LPL binding to LDL by LDL and
Intralipid (20%). The protocol used in this experiment was identical to
the one described in the legend to Fig. 1 except that 125I_LPL (5 p..g/ml,
45 nM) was added along with competitors including unlabeled LDL and
Intralipid (20%) and incubated for 2 h at room temperature. Binding to
BSA-coated wells was also determined in each assay as a control and
subtracted from the total binding. Values are mean ± S.D. (n = 3).

tration of Intralipid particles, only about 20% inhibition was
observed. Furthermore, inhibition oflipase activity with phen-
ylmethylsulfonyl fluoride did not result in any difference
in the competition between LDL and Intralipid for LPL bind-
ing (data not shown). These data suggested that LPL inter-
action with LDL involved more than a simple protein-lipid
interaction.

Importance of Lipid versus Protein in LPL Interaction with
LDL-To assess the role ofLDL lipid in LPL-LDL interactions,
we studied the effects of delipidation ofLDL on LPL interaction
with LDL. Plates were coated with [3HJcholesteryl ester-rich
emulsion particles and were delipidated by incubating with an
acetone:ethanol (1:1) mixture for 1 h at -20°C. Approximately
80% of the 3H-lipid was removed by this method (data not
shown). This protocol was then used to assess 125I_LPL binding
to delipidated LDL-coated plates. As shown in Fig. 3 (inset),
LDL binding to control and LDL binding to deli pidated plates
were virtually identical. Fig. 3 shows data comparing LDL
competition studies performed using control and deli pidated
LDL-coated plates. 181 nM unlabeled LDL inhibited the bind-
ing of 125I_LPL to LDL-coated plates by approximately 50% in
both control and deli pidated plates. Thus, delipidation did not
result in a significant reduction in 125I_LPL binding to LDL nor
was its binding to LPL more easily disrupted by competition
with LDL in solution. These data further suggest that apoB,
not LDL lipid, mediates LPL binding.

These experiments were repeated with a method described
by Patton et al. (31) using hexane:isopropyl alcohol (3:2, v/v),
which was shown to remove 95% of cholesteryl ester and TG.
The results were identical to those obtained with acetone:
ethanol (1:1). In a separate experiment, we examined the role
of phospholipid components of LDL in LPL binding using mi-
crotiter plates coated with sphingomyelin, phosphatidylcho-
line, or lysolecithin. Binding ofLPL to these phospholipids was
less than 20% of the LPL binding to LDL (data not shown).
These data suggest that LDL-LPL interaction is not mediated
by interaction between phospholipid and LPL.

LPL Interaction with Apolipoproteins-To test whether LPL
would bind to apoB and other apolipoproteins, ligand blotting
was performed. Twenty p,g of apoAl, apoE, and thrombin-
digested human LDL were applied to 3-15% SDS-polyacryl-
amide gels under nonreducing conditions, transferred to nitro-
cellulose paper, and probed with biotinylated LPL. Among
these proteins, only thrombin-digested fragments of apoB were
recognized by LPL (Fig. 4). Furthermore, the positive reaction
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fold more HDL than LDL or VLDL bound to the plate at all
concentrations of lipoproteins.

We next assessed 125I_LPL binding to the lipoprotein-coated
plates. First, we examined the time course of LPL binding to
these lipoproteins. LPL binding reached equilibrium after over-
night incubation at 4 °C (data not shown). LPL binding to
albumin-coated plates was assessed and used as an estimate of
nonspecific binding. Data shown in Fig. 1 were obtained after
coating the plates overnight at 4 °C with 50 p,g/ml HDL or LDL.
This is a concentration above that required to saturate the
plate. The data are expressed in terms ofnanomoles oflipopro-
tein on the plate. 125I_LPL (0.9-55 nM) binding to LDL (open
circles) was significantly greater than to HDL (solid circles).
Using 14 nMLPL, approximately 5-fold more LPL bound to the
LDL-coated plates than to the HDL-coated plates. At 14 nM
125I_LPL the molar ratio of LPL binding to LDL was 1:1. Al-
though using greater LPL concentrations increased the molar
ratio ofLPL to LDL (e.g. to 1.6 using 55 nM 125I_LPL), the rate
of increase of this additional LPL binding was less steep. This
suggests that a second, lower affinity process exists. Binding of
LPL to VLDL was similar to that ofLDL. At each concentration
of 125I_LPL used, nonspecific binding to BSA-coated plates was
< 10% of the total binding, and this was subtracted.

Competition ofLDL and Intralipid (20%) for 125I_LPL Bind-
ing to LDL-The experiments above suggested that LPL has a
greater affinity for LDL than for HDL. We next tested whether
LPL interaction with LDL was competed by excess unlabeled
LDL or Intralipid. In these experiments, we used a short 2-h
incubation at room temperature to minimize the hydrolysis of
TG in Intralipid. Plates were coated overnight at 4 °C with
LDL (50 p,g/ml), and then 125I_LPL at 45 nMwas added alone or
with various concentrations of competitors. 125I_LPL binding to
LDL was blocked by >95% by a 100-fold molar excess of unla-
beled LPL (data not shown). This demonstrates the specificity
of the interaction between 125I_LPL and LDL. Unlabeled LDL
at 9 X 102 nM inhibited LPL association with the plate by 65%
(Fig. 2). In contrast, using a similar protocol and molar concen-

FIG. 1. LPL binding to LDL, HDL, and VLDL. Microtiter plates
were coated with LDL, HDL, or VLDL (50 p..g of protein/rnl) diluted in
TBS containing 5 mM Ca2+ by incubating overnight at 4°C. The un-
bound lipoproteins were removed, and the plates were washed three
times with 0.3% BSA in TBS. Then the plates were incubated with 3%
BSA in TBS, 5 roM Ca 2+ for 1 h at room temperature to block nonspecific
binding sites. After washing with 0.3% BSA in TBS, plates were incu-
bated overnight at 4 °C with 125I_LPLin TBS containing 5 mMCa 2+ and
3% BSA. The plates were again washed, and 200 p..l of 0.1 N NaOH was
added. An aliquot of 150 ILl was counted. Values are adjusted to nano-
moles of LPL bound to each nanomole of lipoprotein on the plate and
expressed as mean ± S.D. (n = 3).
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FIG. 3. LPL binding to d elip id a ted LOL . Microtiter plates coated
with LOL (50 JIg of protei n/rnl ) wer e delipid ated usin g a mixtu re of
ace tone:et ha nol (1:1) for 1 h a t - 20°C followed by washing with 0.3%
BSA. Inset , bind in g of 12r.!_LPL (3 ug/ml, 27 nxt) to delipidated plates
wa s mea sured a nd compa red with control non-delipidated plates usin g
the protocol desc ribed in th e legend to Fig. 1. Values a re mea n z S.O.
(n = 3). 125!_LPL (3 ug/ml ) bindi ng to cont rol a nd deli pidated microtiter
plates wa s compete d by th e addition of inc rea sin g amounts of LOL.
Shown are the amounts of bound LPL. Values a re mean z S.O. (n = 3).
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was also used as a negative control, and it did not inhibit th e
125I_LPL binding to LDL (data not shown). ApoB17 competed;
apoB 17 at 1.7 X 103 nM decreased LPL binding to th e plates by
74%. In contrast, cholestery l es ter-ri ch emulsion particles at
1.8 X 103 nxt inhibited 125I_LPL binding to LDL-coated plates
by approximately 30% (Fig. 6A).

We th en determined th e binding of apoB17 to LPL using
LPL-coated pla tes. The apoB17 was detected by enzyme-linked
immunosorb ent ass ay as described under "Mate ria ls and Meth-
ods." Fig. 6B shows binding of apoB17 (0 - 1 jJ.g/ml , 45 mu ) to
LPL- a nd BSA-coated plates. At 0.1 jJ.g/ml (4.5 nxr) approxi-
mately 10-fold mor e apoB17 bound to LPL-coat ed plates than
to BSA-coated plates. Thus, several typ es of experiments sup-
port the hypothesis that LPL binding to LDL is modulated by
apoB and that thi s process involves a specific interaction with
the amino-terminal region of apoB.

FIG. 5. Monoclonal antibody inhibition of LPL-LO L in terac-
tion. Microtiter plates were coated with LPL (90 nM ) overn ight at 4 °C.
Following washing and blocking, 125!_LDL (18 nxt) were added with
antibodies (1:50 dilution of as cites) a nd incubated for 2 h a t 4 °C.
Bindin g of 125!_LOL was mea sured usin g the same prot ocol as descr ibed
in the legend to Fig. 1. Values are rnean z S.O. (n = 3). MB , monoclon a l
antibody.
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FIG. 4. LPL interactio n with apolipoproteins. ApoA1, a poE, and
th rombin -diges ted human LOL (20 JIg ) wer e a pplied to 3-15% SOS-
polyacrylamide gels under nonreducing conditions . Gels were eith er
sta ine d with Coomassie Brilli ant Blu e R-250 (right panel) or trans-
ferred to nitrocellulose paper followed by ligand blotting wit h biot iny-
lated LPL (left pan el ). Proteins bound to biotinylated LPL were visu al-
ized by incubation with avidin-conju gated horseradish peroxidase
followed by development with 4-chloro-1-naphthol. Lan e I, thrombin-
digested human LOL; lan e 2, a poA1; lane 3, a poE

was confined to amino-terminal parts of apoB, in agreement
with t he previous data (32). Neither apoA1, apoE, nor th e
carboxyl-te rminal regions of apoB were recognized on ligand
blots .

Monoclonal An tibody Inh ibition ofLDL -LPL Int eraction-To
furthe r characterize the interaction between LPL and apoB , we
used several monoclonal antibodies against apoB . In this ex-
perim en t microtiter plates were al so coated with LPL (90 n xt)
at 4 °C. Following washing and blocking, 125I_LDL 08 nxr) was
added with ant ibodies 0 :50 dilution of ascites) and incubated
for 2 h at 4 °C. As shown in Fig . 5, both mAb 3 and mAb 19
inhibited 125I_LPL binding to LDL by 80%, whereas mAb 47
inhibited binding by only 25%. In other experiments we showed
that this concentrat ion of mAb 47 inhibited specific LDL bind-
ing to fibroblasts by > 90%.

ApoB17 Binding to LPL-To further assess the role of the
amino-terminal region of apoB versus LDL lipid in LPL-LDL
inte ra ction, we performed competition experiments using
apoB17 and cholestery l ester-rich emulsio n particles. In these
experime nts, 125I_LPL binding to LDL-coated pla tes was com-
pet ed with apoB17 and cholestery l ester-rich emulsions . BSA

DISCUSSION

The present experiments suggest a new role for th e amino-
terminal region of apoB as a mediator of LPL interaction with
lipoproteins. Data su pporting this conclusio n were obtained by
several differen t meth ods. When 125I_LPL was ad ded to LDL-
or HDL-coated plates an d incubated at 4 °C overnight to
achieve equilibrium , severalfold more LPL bound to LDL- than
to the HDL-coated plates (e.g. approximately 6-fold with 55 nM
125I_LPL). Bind ing of LP L to VLDL was similar to that of LDL,
indicating that protein-protein interaction betw een LPL and
apoB is more important than protein-lipid interaction. In th ese
experiments, we did not calculate th e kin etic param eters usin g
a method such as Scatchard analysis (33) for several reasons.
First, LPL aggregates at higher concentrations. Second, LPL
dimers dissociate over time. Thus, it is likely that monom er-
ization and denaturation of th e LPL occurred during th e over -
night incubation. Because active dimeric LPL is more likely to
associate with LDL and inactive LPL as sociates with HDL ( 2),
the Kd for active LPL binding to LDL might be lower and th e Kd

for HDL higher. Nonetheless , we conclude th at LPL interaction
with LDL is greater than with HDL and hypothesize that thi s
is due to the presence of apoB on LDL.

Further support for this hypothesis was obtained using li-
ga nd blots. LPL bound to amino-terminal fragments of apoB
generated by thrombin digestion but not to apoA1, apoE, or
carboxyl-termina l fragments of apoB. Th us, the reason LPL
preferen t iall y associ a tes wit h LDL in plasm a an d on cell sur-
faces might resul t from LPL association with apoB.

Apolipoproteins othe r than apoB may interact wit h LPL.
Both apoCIII (34) and apoE (35) have been reported to decre ase
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and surface lipid. In addition to affecting the size and geometry
of the lipoprotein surface, some hydrophobic core lipids (TG
and cholesteryl ester) are thought to be exposed on the lipopro-
tein surface (41). To assess the role of lipids in LPL binding to
particles, LPL binding to LDL was competed with Intralipid (a
TG-rich, protein-deficient emulsion) and a cholesteryl ester-
rich emulsion. LPL binding to LDL was inhibited by excess
LDL and by the amino-terminal fragment of apoB. Less inhi-
bition was observed with the same or greater molar concentra-
tions of lipid emulsion particles.

Further evidence that lipid is not critical for LPL-LDL inter-
action was obtained by comparing LPL binding to LDL- and
delipidated LDL-coated plates. Binding and competition stud-
ies using these two LDL-coated plates were indistinguishable.
Thus, neither the core nor surface lipids interacted with LPL in
the same manner as apoB.

Active LPL is thought to be a noncovalently linked ho-
modimer, and each subunit molecular mass is approximately
55 kDa. This enzyme contains five functional sites (15, 42)
including (a) a catalytic site containing an active serine resi-
due, (b) an interfacial substrate recognition site consisting of
hydrophobic basic residues, (e) a heparin binding site, (d) an
apolipoprotein CII binding site, and (e) a site for subunit-
subunit interaction. Although it has been suggested that LPL
interaction with lipoproteins involves the hydrophobic lipid
recognition sites, there are several studies that do not support
this hypothesis. Hydrophobic interactions are potentiated by
high ionic strength solutions; however, LPL is dissociated from
lipoproteins and lipid particles in high salt solutions (II). Al-
though LPL appears to interact with polar lipid, i.e. phospho-
lipid, our studies using phospholipid-coated plates (data not
shown) and previously published data (17) demonstrate that
such an interaction is much weaker than LPL association with
lipoproteins.

It is not clear whether LPL interaction with apoB is required
for lipolysis of TG-rich lipoproteins. In our preliminary exper-
iments, a monoclonal antibody against apoB, mAb 19, did not
inhibit LPL hydrolysis of VLDL, suggesting that this interac-
tion is not required for lipolysis (data not shown). However,
Connelly et al. (40) reported that lipolysis ofVLDL by LPL was
noncompetitively inhibited by LDL and intermediate density
lipoproteins. Thus, LPL may associate with LDL or intermedi-
ate density lipoproteins, and this in turn prevents the associ-
ation of LPL with VLDL.

ApoB100, a large glycoprotein with a molecular mass of 550
kDa, is virtually the only protein component of LDL particles.
The carboxyl-terminal region of apoB is involved in binding to
LDL receptors, and this region also contains five of seven apoB
heparin binding sites (43). Under physiologic ionic conditions,
however, LDL binds weakly to heparin (44), demonstrating the
importance of tertiary structure in apoB interaction with other
molecules. ApoB also contains numerous hydrophobic domains
throughout its length that are believed to be important in lipid
binding (45) and multiple proline-rich sequences predicted to
form amphipathic t3-sheets and t3-turns that are thought to
have high lipid binding potential (46, 47). These sequences,
however, are not found in the amino-terminal 1000 amino
acids. In addition, apoB contains 25 cysteine residues of which
12, in disulfide form, are located in the first 500 amino acids.
Thus, the amino-terminal region of apoB is thought to be a
globular structure that extends away from the lipid core of
lipoproteins (48).

The tertiary structure of apoB varies as a function of the size,
lipid composition, and, perhaps, apolipoprotein content of li-
poproteins. Galeano et al. (49) recently demonstrated that LDL
particle size rather than core lipid composition was the major
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LPL activity when added to some in vitro assay systems. ApoE,
however, did not interact with LPL on ligand blots (Fig. 4).
ApoE shares two properties with apoB that make it unique
among plasma apolipoproteins; both bind to LDL receptors and
both interact with a variety of glycosaminoglycans including
heparin (36, 37). Because the homologous areas of apoB and
apoE are near the carboxyl-terminal region of apoB (38) and
LPL binds to the amino-terminal portion of apoB, it is not
surprising that apoE did not directly bind to LPL on ligand
blots. ApoCII is the obligatory activator for LPL hydrolysis
of lipoprotein TG, but the mechanism of apoCII-LPL interac-
tion is uncertain. Surprisingly, Shirai et al. (39) showed that
addition of apoCII to phospholipid emulsion particles de-
creased LPL association with the emulsion. Thus, LPL inter-
action with apoB appears to differ from its interaction with
other apolipoproteins.

A second lipoprotein component that might affect LPL-
lipoprotein interaction is lipid. Lipoproteins contain both core
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determinant of LDL interaction with the LDL receptor.
Kunitake et al. (50) reported that (a) the type oflipoproteins on
which apoB resides, i.e. VLDL, intermediate density lipopro-
tein, or LDL, and (b) the core lipid composition, i.e. TG:choles-
terol ratio, affect the conformation of apoB in the amino-termi-
nal region. Similarly, McKeone et al. (51) demonstrated that
TG induced structural changes in apoB remote from the recep-
tor binding region. These changes included differences in im-
munoreaction with antibody mAb 3 and Staphylococcus aureus
V8 protease cleavage at approximately the first 100 kDa of
apoB. Whether such differences in the conformation of the
amino-terminal region of apoB alter LPL-lipoprotein associa-
tion remains to be established.

LPL-apoB interactions could playa role in efficient catabo-
lism of circulating lipoproteins. The initial event in lipoprotein
TG hydrolysis may be apoE binding to heparan sulfate proteo-
glycans, a process that anchors circulating lipoproteins to the
endothelial cell surface. Data supporting this function of apoE
have been reported by several laboratories (52, 53). We postu-
late that a secondary interaction that further approximates the
lipoprotein and LPL is LPL interaction with the amino-termi-
nal region of apoB.
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