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ABSTRACT: Apolipoprotein A-V is a potent modulator of plasma triacylglycerol levels. To investigate the
molecular basis for this phenomenon we explored the ability of apolipoprotein A-V, in most experiments
complexed to disks of dimyristoylphosphatidylcholine, to interact with two members of the low density
lipoprotein receptor family, the low density lipoprotein receptor-related protein and the mosaic type-1
receptor, SorLA. Experiments using surface plasmon resonance showed specific binding of both free and
lipid-bound apolipoprotein A-V to both receptors. The binding was calcium dependent and was inhibited
by the receptor associated protein, a known ligand for members of the low density lipoprotein receptor
family. Preincubation with heparin decreased the receptor binding of apolipoprotein A-V, indicating that
overlap exists between the recognition sites for these receptors and for heparin. A double mutant,
apolipoprotein A-V (Arg210Glu/Lys211GIn), showed decreased binding to heparin and decreased ability
to bind the low density lipoprotein receptor-related protein. Association of apolipoprotein A-V with the
low density lipoprotein receptor-related protein or SorLA resulted in enhanced binding of human
chylomicrons to receptor-covered sensor chips. Our results indicate that apolipoprotein A-V may influence
plasma lipid homeostasis by enhancing receptor-mediated endocytosis of triacylglycerol-rich lipoproteins.

Elevated plasma triacylglcyerol (T5is an independent  an association between apoA-V and plasma TG levels, low
risk factor for coronary heart diseast) @nd is associated density lipoprotein particle size, increased levels of remnant-
with insulin resistance and type 2 diabet&s (A recently like particles in plasma as well as a higher risk ratio for
identified genetic factor affecting plasma TG levels is cardiovascular disease and familial combined hyperlipidemia
apolipoprotein (APO) A5. Pennacchio et al. showed that (3—12).

APOAS which is located in thé\POA1/C3/A4ene cluster,  ApoA-V is present in human serum at very low concentra-
encodes a previously unknown 366 amino acid protein, tions compared to other apolipoproteins and is normally
including a 23 amino acid signal peptidg.(Transgenic mice  found in association with chylomicrons, very low density
overexpressing human apolipoprotein (apo) A-V had about jisoproteins (VLDL), and high density lipoproteins (HDL)
30% lower plasma TG levels compared to control mice, (13). |shihara et al. reported plasma levels of 179.74.8
yvhlleAPOA5gene disrupted mice d|splay¢d a 4-fold iNCrease ;5 apoA-V/L in healthy humans and found an inverse
in plasma TG. Several population studies based on singleye|ationship between plasma apoA-V concentrations and TG
nucleotide polymorphism analysis in humans have confirmed |gels @L4). In other studies such correlations were wet).(

An explanation for these variable results may be differences
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heparin and enhances binding of lipoproteins to heparin, bothgenerated by extrusion through a 0.22n filter. Four

in the absence and in the presence of LPL. Overexpressionmilligrams of apoA-V was added to the DMPC vesicle
of human apoA-V in transgenic mice affected plasma TG preparation, and the sample was gently vortexed until it was
levels to a lesser extent when LPL was reduced. ApoA-V homogeneous. It was then incubated  h at 24 °C.

did not markedly stimulate hydrolysis by LPL in free solution Centrifugation for 10 min at 15000 rpm (Eppendorf Cen-
in the absence or presence of heparin, but when LPL wastrifuge 5417) resulted in a clear supernatant, which was
bound to heparin-covered surfaces, apoA-V significantly filtered through a Millex GS 0.22m membrane (Millipore).
increased LPL-mediated hydrolysis of TG. The concentration of lipid was determined by the Phospho-

Still another possibility is that apoA-V affects lipoprotein lipids B kit (Wako, Neuss, Germany). Comparison of the
internalization through interaction with cell surface receptors Migration of disks made from WT apoA-V to that of disks
(17, 19). Similar to previously known apolipoprotein ligands made from the mutant R210E/K211Q-apoA-V on native
for low density lipoprotein receptor (LDLR) family members, gradient PAGE 25) demonstrated that the complexes were
apoA-V contains a segment enriched in positively charged Of similar size.
amino acid residues. In the present study we evaluated Recombinant Apolipoprotein ERecombinant wild type
interactions between apoA-V and two structurally distinct @polipoprotein E was expressedtn coli transformed with
LDLR family members, the LDLR-related protein (LRP) and an apoE/pET20b plasmid with N-terminal His tag extension
the mosaic type_l receptor’ SorLA (a|so known as LR_‘]_:]_) and isolated from the solubilized cell pellet by Hi-Trap nickel
The endocytic receptor LRP is abundant in hepatocytes andchelation affinity chromatography. Apolipoprotein Clil was
participates in hepatic clearance of TG-rich partidtesi vo purified from human plasma as describ@)(

(20) whereas SorLA is expressed in vascular smooth muscle Receptors, Receptor Associated Protein, Chylomicrons,
cells 21). The receptors of the LDL receptor family are Heparin, and Albumin.SorLA, LRP, and the receptor
dependent on CGa for correct folding of their ligand binding ~ associated protein (RAP) were prepared as describéd (
sites 2). The extracellular part of LRP contains four clusters ApoC-li-deficient chylomicrons were a generous gift from
of LDL receptor class A (LDL-A) repeats of which clusters Drs. Ulrike Beisiegel and Joerg Heeren, Eppendorf Univer-
Il and IV bind a large number of different ligands, including  sity Hospital, Hamburg, Germany. Heparin used for bioti-
apoE and LPL 23). SorLA has a single cluster composed hylation was a kind gift of Dr. Per @stergaard (Novo Nordisk,
of 11 LDL-A repeats with ligand binding properties similar Denmark). Heparin used for the competition studies was
to those of LRP clusters Il and IV. In fact, the two receptors purchased from Leo Pharma, Maln&weden. Bovine serum
bind some ligands almost identically (e.g., components of albumin (fraction V) was obtained from Sigma-Aldrich.

the plasminogen activation syste®)). We hypothesized Surface Plasmon Resonance (SHA)ding studies were
that LRP and/or SorLA might also bind apoA-V and, thereby, performed on a Biacore 2000 (Biacore, Uppsala, Sweden)
facilitate cellular internalization of apoA-V associated lipo- using CM5 sensor chips. LRP or SorLA was immobilized
proteins. We show that apoA-V binds to both types of to the sensor chip surface using the Biacore amine coupling
receptors, that a double mutant of apoA-V in which two Lys Kit (Biacore, Uppsala, Sweden). For most of the experiments
residues were exchanged for Ala led to reduced binding bothblocking with BSA was used to reduce nonspecific binding
to heparin and to LRP, and that prebinding of apoA-V to as much as possible. For reference flow cells an equivalent
the receptors dramatically increased the ability of the mass of BSA (same level of RU) was bound compared to
receptors to interact with human chylomicrons, demonstrating the total mass of protein in the active flow cell. Binding

a possible bridging function of apoA-V. experiments were performed at 25 under continuous flow
(5 uL/min) of 40 mM Hepes, pH 7.4, containing 150 mM
EXPERIMENTAL PROCEDURES NaCl and 2.5 mM CaG] unless otherwise stated. Stock

solutions of apoA-V-DMPC disks or lipid-free apoA-V (in

Recombinant ApoA-VRecombinant wild type (WT) 5 M urea), or comparable preparations of other apolipopro-
human apoA-V was produced ifscherichia coland isolated  teins, were diluted into running buffer just prior to injection.
as described by Beckstead et @&b) The expressed protein  The experiments on immobilized heparin were made as
contained 343 amino acids plUS a vector encoded N'terminalprevious|y described]_(?)_ Sensorgrams were ana|yzed with
His tag extension. The variant R210E/K211Q-apoA-V was the BlAevaluation software version 3.0 (Biacore, Uppsala,
generated with mutagenic oligonucleotide primers according Sweden). Complete regeneration of the sensor chips, using
to the Quick-Change method (Stratagene). Stock solutionshigh salt, acidic or alkaline pH, or detergents was not
of the lyophilized proteins were preparen$ M urea, 10  possible, either for lipid-free or lipid-bound apoA-V. Too
mM TRIS pH 8.5 for experiments with lipid-free apoA-V,  harsh regeneration conditions (SDS and other detergents)
or in 50 mM sodium citrate, pH 3.0 for experiments with  djisrupted the sensor chip surface and denatured the receptors,
complexes with dimyristoylphosphatidyl choline (DMPC). whereas too mild conditions (high salt, low pH) did not
Protein concentrations were determined by the BCA kit Comp|ete|y break the b|nd|ng of apoA-V to the receptors.
(Pierce, USA) Earlier studies have shown that, under the H|gh Performance |_|qu|d Chromatograph)[)isks of
conditions used, the complexes formed are lipid dig$.(  pMmPC, containing either the wildtype (WT) apoA-V or the

Apolipoprotein A-V-DMPC DisksApoA-V-DMPC disks double mutant R210E/K211Q-apoA-V, were dialyzed into
were prepared by dissolving 10 mg of DMPC in chloroform: 20 mM sodium phosphate, pH 7.2 and appliedatl mL
methanol (3:1 v/v). Solvent was evaporated under a streamHiTrap Heparin HP affinity column (GE Healthcare). After
of N, and the sample was lyophilized fer2 h to remove loading, the column was washed with buffer, and bound
residual solvent. The DMPC was subsequently dispersed inproteins were eluted with a linear gradient of NaCl from 0
1 mL of 50 mM sodium citrate, pH 3.0, and vesicles were to 2.0 M, as previously described?).
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Ficure 1: Binding of apoA-V-DMPC disks to LRP and SorLA. Sensor chips with immobilized LRP (4.7 fmoljromwith SorLA (11.6
fmol/mn?) together with BSA (61 fmol/mA) were used. For baseline subtraction a flow cell containing only BSA was used. Binding
studies were performed at 2& in 40 mM Hepes buffer pH 7.4, containing 150 mM NacCl. (A) Injection of apoA-V-DMPC disks to LRP

in the presence of calcium (2.5 mM Calobr EDTA (10 mM) or after injection of RAP (30L of 1.6 «M resulting in 70 RU) with calcium
present (2.5 mM). (B) Injection of apoA-V-DMPC disks to SorLA with calcium present, with EDTA present or after injection of RAP (30
uL of 1.6 uM resulting in 440 RU) with calcium present. Binding in the presence of EDTA is indicated with a dashed line because
subtraction of the reference flow cell (with BSA only) led to slightly negative values. The arrows indicate the end of the sample injections
when the flow was changed to buffer only.

RESULTS to SorLA-coated, BSA-blocked, flow cells both of apoA-V

Receptor BindingBinding of free apoA-V and of apoA- and apoE, but not of apoC-1il.

V-DPMC disks to LRP or SorLA was investigated by SPR.  Receptor and Heparin Recognition Site in ApoAT.
The receptors were covalently attached to the dextran matrixinvestigate the possible influence of heparin on binding of
of sensor chips, and binding of apoA-V was measured on @P0A-V to LRP and SorLA, apoA-V-DMPC disks were
injection of the protein in the fluid phase. The experiments Mixed with heparin (10 U/mL) before injection to LRP- or
were performed with receptor-containing flow cells blocked SOFLA- coated sensor chips (Figure 3). Heparin abolished
with bovine serum albumin (BSA) to reduce nonspecific the binding to LRP (panel A) and significantly decreased
binding, and data from a reference flow cell containing Pinding to SorLA (panel B), suggesting that the binding site-
immobilized BSA was used for subtraction. Figure 1 panel (8) in @poA-V for heparin and for LDLR family receptors
A shows binding of apoA-V-DMPC disks to LRP in the are,at least .partly,. overlapplng. It is aI;o possible that bound
presence of C4. In buffer with EDTA, no binding was heparin sterically interferes W't.h binding of apoA-V to thg
observed, in concert with the requirement of the receptors féceptors. The effect of heparin was more prominent with
for Ca* to attain their native conformatio2®). Preinjection ~ LRP than with SorLA.
of the protein RAP markedly reduced binding of apoA-V. Bridging to LipoproteinsTo examine if receptor-bound,
RAP is known to compete for binding of most ligands to lipid-free apoA-V could function in bridging of lipoproteins
the LDL-A repeats in LRP (and SorLA). Taken together to LDLR family receptors, we studied binding of chylomi-
these results indicate that apoA-V bound to LRP in a specific crons isolated from an apoC-ll-deficient patient (Figure 4).
manner. In experiments with a second LDLR family member, Prebinding of lipid-free apoA-V to receptor-coated sensor
SorLA (Figure 1, panel B), binding of apoA-V-DMPC disks chips markedly enhanced chylomicron binding to both LRP
was competed by RAP and was abolished when apoA-V was(panels A and B) and SorLA (panels C and D), compared to
injected in the presence of EDTA. As with apoA-V in DMPC  control flow cells with receptors, but without apoA-V. Under
disks, lipid-free apoA-V also bound to LRP and the binding the conditions used in panels A and C (with 15 ng of
was reduced by RAP (data not shown). In contrast to binding chylomicrons#L in the flow phase), binding was enhanced
of apoA-V-DMPC disks, binding of lipid-free apoA-V to  up to 15-fold with LRP and 7-fold with SorLA by the
LRP was reduced by only 50% by the presence of EDTA, presence of apoA-V. A relatively low surface concentration
when the appropriate BSA-coated control was subtracted of apoA-V (4.5 and 5.4 fmol/m#) respectively) was able
(data not shown). These results indicate that apoA-V in its to bind more than 400 RU of chylomicrons in the case of
lipid-free conformation could bind to denatured receptors. LRP and about 800 RU in the case of SorLA. The association
Specificity of the InteractionsSPR experiments with  rates were almost linear during the injection time, indicating
DMPC vesicles without apoA-V demonstrated that there was a high number of binding sites at the surface. When the
no binding to either of the receptors with the empty lipid concentration of chylomicrons was decreased 10-fold (panels
vesicles (data not shown). Thus, the interaction with lipid B and D), the association rates decreased only about 5-fold,
disks containing apoA-V must be due to the protein indicating a tendency for saturation. In all cases, dissociation
component. In experiments with apoA-V and SorLA-coated, was very slow after the flow was changed to buffer alone,
BSA-blocked sensor chips (Figure 2), apoE and apoC-lll indicating that stable complexes had been formed. In
were used for positive and negative comparisons, respec-experiments with chylomicrons, blocking with BSA could
tively, with all three proteins either complexed to DMPC not be used because binding of chylomicrons was greater to
(panel A) or lipid free (panel B). Flow cells with immobilized sensor chips with BSA blocking than without (data not
BSA were used as references. Specific binding was observedshown).
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Ficure 2: Comparison of binding of apoA-V, apoE, and apoC-lll, in complex with DMPC or lipid free, to SorLA. Binding studies were
performed under the same conditions as in Figure 1, with 2.5 mM £8&€hsor chips immobilized with SorLA (8 fmol/nfjnand BSA

(30 fmol/mn¥ in panel A and 60 fmol/mrhin panel B), were used. For baseline subtraction a flow cell containing only BSA was used.
Panel A shows injection of disks of DMPC containing apoA-V, apoE, or apoC-lll, all at a protein concentration of ahyoMt ®anel B

shows injection of lipid-free apoA-V, apoE, or apoC-llI, all at a protein concentration of abou®101In panel B binding of apoC-lil

was somewhat higher to the reference flow cell than to that with SorLA and BSA. The subtraction led to slightly negative values, and the
curve is therefore indicated with a dashed line.
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Ficure 3: Effects of heparin on binding of apoA-V-DMPC disks to LRP and SorLA. Binding studies were performed under the same
conditions as in Figure 1, with 2.5 mM CaCFor baseline subtraction a flow cell containing only BSA was used. ApoA-V-DMPC disks
were diluted in running buffer with or without heparin (10 U/mL). (A) The surface concentration of LRP on the sensor chip was 3.7
fmol/mn?, and the BSA concentration was 18.5 fmol/fifB) Samples corresponding to those used in panel A were injected to a flow cell
with SorLA (7.4 fmol/mn?) and BSA (42 fmol/mr).

Comparison to the Bridging Effect of LPLPL binds to size and composition of the chylomicrons due to lipolysis
proteoglycans and members of the LDL receptor family and by LPL at the sensor chip surface, illustrated by the
mediates binding of lipoproteins to surfaces covered by thesecomparatively rapid dissociation when the flow was changed
agents in a manner similar to that seen with apoA2v— to buffer only @8). ApoA-V was able to facilitate chylo-
29). To mimic the situation at a cell surface, where both micron binding to both types of receptors, but the association
LPL and apoA-V may be present simultaneously, we was slower than that observed with LPL. Furthermore,
compared apoA-V-dependent chylomicron interaction with dissociation from the receptor-coated chips was extremely
LRP and SorLA to that when LPL was present on the slow in the presence of apoA-V. To investigate the possible
receptors. With this experimental design it is not possible to contribution of nonspecifically bound apoA-V, lipid-free
distinguish which mediator is most important for the change apoA-V was bound to a sensor chip in the absence of
in response. Therefore the two mediators (apoA-V or LPL) receptors and chylomicrons (Figure 5, panel B). As with
were not tested together on the same sensor chip. Figure Sensor chips without bound apoA-V (control), there was little
shows binding of chylomicrons to LRP (panel A) and to specific binding of chylomicrons. This demonstrated that only
SorLA (panel B) after preinjection with either apoA-V or receptor-bound apoA-V was able to mediate binding of
LPL. For comparison, care was taken to bind similar amounts chylomicrons to the surface.
of receptors and mediators to the sensor chips. In accord Heparin Binding.Previous studies revealed that apoA-V
with our previous experiences with LPL-mediated binding binds to heparini7). Sequence analysis identified a stretch
it was not possible to find a simple model that could of 42 amino acid residues (from 186 to 227) containing
sufficiently well describe the experimental data. The complex eight Arg/Lys residues and three His, but no negatively
kinetics in this case is probably caused by changes of thecharged residues. To test the hypothesis that this region of
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Ficure 4: Bridging of chylomicrons to LRP or SorLA by apoA-V. Binding studies were performed under the same conditions as in Figure
1, with 2.5 mM CaCJ. The chylomicrons were diluted in running buffer. (A) Injection of chylomicrons (15 ng ofL¥5to a sensor chip
surface with immobilized LRP (7.5 fmol/mi) with and without (control) prebound apoA-V (4.5 fmol/@m(B) Same as panel A but

with chylomicrons diluted to 1.5 ng of T@L. (C) Injection of chylomicrons (15 ng of TGL) to a sensor chip surface with immobilized
SorLA (12.8 fmol/mnd) with and without (control) prebound apoA-V (5.4 fmol/Mm(D) Same as panel C but with chylomicrons diluted

to 1.5 ng of TGAL. In this experiment the sensor chips were not blocked with BSA because BSA has affinity for the lipid part in chylomicrons.
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Ficure 5: ApoA-V bridging of chylomicrons to LRP or SorLA compared to bridging by LPL. Binding studies were performed under the
same conditions as in Figure 1, with 2.5 mM Ca@A) Injection of chylomicrons (15 ng of TGEL) to sensor chips with immobilized LRP

(2.3 fmol/mn?) and prebound apoA-V (4.9 fmol/mhat the time for chylomicron injection) or prebound LPL (4.2 fmol/fnat the time

for chylomicron injection) or LRP only (control). (B) Injection of chylomicrons (15 ng of #iG/to a sensor chip surface with immobilized
SorLA (6.0 fmol/mn®) with prebound apoA-V (5.1 fmol/m#mat the time of chylomicron injection) or with LPL (9.4 fmol/n#rat the time

of chylomicron injection) or SorLA only. Flow cells without receptors were used as controls, with and without prebound apoA-V (5.1
fmol/mn?) as shown in panel B.

apoA-V is involved in heparin binding, in receptor resulting double-mutant R210E/K211Q-apoA-V was
binding, or possibly in both, site-directed mutagenesis was complexed with DMPC, forming disks of similar size as

employed to replace two adjacent positively charged resi- those made with WT apoA-V. Disks containing the mu-

dues with a negatively charged residue and an unchargedant form of apoA-V eluted from a heparin-Sepharose column
polar residue. The residues chosen for mutation were locatedat a slightly lower salt concentration (0.36 M NacCl) than

in the middle of the positively charged region, and the disks with WT apoA-V (0.40 M), demonstrating a de-

decision was made based on comparison with known creased affinity of the mutant apolipoprotein for heparin
heparin binding sites in other lipoproteins (e.g., apoE). The (Figure 6).



ApoA-V LDL-Receptor Family Interactions Biochemistry, Vol. 46, No. 12, 2008901

20 500 -
18
y 400
D e WTapoAv 2
14 RZlOEJ’KT’_IlQ—apoA—VH; 5 300 4
. [
12 7]
g
g_ 0 § 200
& @
100 -
6
4 0 7 v
0 2 4 6 8
i N Concentration (nM)
¢ 0 5 10 55 2 25 0 Ficure 7: Binding of DMPC disks containing WT apoA-V or the
Time (min) mutant R210E/K211Q apoA-V to heparin. Binding studies were

. . performed at 25C in 20 mM Hepes, pH 7.4, containing 150 mM
Ficure 6: Heparin-Sepharose chromatography of apoA-V-DMPC N2 o) yith heparin-coated, streptavidin-containing sensor chips. WT

diSkS-l WL'aPtCr’]AD'?\/APOé thg multf’ﬂ‘r(‘jtt R21HQET/K21h1Q‘aP°é'VhV"aS apoA-V-DMPC disks (filled circles) or R210E/K211Q apoA-V-
complexead wi and applied to a Hi-1rap heparin-sepnarose p\pc disks (open circles) were injected at the indicated protein
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After washing, a linear gradient of NaCl (0 to 2.0 M) in loading e o
buffer was applied. The bold arrow indicates the point at which E.a,:er“(;fgrgggterglccagncell containing streptavidin only was used for

the NaCl gradient was initiated.

.. . 100 1
To further compare the heparin interaction of the double

mutant apoA-V-DPMC with the WT form, SPR was used
for determination of steady-state parameters (Figure 7).
Although the apparent equilibrium dissociation constént
values did not differ significantly (3.2g/mL for WT and

2.3 ug/mL for the double mutant), the binding capacity
(number of binding sites) was 8.8-fold higher for WT
apoA-V than for the mutant apolipoprotein.

Effect of the Double Mutation on Binding to LRPo 20 1
investigate the effect of mutations in the heparin-binding
region of apoA-V on receptor binding, we performed studies 0 . , , ‘
of steady-state kinetics on the interaction of apoA-V-DMPC 0.0 0.2 0.4 0.6 0.8
disks with LRP (Figure 8). Similarly to the case with heparin Concentration (nM)
binding, there was a higher binding capacity (about 3-fold) Ficure 8: Binding of DMPC disks containing WT apoA-V or the
for WT apoA-V to LRP than for the mutant R210E/K211Q  mytant R21OE/K9211Q apoA-V to LRP. B%nding pstudies were
apoA-V. The calculate&y value for the double mutant was  performed under the same conditions as in Figure 1, with 2.5 mM
somewhat lower than for WT apoA-V (1u®/mL compared  CaCb. WT apoA-V-DMPC (filled circles) or R210E/K211Q apoA-
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to 2.8 ug/mL) V-DMPC (open circles) were injected at the indicated protein
' ' concentrations to flow cells with immobilized LRP (6.1 fmol/jm
DISCUSSION and blocked with BSA (19.8 fmol/mfh Binding at each concen-

tration was recorded after 600 s. A reference flow cell blocked
Several hypotheses have been proposed to explain howVith BSA only was used for baseline subtraction.

apoA-V modulates plasma TG levels; recent repd® 18, o .
30) suggest that apoA-V exerts its effect by promoting K211Q-apoA-V indicated that these positively charged
binding of TG-rich lipoproteins to endothelial heparan sulfate "€Sidues participate in binding both to heparin and to LRP.
proteoglycans where LPL is located, and where lipolysis ~We used several approaches to investigate whether binding
occurs. Others have suggested that apoA-V may exert itsOf apoA-V to sensor chips covered with the different binding
effects intracellularly by interfering with hepatic TG-rich partners was specific. For the receptors, binding of apoA-V
lipoprotein assembly or secretioB1j. In the present study  in DMPC disks was dependent on the presence éf @Ga
we provide evidence for yet another mechanism. We the flow phase, and was completely abolished in the presence
demonstrate that apoA-V binds to two endocytotic receptors of EDTA. Additional evidence for specific interaction of
of the LDLR family, LRP and SorLA. Furthermore, apoA-V ~ apoA-V with the receptors included the findings that binding
mediates binding of chylomicrons to LRP and SorLA. was competed by RAP, and that DMPC vesicles without
Interestingly, Grosskopf et al. found reduced clearance of protein did not bind to the receptors. Sensor chips with
chylomicron remnants in apoA-¥/— mice and concluded  immobilized SorLA bound lipid disks containing apoA-V
that apoA-V may support receptor interactidi®), Binding and apoE, whereas disks with apoC-Ill, used as a negative
of apoA-V to the receptors was markedly decreased in the control, did not bind. Similar results were found for lipid
presence of heparin. It is therefore likely that overlapping free apoA-V.
binding sites are used for interaction with heparin and the The putative heparin-binding region in apoA-V is localized
receptors. Experiments with the double-mutant R210E/ to a stretch of 42 amino acid residues in the central region
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of the molecule, containing eight Arg/Lys residues, three His these properties of the lipid-free apoA-V could be relevant
residues, and no negatively charged residues. Mutation offor recycling of receptorapoA-V complexes and may allow
two positively charged amino acids in the middle of this apoA-V to remain bound after endocytosis through acidic
segment (R210E/K211Q) decreased the apparent affinity of cellular compartments. This binding could also explain why
apoA-V for heparin-Sepharose as well as the binding capacityapoA-V levels are low in plasma. Newly synthesized and
to heparin-coated as well as LRP-coated SPR sensor chipssecreted apoA-V might bind to heparan sulfate proteo-
Simultaneous injection of heparin significantly decreased glycans or to receptors on the surface of liver cells, like
binding of apoA-V-DMPC disks to both LRP and SorLA, apoE. ApoA-V may, to a large extent, stay in this form,
suggesting that the binding sites overlap. The mutations didthereby avoiding circulation either as free protein or
not abolish either the heparin interaction or the interaction associated to lipoproteins in the blood. This behavior of
with the receptors, indicating that additional residues must apoA-V may be due to its relatively low solubility at
be engaged in the binding. Kinetic analysis revealed that neutral pH and its low propensity to dissociate from receptors
although the double mutation significantly decreased the or HSPG. Several studies have shown that apoA-V has strong

number of binding sites for apo A-V on heparin and LRP,
the appareniy values were not much affected. Both heparin
and LRP are likely to contain more than one ligand binding
site for apoA-V. A possible explanation for our results is
that the double mutation abolished binding of apoA-V to
low affinity, high capacity binding sites on heparin or LRP,
while binding to high affinity binding sites was not changed
by the mutations. Individually, and taken together, our
findings indicate that the positively charged region in the
central region of apoA-V is important for interaction of

apoA-V with both lipoprotein receptors and with heparan

effects on plasma TG levels, and, therefore, the mechanism
by which it modulates lipid metabolism must be highly
effective. The new findings here, and previous studies on
the interaction of apoA-V with sulfated glycosamino-
glycans (7, 18), can be summarized into two major
mechanisms by which apoA-V functions to modulate plasma
TG levels.

Heparan Sulfate Proteoglycan-Mediated Lipolysior
efficient hydrolysis, TG-rich lipoproteins must spend suf-
ficient time at the endothelium to allow contact with
lipoprotein lipase, which is located ther86j. Although

sulfate proteoglycans. Other apolipoproteins (apoE and apoB)interactions between heparin-binding regions in both apoB

interact with heparin and LDL-receptor family members
through similar recognition sites, involving several highly
positively charged regions39).

Receptor-bound apoA-V increased binding of chylomi-
crons to LRP and SorLA. Compared to the bridging effect
of LPL, the dissociation of chylomicrons from both receptors

and apoE on lipoprotein particles may strengthen binding
and prolong lipoprotein residence time at the site of lipolysis,
it is conceivable that apoA-V contributes to lipolysis by
anchoring lipoproteins to the endothelium (effect on mar-
gination). It has also been proposed that apoA-V modulates
LPL by direct interaction with the enzym&85) although we

was extremely slow in the presence of apoA-V, suggesting have not been able to repeat this finding in the systems we
that apoA-V may be even more effective than LPL in are using 17). In fact, binding of apoA-V to a sensor chip
tethering chylomicrons to these receptors. ApoA-V is surface with covalently linked bovine LPL was lower than
synthesized in the liver and is therefore likely to be present to an empty sensor chip surface (A. Lookene and G.
in relatively high concentrations close to receptors such asOlivecrona, unpublished).
LRP. The amounts of apoA-V on circulating lipoproteins Receptor Mediated Internalizatiomhe affinity of apoA-V
are low compared to other apolipoproteiis3,(14). This for heparan sulfate and for lipoprotein receptors could affect
indicates that apoA-V is not easily carried away from the receptor-mediated internalization of holo-particles such as
liver on newly synthesized lipoproteins. In contrast, LPL is remnant lipoproteins. Binding of apoA-V to HSPG, thereby
synthesized in extrahepatic tissues where it mainly acts atconcentrating apoA-V at the cell surface, is likely to assist
the endothelium in adipose tissue, skeletal muscles, and heartlipoprotein receptor-mediated endocytos33)( It is known
Minor amounts of LPL are carried away on remnant that chylomicron remnants first bind and concentrate on
lipoproteins to the liver for degradatioB3, 34). In contrast heparan sulfate proteoglycans in the sinusoids and on the
to what was previously suggesteti7), based on the local hepatocyte plasma membrane before they are internalized
concentrations of LPL and apoA-V in liver and extrahepatic by LRP and possibly other recepto38). Endocytosis of
tissues, respectively, it is conceivable that the main TG- lipoproteins by cell surface receptors is an important part of
lowering effect of apoA-V involves facilitated remnant their metabolism. Thus, it is possible that apoA-V affects
removal by the liver, rather than stimulated TG lipolysis by plasma TG levels both at the stage of VLDL secretion from
LPL in extrahepatic tissues. However, those lipoproteins that liver (31) and remnant clearance.
carry apoA-V may have a prolonged residence time at the We have shown that apoA-V binds to two members of
endothelium due to the interaction of apoA-V with heparan the LDLR family and is capable of mediating binding of
sulfate. This may allow longer time for lipolysis by LPL in  lipoproteins to these receptors. Taken together with the
extrahepatic tissues and possibly also facilitated particle affinity of apoA-V for sulfated glycosaminoglycans, we
uptake via LDL-receptor family members such as SorLA, suggest that the TG lowering effects of apoA-V may be
LRP, or the VLDL-receptor35). attributed to effects on receptor-mediated endocytosis of
Also apoA-V in lipid-free form, at the low concentrations lipoproteins as well as stimulation of lipolysis at endothelial
used for SPR, bound to the LDL-receptor family members. sites. ApoA-V is expressed solely in the liver. Considering
This binding was resistant to low pH. Furthermore, experi- its ability to bind endocytic receptors and to heparan sulfate,
ments in the presence of EDTA demonstrated that binding it is likely that the main action of apoA-V is in the liver.
of lipid-free apoA-V was only reduced by about 50% This could explain why levels of circulating apoA-V are low,
compared to binding in the presence ofCa&aken together,  and why plasma levels of apoA-V tend to increase with
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plasma TG levels and why plasma levels of apoA-V do not
change upon heparin injection.
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