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  Hypertriglyceridemia is common in humans and is a 
well-established cardiovascular risk factor independent of 
HDL cholesterol ( 1 ). Hypertriglyceridemia is present in 
hyperlipidemia types I, IIb, III, IV, and V, all of which (with 
the exception of type I hyperlipidemia, also known as fa-
milial hyperchylomicronemia) are currently considered 
complex diseases with a strong polygenic component ( 2, 
3 ). While  LPL  and  APOC2  gene mutations have been 
known for decades to be a cause of familial hyperchylomi-
cronemia ( 4–6 ), mutations in the  APOA5  or glycosylphos-
phatidylinositol-anchored HDL-binding protein 1 ( GPIHBP1 ) 
genes have been found more recently to explain some 
cases of this disease in which no  LPL  or  APOC2  mutations 
were found ( 7–9 ).  APOA5  variants have also been linked to 
the polygenic hyperlipidemia types IIb, III, IV, and V as 
well as to cardiovascular disease risk ( 3, 10–14 ). 

 ApoA-V was fi rst identifi ed and characterized as a liver 
preprotein of 366 amino acid residues that is secreted 
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 MATERIALS AND METHODS 

 Patients and controls 
 Three unrelated Spanish patients with severe hypertriglyceri-

demia were studied for diagnostic purposes. DNA from 200 non-
hyperlipidemic subjects living in Barcelona, Spain, was used as a 
control (41% were women; age range: 17 to 85 years). The Ethics 
Committee of the Hospital de la Santa Creu i Sant Pau reviewed 
and approved the study protocol, and all individuals provided 
their written informed consent. 

 Plasma lipids, lipoprotein, and apo analyses 
 Blood samples were collected after an overnight fast. Standard, 

commercially available assays adapted to a Hitachi 911 autoana-
lyzer (Roche Diagnostics GmbH, Mannheim, Germany) were 
used to determine plasma total cholesterol, triglycerides, and 
HDL cholesterol. ApoA-V in serum was measured by ELISA as 
previously described ( 17 ); serum apoA-V levels in 40 normolipi-
demic individuals ranged from 24 to 406  � g/l, with a mean of 
157  � g/l. 

 Gene amplifi cation and analysis 
 Genomic DNA was isolated from whole blood using the QIAamp 

DNA blood minikit (QIAGEN, Hilden, Germany). The entire 
coding region of the  APOA5  gene was amplifi ed by PCR in one 
fragment with the oligonucleotides 5 ′ -ACAGGATTT CGGG CA-
GTTG-3 ′  (forward) and 5 ′ -CAAATGAGCACTGGGAGGC-3 ′  (re-
verse). The fragment was sequenced by the Sanger method using 
the BigDye 3.1 sequencing kit (Applied Biosystems, Foster, CA) 
in an automated ABI 3130xl sequencer (Applied Biosystems). 
The resulting chromatograms were analyzed with the Staden 
package ( 29 ). To establish whether mutations p.(Ser232_Leu235)
del and p.Ser19Trp identifi ed in patient 1 were located on the 
same chromosome, an allele-specifi c PCR amplifi cation was per-
formed using Trp19-specifi c primers. The amplifi ed fragment 
was then sequenced to detect the presence/absence of the p.
(Ser232_Leu235)del variant. 

 Further, all exons and exon-intron boundaries, but not the 
promoter regions, of the  LPL ,  APOC2 , and  GPIHBP1  genes were 
also amplifi ed and sequenced.  APOE  genotype was determined 
by PCR amplifi cation and digestion with  Cfo  I as described previ-
ously ( 30 ). 

 Human apoA-V cloning, expression, and purifi cation 
 The full-length sequence of mature human apoA-V (residues 

R24–P366) was cloned as a synthetic gene via nucleotide assem-
bly; codons were optimized for expression in  Escherichia coli  while 
reducing the number and length of potential hairpin loops in 
the mRNA. The construct contains an N-terminal polyhistidine 
tag introduced to facilitate detection and purifi cation of the re-
combinant protein, which is followed by a factor Xa cleavage site 
(Ile-Glu-Gly-Arg-Gly-Ala). Oligonucleotide synthesis and assem-
bly, as well as cloning into the pET-3a vector (Novagen, Darmstadt, 
Germany), were performed at Entelechon GmbH (Regensburg, 
Germany; http://www.entelechon.com/). The sequence of the 
synthetic gene is available upon request. 

 Plasmids encoding polyhistidine-tagged mature apoA-V or its 
variants (see below) were transformed into  E. coli  BL21(DE3)pL-
ysS (Stratagene, La Jolla, CA). Cells were grown at 37°C in LB 
medium supplemented with 100  � g/ml ampicillin and 34  � g/ml 
chloramphenicol to an optical density of 0.6, and then induced 
to express the recombinant proteins for 6 h at 20°C by adding 
800  � M IPTG. After centrifugation at 4,000  g  for 10 min, cells 
were lysed with B-PER supplemented with 20 mM 2-mercaptoeth-
anol (2-ME), 1 mM EDTA, 200 mM NaCl, 10 mM MgCl 2 , 10 mM 

after removal of the signal peptide as a 343-residue protein 
( 15, 16 ). (See supplementary Fig. I for a sequence align-
ment of mature apoA-V from different species.) In the 
blood, apoA-V is mainly associated with HDL and VLDL 
and, to a lesser extent, with chylomicrons but not with LDL 
( 17, 18 ). ApoA-V plasma levels are quite low   ( � 150  � g/l 
or 4 nM; for comparison, molar concentrations of apoB 
and apoA-I are 500- and 10,000-fold higher, respectively), 
which contrast with a higher liver concentration. 

 Despite its scarcity, a number of independent observa-
tions indicate that apoA-V is a strong modulator of serum 
triglycerides. An inverse relationship between apoA-V and 
triglyceride levels was fi rst inferred from studies with ge-
netically modifi ed mice ( 15 ). However, the specifi c mech-
anism by which apoA-V reduces plasma triglycerides is 
unclear ( 19 ). There is in vitro and in vivo evidence that 
apoA-V affects plasma triglyceride metabolism through an 
LPL stimulatory mechanism ( 19 ). Furthermore, there are 
also indications for a receptor-mediated mechanism by 
which apoA-V could lower the serum concentration of 
triglyceride-rich lipoproteins. In this regard, apoA-V has 
been shown to interact with heparan sulfate proteoglycans 
(HSPG) and several lipoprotein receptors, such as the 
LDL receptor (LDLR), the LDL receptor-related protein 1 
(LRP1), the sorting protein-related receptor containing 
LDLR class A repeats (SorLA/LR11), and sortilin ( 20–23 ). 
Whereas the roles of LDLR, LRP1, and HSPG as key fac-
tors in lipoprotein metabolism are widely accepted, the 
function of Vps10p-domain family members SorLA/LR11 
and sortilin in lipid homeostasis remains less well under-
stood. Interestingly, both receptors share many lipopro-
tein-associated ligands with LDLR family members, and 
they bind in particular apoE, apoA-V, LPL, and the recep-
tor-associated protein (RAP) ( 21–26 ). Activation of LPL 
by apoA-V requires the enzyme to be surface-bound and a 
model that accounts for the role of SorLA/LR11 and sorti-
lin in apoA-V stimulation of LPL has been recently pro-
posed ( 27 ). Other models have also been advanced to 
explain the function of apoA-V in mediating receptor- or 
HSPG-dependent liver uptake of triglyceride-rich particles 
( 19 ). Noteworthy, sortilin has been recently shown to play 
a role in liver VLDL secretion (reviewed in Refs.  27, 28 ). A 
third mechanism by which apoA-V may lower triglyceride 
levels is thought to depend on intracellular processes that 
reduce liver VLDL secretion and that could be linked to 
sortilin activity ( 19 ). 

 Herein, we report a thorough structural and functional 
analysis of three mutations found in the  APOA5  gene of 
three patients studied because of severe hypertriglyceridemia 
without concomitant  LPL, APOC2,  or  GPIHBP1  gene mu-
tations: a 12 bp deletion, c.694_705delTCCCGGAAGCTC 
[p.(Ser232_Leu235)del], a c.757T>C missense mutation 
(p.Leu253Pro), and a 4 bp deletion, c.990_993delAACA, 
which results in the C-terminally truncated protein 
p.Asp332ValfsX4. Our results strongly suggest that the 
mutated residues are critical for apoA-V function in 
lipoprotein metabolism and therefore directly responsi-
ble for the hypertriglyceridemia found in the patients 
studied. 
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extrusion through an 0.2 µm PC fi lter using an Avanti Mini-Ex-
truder and following the manufacturer’s instructions (Avanti Po-
lar Lipids, Alabaster, AL) ( 23 ). Samples were spun for 10 min at 
15,000  g  to remove residual liposomes, and protein content was 
determined using a BCA protein assay kit (Pierce). 

 ApoA-V binding to liposomes 
 The affi nity of wild-type apoA-V and its variants for immobi-

lized liposomes was assessed by surface plasmon resonance ( 31 ) 
using a Biacore 300 system (GE Healthcare). Briefl y, intact lipo-
somes of various compositions [phosphatidylcholine (PC) alone; 
70% PC, 30% phosphatidylserine (PS); 40% PC, 30% PS, 30% 
phosphatidylethanolamine (PE); and 20% PC, 30% PS, 30% PE, 
20% cholesterol (Ch), respectively] were noncovalently immobi-
lized on L1 sensor chips (Biacore, Uppsala, Sweden) following 
the procedure described elsewhere ( 32, 33 ). Nonspecifi c binding 
sites were blocked with 0.1 mg/ml BSA (BSA). All binding ex-
periments were carried out at 25°C in 20 mM HEPES, 0.15 M 
NaCl (pH 7.4). Analytes were injected at a fl ow rate of 30  � l/min, 
and sensorgrams were recorded and analyzed using BIAevalua-
tion 4.1 software. The sensor chip surface was regenerated after 
each binding experiment by the injection of 50 mM NaOH, 50% 
isopropanol, and 0.01% CHAPS. 

 ApoA-V binding to heparin 
 The affi nity of wild-type apoA-V and its variants for immobi-

lized heparin was assessed by surface plasmon resonance (SPR). 
Streptavidin was fi rst immobilized on CM5 sensor chips (Biacore) 
using the amine coupling kit and following the manufacturer’s 
instructions. The amount of immobilized streptavidin varied be-
tween 3,500–4,000 resonance units (RU). Next, 180–200 RU of 
biotinylated heparin (Sigma) was coupled to these streptavidin-
coated sensor chips via the covalently bound streptavidin moiety. 
Analytes (apoA-V variants) were injected at a fl ow rate of 30  � l/min, 
and sensorgrams were recorded and analyzed using BIAevaluation 
4.1 software. 

 ApoA-V interaction with LRP1 clusters II and IV 
 Recombinant human apoA-V variants were biotinylated using 

the sulfhydryl-reactive EZ-Link Biotin-BMCC (Thermo Scientifi c, 
Rockford, IL) following the manufacturer’s instructions. The 
maleimide reactive group of this compound selectively reacts 
with the single cysteine residue in the apoA-V primary sequence, 
C227. For biotinylation, proteins were previously dialyzed into 
PBS (pH 6.5) using 0.5-ml Zeba Desalt Spin Columns (Thermo 
Scientifi c) to optimize formation of a stable thioether bond with 
the maleimide moiety. Successful derivatization was verifi ed by 
separating the reaction products on a 10% SDS-polyacrylamide 
gel, followed by electroblotting onto a nitrocellulose membrane. 
The membrane was blocked with Odyssey blocking buffer diluted 
in PBS (pH 7.4) and incubated with IRDye 800CW streptavidin 
(LI-COR Biosciences, Lincoln, NE) in Odyssey blocking buffer 
diluted in PBS (pH 7.4), 0.1% Tween 20, and fi nally visualized 
with an Odyssey imager. 

 For ligand blotting, 2.5  � g of recombinant human LRP1 clus-
ter II Fc chimera (R and D Systems, Minneapolis, MN) and clus-
ter IV Fc chimera (R and D Systems) were separately run on a 
10% SDS-polyacrylamide gel under nonreducing conditions, and 
then blotted onto a nitrocellulose membrane. Nitrocellulose 
strips containing LRP1 clusters II or IV were extensively rinsed 
with PBS (pH 7.4) containing 2 mM CaCl 2 , and blocked with 
Odyssey blocking buffer diluted in the previously mentioned buf-
fer (1:1, v:v) at room temperature for 30 min. Strips were then 
incubated with the biotinylated, recombinant wild-type human 
apoA-V or its mutants at a fi nal concentration of 5  � g/ml in di-
luted blocking buffer at 4°C overnight with continuous shaking. 

imidazole, 200  � g/ml lysozyme, 100 units/ml DNase I, and pro-
tease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO). Recombi-
nant proteins were subsequently purifi ed in batch using Ni-NTA 
agarose beads (QIAGEN) according to the manufacturer’s in-
structions. Briefl y, bacterial extracts were diluted 1:10 (v:v) in 
binding buffer [25 mM sodium phosphate (pH 7.4), 200 mM 
NaCl, 10 mM 2-ME, 0.75 mM EDTA, 10 mM imidazole, 1% (v/v) 
NP-40] and incubated with the affi nity matrix previously equili-
brated in this solution. The matrix was thoroughly washed with 
binding buffer, and then three times with binding buffer con-
taining 50 mM imidazole. Finally, specifi cally bound proteins 
were eluted with either 50 mM sodium citrate, 150 mM NaCl, 
0.75 mM EDTA (pH 3.0), or with binding buffer supplemented 
with 500 mM imidazole. Protein concentrations were determined 
based on the theoretical absorption coeffi cients (http://web.
expasy.org/protparam/). 

 Site-directed mutagenesis 
 All apoA-V mutants were generated using the QuikChange 

site-directed mutagenesis kit (Strategene); the primers used are 
given in supplementary Table I. For variant p.(Ser232_Leu235)
del, we fi rst generated an intermediate form in which the codons 
for residues R233 and K234 were deleted; the six nucleotides 
coding for residues S232 and L235 were then removed from this 
plasmid in a second mutagenesis step. Mutant p.Asp332ValfsX4 
was generated by fi rst inserting four thymidines after the G334-
encoding triplet to generate a F335 codon followed by a TAA 
stop codon. This intermediate plasmid was then subjected to a 
second mutagenesis round to replace the wild-type D332-S333-
G334 tripeptide by the mutant Val-Ala-Arg sequence. 

 SDS-PAGE and Western blotting 
 Proteins were separated on SDS-Tris-Tricine polyacrylamide 

gels using a Bio-Rad apparatus (Bio-Rad, Hercules, CA). Gels 
were either stained with Coomassie Brilliant Blue or silver, or 
they were transferred to PVDF membranes using a fully sub-
merged transfer cell (Bio-Rad). For immunoblotting, membranes 
were blocked in TBS containing 5% skimmed milk, incubated for 
1 h at room temperature with the primary antibody (mouse anti-
His monoclonal antibody; GE Healthcare, Little Chalfont, UK; 
diluted 1:3,000), and thoroughly washed with TBS. Membranes 
were then similarly treated with the secondary antibody (goat 
anti-mouse IgG horseradish peroxidase conjugate from Pierce 
(Rockford, IL; 1:10,000 dilution). Blots were revealed with Su-
perSignal chemoluminescence system (Pierce) according to the 
manufacturer’s instructions and exposed to autoradiography 
fi lms. 

 Limited proteolysis 
 Samples of recombinant apoA-V at 100  � g/ml in 50 mM so-

dium citrate, 150 mM NaCl, and 0.75 mM EDTA (pH 3.0) were 
incubated with porcine gastric pepsin at 25°C for up to 3 h. Ali-
quots of the reaction were then removed and immediately mixed 
with Laemmli sample buffer and heated at 95°C for 10 min. Sam-
ples were separated on 12% polyacrylamide SDS-Tris-Tricine gels 
and either stained with Coomassie Brilliant Blue or electropho-
retically transferred to PVDF membranes and probed with an 
anti-His antibody (see above). Alternatively, aliquots of recombi-
nant apoA-V in 100 mM Tris-HCl, 0.1% NP-40 (pH 8.5) were in-
cubated with sequencing-grade trypsin (100:1 ratio), and the 
reaction progress followed as previously mentioned. 

 Preparation of apoA-V-DMPC liposomes 
 Lipid-free apoA-V variants were complexed 1:10 w/w with 

dimyristoylphosphatidylcholine (DMPC) liposomes prepared by 
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 Bioinformatics analysis 
 For automated modeling, the amino acid sequence of the ma-

ture human apoA-V was submitted to various modeling servers 
through the Protein Modeling Portal (http://www.proteinmodel-
portal.org/). The sequence was also independently submitted 
to servers 3D-JIGSAW (http://bmm.cancerresearchuk.org/
 � 3djigsaw/) and Geno3D (http://geno3d-pbil.ibcp.fr/). Pro-
tein structures were displayed and analyzed using the molecular 
graphics program MIFit (http://code.google.com/p/mifi t/), 
and fi gures were prepared with PyMOL (http://www.pymol.
org/). The impact of point mutations on the structure and func-
tion of the protein were assessed with PolyPhen (http://genetics.
bwh.harvard.edu/pph/), SIFT (http://sift.bii.a-star.edu.sg/), 
CUPSAT (http://cupsat.tu-bs.de/), I-Mutant2.0 (http://fold-
ing.uib.es/i-mutant/i-mutant2.0.html), and PoPMuSiC (http://
babylone.ulb.ac.be/popmusic/). 

 RESULTS 

 Patients: clinical and family data, serum apoA-V levels, 
and mutation analysis 

 Samples from three unrelated patients were referred 
(to F.B.-V.) for the molecular study of severe hypertriglyc-
eridemia. None of them were overweight or suffered from 
diabetes mellitus, and the only adult, patient 1, consumed 
almost negligible amounts of alcohol. Genetic analysis of 
patient 1 was requested after fi brate treatment failed to 
reduce the severe hypertriglyceridemia (see   Table 1    for a 
summary of the main clinical and biochemical data). The 
patient, however, did not return to the hospital for fol-
low-up until years later, when he attended the Emergency 
Unit because of abdominal pain and was diagnosed of 
acute pancreatitis. Over the years, patient 1 has been 
treated with different fi brates and  � -3 fatty acids, but he 
only occasionally presented a normalized lipid profi le. 
However, his long-term compliance with the treatment re-
gime cannot be ensured. The severe hypertriglyceridemia 
of patient 2 was discovered in a routine blood analysis re-
quested during the study of a granuloma annulare. The 
girl was of South American origin, and her mother did not 
suffer from hyperlipidemia; no other family history or clin-
ical follow-up information is available. Patient 3 presented 
with tuberous xanthomas, which led to the diagnosis of 
severe hypertriglyceridemia. A history of hyperlipidemia 
without clinical cardiovascular disease was known in the 
father’s family of this patient (see supplementary Fig. II 
for more family details). After diagnosis, relatively good 
clinical control of the hypertriglyceridemia was achieved 
with  � -3 fatty acids, and in a recent blood analysis, serum 
triglycerides and cholesterol concentrations were 3.1 and 
4.4 mmol/l, respectively. 

 In the three cases,  APOA5  mutations were found with-
out concomitant mutation in the  LPL ,  APOC2 , or  GPIHBP1  
gene (see  Table 1  for a summary of the main genetic data). 
None of the  APOA5  mutations found in the patients 
were identifi ed in 200 nonhyperlipidemic control individuals 
living in Barcelona, Spain. A common  APOA5  polymor-
phism (rs3135506, p.Ser19Trp) repeatedly linked to hy-
pertriglyceridemia ( 3, 10, 11, 37 ) was found in heterozygosis 

Next, the strips were rinsed with PBS (pH 7.4), 0.1% Tween-20, 
and 2 mM CaCl 2 , and then incubated and visualized as explained 
above. 

 ApoA-V binding to sortilin and SorLA/LR11 
 Soluble receptors used for SPR were prepared and coupled 

to CM5 sensor chips as previously described ( 22, 23 ), and 
functionality of immobilized receptors was confi rmed with the 
well-known pan-ligand RAP. Owing to the complex binding 
behavior of apoA-V and the inability to regenerate fl ow cells 
injected with the apolipoprotein, conventional kinetic studies 
cannot be performed in this system. Therefore, we used sin-
gle-cycle kinetics, which has proved suitable for kinetic analysis 
when cell regeneration is not possible ( 34 ). Further, considering 
that apoA-V is found in plasma only as a lipid-associated protein 
and to mimic triglyceride-rich lipoproteins, apoA-V incorpo-
rated into 0.2-µm DMPC liposomes was employed for these 
studies. 

 ApoA-V-DMPC liposomes were injected in fi ve sequential steps 
of increasing concentration over fl ow cells containing immobi-
lized receptors; a fl ow cell with an equivalent amount of immobi-
lized BSA was used as reference. Injections were set to last 60 s 
with a corresponding dissociation phase of 184 s at a continuous 
fl ow of 30 µl/min. After the last injection, a dissociation phase of 
20 min was added. Binding to the reference fl ow cell was sub-
tracted from the active cell, and the data were further adjusted 
for instrument noise and complete double referencing with a 
buffer-only injection cycle. Kinetics parameters (association and 
dissociation rate constants) were determined using BIAevalua-
tion 4.1 software by assuming a 1:1 binding model, from which 
the equilibrium dissociation constants  K  D  were calculated. Pro-
tein-free liposomes were shown not to interact with the immobi-
lized receptors by themselves. 

 In vitro hydrolysis of triolein liposomes by 
HSPG-bound LPL 

 A previously reported assay ( 35 ) with minor modifi cations was 
used to determine the hydrolysis rate of triolein-based liposomes 
by HSPG-bound LPL. To prepare the lipid emulsion, 1.2  � l/well 
of a concentrated stock emulsion of 34.7 mM triolein and 17.8 mM 
glycerol tri[9,10(n)- 3 H]oleate (5 mCi/ml and 21 Ci/mmol, re-
spectively; purchased from PerkinElmer, Waltham, MA) were 
taken. The solvent was removed and the lipid emulsion formed 
by vigorous sonication in 28.9 mM Pipes (pH 7.5) containing 
57.4 mM MgCl 2  and 0.5% (w/v) fatty acid-free BSA (Sigma). The 
lipid emulsion was associated for 30 min at 37°C with the differ-
ent recombinant apoA-V variants (10  � g/ml) and with 1  � M hu-
man apoC-II. 

 A 96-well microtiter plate was incubated with 100  � l/well of a 
5  � g/ml solution of HSPG in PBS (pH 7.4) for 18 h at 4°C 
(Sigma). After washing with PBS, the wells were blocked with PBS 
containing 1% fatty acid-free BSA at 37°C for 1 h. Bovine LPL, 
prepared according to Ref.  36  in 0.1 M Tris·HCl (pH 8.5) and 
20% glycerol, was then added to the wells (100  � l/well at 5  � g/
ml) and incubated at 4°C for 1 h. The microtiter plate was fi nally 
washed again with 0.1 M Tris (pH 8.5). Lipolysis was started by 
the addition of apoA-V-liposome complexes to the HSPG-LPL-
containing plates and stopped after 30 min with Triton X-100 
(1% fi nal concentration). Fifty microliters from each well were 
transferred to glass tubes, and FFA was extracted from nonhydro-
lyzed triglycerides by adding 1.2 ml of chloroform:methanol:n-
heptane (1.45:1.21:1, v:v:v) and 0.33 ml borate-carbonate buffer 
[0.1 M H 3 BO 3  and 0.1 M K 2 CO 3  (pH 10.5)]. Each tube was thor-
oughly mixed and centrifuged at 2,000 rpm at 4°C for 10 min. 
The radiolabeled FFA fraction in the supernatant was counted in 
a 1500 Packard Tri-Carb  �  counter (PerkinElmer). 
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treated with trypsin at basic pH, in the presence of deter-
gent NP-40 added to guarantee solubility at this pH value 
(supplementary Fig. IV-B). 

 During the overexpression experiments of mutant p.
Leu253Pro, the presence of a major degradation form 
with an apparent M r   � 33 kDa was repeatedly observed 
(supplementary Fig. III, lanes 5, 6). This truncated form 
was not observed when either wild-type apoA-V or the 
other two mutants were expressed, and presumably it re-
sulted from the action of an endogenous proteinase(s). Of 
note, an apparently more radical protein modifi cation, 
such as truncation of the last C-terminal residues in mu-
tant p.Asp332ValfsX4, did not enhance protease sensitivity 
(supplementary Fig. III, lanes 7, 8). To verify that the 
introduced mutations did not result in an overall desta-
bilization of the protein structure, limited proteolysis 
experiments were performed with the purifi ed mutant 
proteins, as described above for wild-type apoA-V. In all 
three cases, a similar cleavage pattern was observed, char-
acterized by the formation of a stable N-terminal fragment 
resistant to further proteolysis for at least 3 h (data not 
shown). The major degradation form of apoA-V mutant 
p.Leu253Pro was recognized by anti-His antibodies (data 
not shown), indicating that the mutant protein was cleaved 
within its C-terminal region. Comparison of the distances 
migrated by various apoA-V variants and proteolytic prod-
ucts (supplementary Figs. III and IV) indicated that cleav-
age occurred downstream of the A260–F261 peptide bond, 
most likely between residues 300 and 310. These observa-
tions suggest that the Leu253 → Pro replacement induces 
long-range structural changes, which specifi cally affect the 
C-terminal apoA-V region. 

 Impaired liposome binding by apoA-V mutant 
p.Leu253Pro 

 Once it was demonstrated that recombinant apoA-V vari-
ants were properly folded, we started the analysis of their 

in patient 1, being present in the wild-type allele. Neither 
this nor another common  APOA5  polymorphisms previ-
ously linked to hypertriglyceridemia (rs651821) were pres-
ent in the other patients studied. 

 Cloning, expression, and characterization of recombinant 
human apoA-V 

 To experimentally determine the underlying molecular 
defect(s) leading to hypertriglyceridemia in our patients, 
we overexpressed full-length, mature human apoA-V as 
well as the three novel apoA-V mutants detected [p.
(Ser232_Leu235)del, p.Leu253Pro, and p.Asp332ValfsX4]. 
Both wild-type, recombinant human apoA-V, and the three 
mutants were straightforwardly purifi ed by metal affi nity 
chromatography (supplementary Fig. III). Their identities 
were verifi ed by Western blot and mass spectrometry anal-
ysis of trypsin digests (supplementary Table II). 

 For the envisioned functional studies, it was critical to 
employ properly folded proteins. Of note, most of the re-
combinant human apoA-V was recovered from the cytosolic, 
soluble fraction of  E. coli  cultures (supplementary Fig. III), 
which strongly suggests that it was correctly folded. 
However, and to verify this point while avoiding protein 
aggregation, we subjected wild-type apoA-V to limited pro-
teolysis with pepsin at acidic pH, similar to a recent report 
(see Materials and Methods and Ref.  38 ). As shown in sup-
plementary Fig. IV-A, the recombinant protein was rapidly 
cleaved to generate a transient  � 30 kDa fragment, which 
was converted into a stable  � 20 kDa form after 30 min in-
cubation with the protease. Importantly, this fragment ap-
peared to be fully resistant to further pepsinolysis for at 
least 3 h. The preferential cleavage of just two scissile pep-
tide bonds out of the 74 sites predicted for a fully unfolded 
protein (http://web.expasy.org/peptide_cutter/), and 
generation of a stable “core” fragment of apoA-V strongly 
suggests that the recombinant protein was properly folded. 
Similar results were obtained when apoA-V samples were 

 TABLE 1. Main clinical, biochemical, and genetic information for the three patients studied 

Patient 1 Patient 2 Patient 3

Age 44 5 4
Gender Male Female Female
Clinical signs typically associated with 

severe hypertriglyceridemia
None None Tuberous xanthoma

Triglycerides (mmol/l; recommended < 1.7) 22 15.3 19.9
Cholesterol (mmol/l; recommended < 5) 6.8 5.2 16.2
HDL cholesterol (mmol/l; recommended > 1) 0.7 0.5 0.7
 APOE  genotype E3/E3 E3/E3 E3/E2
Mutations in  LPL ,  APOCII , or  GPIHBP1 

 genes
No No No

 APOA5  mutations c.694_705delTCCCGGAAGCTC 
(p.Ser232_Leu235) in 
heterozygosis

c.757T>C (p.Leu253Pro) in 
homozygosis

Compound heterozygosis 
for c.289C>T (p.Gln97×) 
and c.990_993delAACA 
(p.Asp332ValfsX4)

 APOA5  SNP  rs3135506  or  rs651821 rs3135506 (p.Ser19Trp) in 
heterozygosis   a   

No No

ApoA-V serum concentration   b   375  � g/L 145  � g/l ND   c   
Family history available? No Mother without 

hypertriglyceridemia
Yes (see supplementary 

Fig. II)

  a   SNP rs3135506 is within the wild-type allele.
  b   Range in normolipidemic individuals: 24-406  � g/l ( 17 ).
  c   Not determined in the initial study. In a later determination, serum apoA-V concentration was 535  � g/l, while her plasma triglyceride 

levels had dropped to about 25% of the initial value.
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parameters varied considerably; wild-type apoA-V and the 
point mutant p.Leu253Pro bound to heparin with similar 
affi nity, whereas the deletion mutants p.(Ser232_Leu235)
del and p.Asp332ValfsX4 had somewhat lower affi nity 
(  Fig. 2  ).  This difference was mainly due to slower associa-
tion, as the dissociation rate constants of the proteins were 
of the same order of magnitude. 

 ApoA-V interaction with LRP1 clusters II and IV 
 ApoA-V is known to be internalized via classical lipopro-

tein receptors of the LDLR family, including LRP1 and 
SorLA/LR11 ( 22 ). To test whether the identifi ed apoA-V 
mutants could be compromised in terms of receptor bind-
ing and internalization and to defi ne interacting domains 
within LRP1, we analyzed the capacity of the recombinant 
variants to bind two major functional units of the receptor, 
termed clusters II (residues R786–L1165 of the full-length 
human receptor) and IV (S3332–D3779). Wild-type apoA-V 
and the three mutants bound to membrane-immobilized 
LRP1 cluster II to an apparently similar extent when ad-
justed for apoA-V concentration (  Fig. 3  ).  By contrast, no 
interaction with wild-type apoA-V or the mutant apoA-V 
forms was observed when the cluster IV of LRP1 was used 
instead (data not shown). 

 Defective sortilin and SorLA/LR11 interactions with 
apoA-V mutants 

 Failure to detect differences in LRP1 binding by wild-
type and mutant apoA-V prompted us to focus on the in-
teractions with two other physiologic receptors: sortilin 
and SorLA/LR11. The results of our SPR analysis of 

interactions with various biomolecules. Lipid binding prop-
erties of wild-type and apoA-V mutants were examined 
using four different types of liposomes. At low apoA-V con-
centrations, the curves followed simple 1:1 binding kinet-
ics. Sensorgrams demonstrating binding of wild-type and 
mutant apoA-V variants to immobilized liposomes are pre-
sented in   Fig. 1  .  Calculated kinetic constants are given in 
  Table 2  .  As can be seen, all apoA-V mutants bound to these 
liposomes with high affi nity; the  K  d  values varied between 
0.1 and 18.6 nM. The liposome composition did not sig-
nifi cantly infl uence binding parameters, but the affi nity 
for PC-PS-based liposomes was in general higher than for 
other liposome compositions. Interestingly, mutants p.As-
p332ValfsX4 and p.(Ser232_Leu235)del bound somewhat 
more tightly to liposomes than the wild-type protein (2–12 
times lower  K  d  values). The association rate constants of 
these mutants were comparable to the corresponding val-
ues of wild-type apoA-V; however, their higher affi nity for 
liposomes was the result of slower dissociation. In compar-
ison with other studied variants, a signifi cantly lower affi n-
ity was detected for the mutant p.Leu253Pro, mainly 
caused by a relatively fast dissociation from the immobi-
lized liposomes ( Fig. 1D  and  Table 2 ). 

 Mutants p.(Ser232_Leu235)del and p.Asp332ValfsX4 
show impaired binding to immobilized heparin 

 Next, and considering that HSPG has been reported to 
be a bona fi de apoA-V receptor, we compared the affi nity 
of wild-type apoA-V and the mutants to immobilized hepa-
rin via SPR. Although all apoA-V variants interacted 
with streptavidin-bound biotinylated heparin, their kinetic 

  Fig.   1.  Binding of apoA-V mutants to intact liposomes. The lipid-binding ability of wild-type apoA-V (A) 
and variants p.(Ser232_Leu235)del (B), p.Asp332ValfsX4 (C), and p.Leu253Pro (D) was examined by sur-
face plasmon resonance using four different types of liposomes immobilized on L1 chips. Liposome compo-
sitions were as follows: (1) 100% PC; (2) 70% PC, 30% PS; (3) 40% PC, 30% PS, 30% PE; and (4) 20% PC, 
30% PS, 30% PE, 20% Ch. Sensorgrams shown are representative of SPR experiments performed four times 
with similar results and evaluated with BIAevaluation 4.1 software (see Materials and Methods for details).   
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did not show any appreciable interaction with sortilin 
( Fig. 4D ). 

 Finally, we analyzed apoA-V interactions with another 
multifunctional endocytic receptor, SorLA/LR11. As dem-
onstrated above for sortilin, wild-type apoA-V bound tightly 
to the immobilized receptor (  Fig. 5A  ),  whereas mutant 
p.Leu253Pro was found to be devoid of SorLA/LR11-
binding ability ( Fig. 5D ). Interestingly, mutant p.(Ser232_
Leu235)del also displayed a complete SorLA/LR11 binding 
defi ciency ( Fig. 5B ), indicating fundamentally different 
mechanisms of apoA-V interaction with sortilin and SorLA. 
The deletion mutant p.Asp332ValfsX4 showed measurable 
but largely impaired binding to SorLA/LR11 compared 
with wild-type apoA-V (80-fold lower  K  D  value;  Fig. 5C ). 
This defi ciency was mainly explained by a very high disso-
ciation rate constant. 

 ApoA-V stimulation of LPL activity 
 As mentioned previously, current evidence supports the 

view that apoA-V affects plasma triglyceride levels at least 
partly through LPL activity stimulation. To verify whether 
some of the apoA-V mutants could differ in the extent of 
LPL stimulation, we analyzed the impact of wild-type and 
mutant apoA-V forms on the activity of HSPG-bound LPL. 
The fold changes relative to LPL alone were as follows: 
wild-type apoA-V, 1.3-fold ( P <  0.001); p.(Ser232_Leu235)
del, 1.1-fold (NS); p.Asp332ValfsX4, 1.4-fold ( P  < 0.001); 
p.Leu253Pro, 0.02-fold ( P  < 0.001); and wild-type apoA-V 
+ bovine apoCIII (positive control of LPL inhibition), 0.6-
fold ( P <  0.001) (  Fig. 6  ;  values > 1.0 indicate increases, 
values < 1.0 decreases in LPL activity). Thus, rather than 
stimulate LPL activity, mutant p.Leu253Pro actually be-
haved as a potent inhibitor of triglyceride hydrolysis. 

 A three-dimensional model for human apoA-V can be 
generated based on its homology to apoA-I 

 The results of limited proteolysis experiments per-
formed by us and others (see above and Ref.  38 ) suggested 
a domain organization for lipid-free apoA-V analogous to 
that previously determined for apoA-I ( 39 ) and apoE ( 40 ). 
Thus, in the absence of lipids, apoA-V would be expected 
to feature an elongated, four-helix bundle comprising 

apoA-V interactions with sortilin covalently bound to CM5 
sensor chips are shown in   Fig. 4  .  Wild-type apoA-V-DMPC 
liposomes interacted with sortilin with high affi nity (in 
the mid-picomolar range;  Fig. 4A ). Mutants p.(Ser232_
Leu235)del and p.Asp332ValfsX4 showed a somewhat de-
fective sortilin interaction, displaying approximately 4- and 
1.7-fold higher  K  D  values than wild-type apoA-V, respec-
tively ( Fig. 4B, C ). Unexpectedly, the mutant p.Leu253Pro 

 TABLE 2. Kinetic parameters of the binding of recombinant 
human apoA-V and its mutants to intact L1-immobilized liposomes 

Liposome  k  ass  (M  � 1 s  � 1 )  k  diss  (s  � 1 )  K  D  (nM)

Wild-type apoA-V
 PC 1.4 × 10 5 1.3 × 10  � 4 0.9
 PC-PS 1.3 × 10 5 1.3 × 10  � 4 1.0
 PC-PS-PE 1.2 × 10 5 4.4 × 10  � 4 3.7
 PC-PS-PE-Ch 1.3 × 10 5 4.2 × 10  � 4 3.2
p.(Ser232_Leu235)del
 PC 1.3 × 10 5 6.0 × 10  � 5 0.5
 PC-PS 1.6 × 10 5 2.3 × 10  � 5 0.1
 PC-PS-PE 1.5 × 10 5 4.4 × 10  � 5 0.3
 PC-PS-PE-Ch 2.3 × 10 5 4.2 × 10  � 5 0.2
p.Asp332ValfsX4
 PC 1.7 × 10 5 8.5 × 10  � 5 0.5
 PC-PS 2.2 × 10 5 4.8 × 10  � 5 0.2
 PC-PS-PE 2.1 × 10 5 6.3 × 10  � 5 0.3
 PC-PS-PE-Ch 2.3 × 10 5 6.4 × 10  � 5 0.3
p.Leu253Pro
 PC 0.7 × 10 5 8.1 × 10  � 4 11.6
 PC-PS 0.9 × 10 5 6.6 × 10  � 4 7.3
 PC-PS-PE 0.7 × 10 5 1.30 × 10  � 3 18.6
 PC-PS-PE-Ch 0.8 × 10 5 1.31 × 10  � 3 16.4

Kinetic constants were calculated using BIAevaluation 4.1 software.

  Fig.   2.  Heparin-binding properties of apoA-V mutants. ApoA-V 
binding to heparin was examined by surface plasmon resonance. 
For these experiments, biotinylated heparin was coupled to CM5 
sensor chips via covalently immobilized streptavidin. Sensorgrams 
shown are representative of SPR experiments repeated twice with 
similar results and were evaluated with BIAevaluation 4.1 software 
(see Materials and Methods for details). Kinetic parameters for 
wild-type (1) and mutant apoA-V variants (2–4) are given below the 
sensorgrams.   

  Fig.   3.  Ligand blot analysis of apoA-V binding to LRP-1 cluster II. 
Samples of recombinant LRP1 cluster II were separated under 
nonreducing conditions on a 10% SDS-polyacrylamide gel and 
electrophoretically transferred onto a nitrocellulose membrane. 
Strips containing equal amounts of the LRP1 cluster were incu-
bated in the absence (lane 1) or presence of biotinylated, recombi-
nant human wild-type apoA-V (lane 2), p.(Ser232_Leu235)del 
(lane 3), p.Asp332ValfsX4 (lane 4), and p.Leu253Pro (lane 5). 
Bound proteins were revealed with IRDye 800CW Streptavidin and 
visualized with an Odyssey Imager.   
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 DISCUSSION 

 We report an in-depth analysis of three unrelated 
Spanish patients who presented severe hypertriglyceri-
demia. Since no mutations were found in the coding re-
gions of their  LPL ,  APOC2 , or  GPIHBP1  gene, we turned 
our attention to another gene,  APOA5 , which has been 
associated with this condition since its discovery ( 15 ). In 
patient 1, an adult at the time of diagnosis, a novel  APOA5  
mutation p.(Ser232_Leu235)del and the common poly-
morphism p.Ser19Trp in the wild-type allele were identi-
fi ed. Apparently, other unknown genetic or environmental 
factor(s) contributed to his predisposition to severe hy-
pertriglyceridemia. In this regard, not all heterozygous 
individuals with truncated apoA-V present with severe 
hypertriglyceridemia, especially in the absence of other 
risk factors, such as diabetes mellitus ( 7, 8 ). On the other 
hand, current genetic and clinical information suggests 
that cases 2 and 3 suffer from familial hyperchylomi-
cronemia, as the patients were children with mutations 
in both alleles of the  APOA5  gene (homozygous p.Le-
u253Pro mutation and p.Gln97× / p.Asp332ValfsX4 mu-
tations, respectively). Patient 3, however, showed high 
serum cholesterol levels, which is unusual in familial hy-
perchylomicronemia. It is currently unknown whether 
this is due to increased remnant lipoproteins and could 
relate to the presence of an  APOE2  allele in the setting of 
a severe hypertriglyceridemia. To the best of our knowl-
edge, only one case of familial hyperchylomicronemia 
due to an  APOA5  homozygous mutation had been de-
scribed before ( 7 ). 

N-terminal residues R24 to about L198, followed by a 
loosely attached double-helical segment (residues H205 to 
about A260) (  Fig. 7A  ).  Finally, the C-terminal stretch up 
to P366 appears to be essentially disordered in the absence 
of lipids, but it quickly adopts a helical conformation upon 
phospholipid binding ( 41 ). The signifi cant sequence simi-
larity between human apoA-I and apoA-V (supplementary 
Fig. I) suggested the crystal structure of the former as an 
appropriate template for developing a three-dimensional 
(3D) model of the N-terminal residues R24–A260 of hu-
man apoA-V via homology modeling. Indeed, about 100 of 
these residues are identical or physicochemically similar in 
the two apolipoproteins. 

 However, closer inspection revealed that most of the 
apoA-I residues that form an almost continuous aromatic 
core for its N-terminal four-helix bundle (e.g., Y29, F33, 
F71, F104, W108, Y115) are replaced by others with less 
bulky, aliphatic side chains in apoA-V (supplementary Fig. I). 
Therefore, and to generate unbiased models of human 
apoA-V, we submitted the sequence of the mature apolipo-
protein to various independent modeling servers. In line 
with the sequence similarity discussed above, one of the top 
models generated by I-TASSER closely followed the apoA-I 
architecture for helices A–F ( Fig. 7B ). In addition, this 
model featured two C-terminal  � -helices that could not be 
modeled based on the apoA-I template. In particular, the 
predicted C-terminal helix H comprises residues P326 to 
H360, fully in line with available experimental data ( 41 ) 
and secondary structure predictions. Models yielded by 
other servers also featured all  � -helical bundles that could 
be partially superimposed on the apoA-I-derived model. 

  Fig.   4.  Binding of apoA-V-DMPC variants to sortilin studied by surface plasmon resonance. Sortilin was covalently immobilized to CM5 
sensor chips. Wild-type apoA-V (A) and variants p.(Ser232_Leu235)del (B), p.Asp332ValfsX4 (C), and p.Leu253Pro (D) complexed with 
DPMC were injected at increasing concentrations (16, 32, 64, 128, and 256 nM) over sortilin-coated and reference fl ow cells. Data shown 
were corrected by the signal from the reference fl ow cell and by a buffer-only injection cycle. When applicable, association and dissociation 
rate constants as well as calculated equilibrium dissociation constants are given in the corresponding panel ( k  ass , M  � 1 s  � 1 ;  k  diss , s 

 � 1 ;  K  D , M). 
Black curves represent experimental data, and red curves represent the fi t of the data to a kinetic titration 1:1 interaction model. The ex-
periment was performed twice with similar results.   
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hypertriglyceridemia ( 46 ). We did not fi nd this mutation 
in 200 Spanish control individuals; neither was it found in 
350 subjects randomly selected from an Italian population 
( 46 ). It is thus likely that this  APOA5  mutation is causally 
linked to the observed phenotype, especially considering 
that residue L253 is strictly conserved from amphibians to 
humans. In fact, this apparently less deleterious point mu-
tation, compared with both the internal [p.(Ser232_
Leu235)del] and C-terminal (p.Asp332ValfsX4) deletions, 
presented the most notable molecular defects, including 
higher sensitivity to proteolysis and impaired interactions 
with immobilized liposomes. Further, the p.Leu253Pro 
mutant was fully defective in terms of sortilin and SorLA/
LR11binding, and it failed to stimulate LPL activity. In 
contrast, this variant retains the capacity to interact with 
LRP1 cluster II, and it binds to heparin with similar affi nity 
as the wild-type protein. 

 In line with the strict conservation of L253, PolyPhen 
classifi es the Leu253 → Pro mutation as “probably damag-
ing,” and SIFT as “not tolerated.” For comparison, the 
apoA-V polymorphism p.Ala315Val, which is associated 
with normal plasma TG levels ( 47 ), is classifi ed as “benign” 
or “tolerated.” I-Mutant2.0 also predicts decreased stability 
for this mutant ( �  � G =  � 0.67 kcal/mol), in contrast to an 
increase of almost the same magnitude for the p.Ala315-
Val variant. Residue L253 is essentially buried at the inter-
face between helices E and F in the 3D model of human 

 The molecular mechanisms that result in severe hyper-
triglyceridemia in patients with  APOA5  mutations remain 
poorly understood, and only one study to date has ad-
dressed the capacity of apoA-V mutants to interact with 
LDLR family members and activate LPL ( 42 ). In addition, 
a recent report focused on the role of residue G185 in 
apoA-V-mediated LPL stimulation ( 43 ). Therefore, we 
performed functional analyses of the three novel  APOA5  
mutations that do not have an obvious impact on apoA-V 
function. The results of these studies are summarized in 
  Table 3    and discussed below. 

 First, we notice that apoA-V was detected by ELISA in the 
serum of all three patients. In fact, the serum apoA-V con-
centrations of patients 1 and 2 would be at the 95th percen-
tile and in the mean of a normolipidemic control group. In 
line with these fi ndings, similar amounts of both wild-type 
apoA-V and all three mutants could be produced as prop-
erly folded proteins by recombinant expression in  E. coli  
cells. A lack of correlation between serum apoA-V and trig-
lyceride levels in patients with hypertriglyceridemia without 
extreme apoA-V defi ciency has been previously described 
and discussed ( 19, 44, 45 ). Possibly, the excess of serum 
triglyceride-rich particles compensates for a decrease in the 
synthesis or secretion of apoA-V, provided the mutation 
does not cause an extreme protein defi ciency. 

 While our study was in progress, mutant p.Leu253Pro 
was found in heterozygosis in an Italian patient with severe 

  Fig.   5.  Binding of apoA-V-DMPC variants to SorLA/LR11 studied by surface plasmon resonance. SorLA/LR11 was covalently immobi-
lized to CM5 sensor chips, and experiments were performed under the same conditions as indicated in  Fig. 4  legend. Data shown were 
corrected by the signal from the reference fl ow cell and by a buffer-only injection cycle. When applicable, association and dissociation rate 
constants as well as calculated equilibrium dissociation constants are displayed in the corresponding panel ( k  ass , M  � 1 s  � 1 ;  k  diss , s 

 � 1 ;  K  D , M). 
Black curves represent experimental data, and red curves represent the fi t of the data to a kinetic titration 1:1 interaction model. The ex-
periment was performed twice with similar results.   
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would compromise phospholipid binding, as demonstrated 
here for the p.Leu253Pro variant. 

 The effects of apoA-V mutants on LPL activation appear 
to be highly variable depending on the affected residue 
( 7, 8, 42, 43 ). However, it is noteworthy that variant p.Le-
u253Pro not only did not activate LPL but rather inhibited 

apoA-V ( Fig. 7C ). Therefore, its replacement by a proline 
would have a double impact on the protein structure: loss 
of hydrogen bond interactions to residue L250 and per-
haps also L257, and creation of a small cavity at this inter-
face. Considering similar structural rearrangements for 
apoA-V such as those well-documented for apoA-I ( 39, 
48–51 ), it is conceivable that local unfolding around posi-
tion 253 leads to the sequential “melting” of helices F and 
E, which perhaps propagates to the downstream helices. 
In line with these qualitative considerations and based on 
the homology model, CUPSAT predicted the Leu253 → Pro 
replacement to be both unfavorable and destabilizing with 
a  �  � G value of  � 0.69 kcal/mol, and PoPMuSiC classifi ed 
the mutation as destabilizing due to an even larger drop in 
free energy. It is interesting to note that the nearby, also 
strictly conserved L242 was found replaced by a proline in 
a hyperchylomicronemic proband; however, its causal in-
volvement in the disease was not established ( 52 ). In the 
light of our current fi ndings, it is likely that also in this 
case the disease phenotype was directly related to the 
 APOA5  point mutation. Conceivably, these nonconserva-
tive leucine-to-proline replacements would affect the pro-
tein structure in the lipid-free/lipid-poor conformation, 
resulting in a higher susceptibility to proteolysis. On the 
other hand, the absence of these hydrophobic side chains 

  Fig.   6.  Effect of wild-type and mutant apoA-V variants on triglyc-
eride hydrolysis by HSPG-bound LPL. A triolein-based, tritium-la-
beled lipid emulsion was incubated with recombinant wild-type 
apoA-V or the three studied apoA-V mutants (10  � g/ml) at 37°C 
for 30 min. Next, the liposome-protein complexes were incubated 
for 30 min with 5  � g/ml LPL immobilized on HSPG, and the radio-
labeled FFA fraction in the supernatant was measured. The results 
shown are the mean of experiments performed seven times; in 
each experiment, samples were determined in duplicate. One mil-
liunit of lipolytic activity represents the release of 1 nmol fatty acid/
min. Lane 1, –LPL: no LPL was added; lane 2, –apoC-II: LPL but no 
apoC-II was added; lane 3, LPL: LPL and apoC-II were added; lane 
4, WT: LPL, apoC-II, and wild-type apoA-V were added; lane 5, 
p.(S232_L235)del: LPL, apoC-II, and p.(Ser232_Leu235)del 
apoA-V were added; lane 6, p.D332VfsX4: LPL, apoC-II, and p.
Asp332ValfsX4 apoA-V were added; lane 7, p.L253P: LPL, apoC-II, 
and p.Leu253Pro apoA-V were added; lane 8, WT + apoC-III: LPL, 
apoC-II, apoC-III, and wild-type apoA-V were added.   

  Fig.   7.  Hypothetical structure of lipid-free/lipid-poor human 
apoA-V. (A) Schematic representation of the predicted helix ar-
rangement in human apoA-V. Similar to the related apoA-I and 
apoE, the four N-terminal helices (A–D) are predicted to form a 
stable bundle that interacts weakly with the pair of following heli-
ces (E and F). Finally, the C-terminal residues appear to be poorly 
ordered in the free apolipoprotein but become rapidly folded into 
a further pair of helices (G and H) in the presence of lipids. (B) 
Three-dimensional model of apoA-V. Similar to the crystal struc-
ture of human apoA-I, the four N-terminal  � -helices (A–D) are ar-
ranged in an up-and-down topology, and are followed by a pair of 
helices (E and F) that make only limited contacts with the major 
bundle. The model predicts that the C-terminal residues of apoA-V 
fold into an additional pair of helices (G and H), which form a 
continuous layer with the preceding E-F pair but which lack signifi -
cant contacts with the N-terminal four-helix bundle. The positions 
of studied mutations are highlighted in (A) and (B). (C) Close-up 
of the 3D model around residue L253. Notice that the leucine side 
chain is buried at the interface between helices E and F, where its 
main chain N and O atoms engage in hydrogen bonding with other 
residues of helix F, explaining the deleterious impact of the 
Leu253 → Pro exchange. (D) Close-up around the E-F loop (resi-
dues S232–L235). Notice that the side chain of residue R233 is 
clamped between the carboxylates of two well-conserved acidic 
residues donated by helix G, E308 and E309. In (C) and (D), se-
lected residues are shown as color-coded Van-der-Waals spheres.   
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from bulk solvent in wild-type apoA-V (mostly leucines, 
such as L213, L240, L253, and L257) would then form an 
exposed hydrophobic patch, thereby explaining the higher 
affi nity for liposomes measured in the current work. 

 Finally, the novel apoA-V mutant p.Asp332ValfsX4 lacks 
the last 32 C-terminal residues of the protein, which are 
particularly well conserved in mammals (supplementary 
Fig. I). Compared with wild-type apoA-V, this variant bound 
more tightly to liposomes, but it showed impaired interac-
tions with heparin, sortilin, and SorLA/LR11. On the 
other hand, this mutant showed no detectable changes in 
the capacity to bind LRP1 cluster II or to activate LPL. The 
C-terminal region of apoA-V (residues 296–343) has been 
previously shown to modulate its lipid-binding activity ( 19, 
59 ). The apparent contradiction with our current results 
suggests that residues 296–334 play a particularly signifi -
cant role in this regard. 

 Both free and DMPC-complexed apoA-V bind LRP1, 
SorLA/LR11, and sortilin ( 22 ), and impaired binding to 
LDLR family members might lead to hypertriglyceridemia 
( 42 ). Somewhat unexpectedly in the light of these fi nd-
ings, the three apoA-V mutants were shown to bind to 
LRP1 cluster II. Even though apoA-V-LRP1 interactions 
were studied qualitatively, it is unlikely that major changes 
in receptor affi nity could have gone undetected with our 
ligand blot assay. Along these lines, in similar experiments, 
the human apoA-V mutants p.(Gln139-Leu147)del, p.Gly185-
Cys, p.Glu255Gly, and p.His321Leu bound normally to 
the chicken LDLR family member LR8, whereas neither 
the N-terminally truncated apoA-V mutants, p.Gln139× 
and p.Gln148×, nor a variant prone to multimerization, 
p.Gly271Cys, were able to bind the avian receptor ( 42 ). 
On the other hand, the pair of basic residues R233/K234 
contributes to LRP1 binding, as the double mutant R233E/
K234Q showed a 3-fold lower affi nity than wild-type apoA-V 
for the full-length human receptor ( 23 ). Altogether, these 
results suggest that the major LRP1 binding region in 
apoA-V is located within helices C and D   along with the 
following helix pair, but with little or no contribution from 
the N- or C-terminal portions of the protein or, in particu-
lar, from the last C-terminal residues D332–P366. This 
binding mode would thus be somewhat similar to the in-
teraction of the related apoE with LDLR ( 60, 61 ). 

 In striking contrast to the retained LRP1-binding ability, 
the interactions of all three apoA-V variants with sortilin 
and SorLA/LR11were impaired to different degrees. The 
crystal structure of the sortilin ectodomain bound to neu-
rotensin reveals a  � -propeller module that accommodates 
the C-terminal residues of the neuropeptide within a deep 

the enzyme activity almost completely, a result not ob-
served so far with other recombinantly generated apoA-V 
mutants ( 42, 43 ). This observation clearly points to a di-
rect or indirect effect of this partially disordered mutant 
on the major lipolytic enzyme. Possible explanations for 
the observed inhibitory behavior are an impaired lipid 
binding capacity, which may interfere with enzyme inter-
actions needed for lipolysis, or formation of aggregated 
structures together with LPL. Other, more speculative hy-
potheses include promoting conversion of the active ho-
modimeric lipase into inactive monomers, in a similar 
manner as angiopoietin-like proteins 3 and 4 ( 53–55 ), or 
even a direct blockade of the LPL active site region. 

 With the exception of R233, the four residues deleted in 
the novel apoA-V mutant p.(Ser232_Leu235)del are strictly 
conserved from amphibians to humans, and the S232–
L235 tetrapeptide is within or close to a region implicated 
in the binding of lipids, heparin, and receptors (e.g., GPI-
HBP1) and also important for LPL activation ( 19, 21, 56 ). 
The recombinant mutant protein showed increased affi n-
ity for liposomes but decreased binding to heparin and 
sortilin, and it did not bind to immobilized SorLA/LR11. 
By contrast, it interacted with LRP1 cluster II and retained 
the capacity to activate LPL. The impaired interaction with 
heparin is not surprising, as this mutation eliminates a 
pair of consecutive positively charged residues (R233 and 
K234). In addition to this loss of net positive charge, the 
four-residue deletion would alter the distance between N- 
and C-terminal basic residues within this putative HSPG-
binding epitope (e.g., R211/R223, on the one hand, and 
R245/R254 on the other). The combined effect of a lower 
net charge and the disrupted location of the remaining 
basic residues would compromise specifi c protein-proteo-
glycan interactions. These fi ndings are in line with the pre-
viously reported decrease in heparin affi nity by mutant 
p.(Arg233Glu, Lys234Gln) ( 23 ). Even more dramatic con-
sequences might be expected for the binding to the N-
terminal, highly acidic peptide of GPIHBP1, as indicated 
by an apoA-V mutant in which residues R233, K234, K238, 
and K240 were simultaneously replaced by glutamic acid 
or glutamine residues ( 56–58 ). 

 Inspection of the 3D model suggests deletion of the 
loop between helices E and F as a further plausible expla-
nation for the deleterious effect of this mutation ( Fig. 7B, 
D ). This situation would likely result in an aberrantly long 
 � -helix that spans residues from around V213 to S258, in 
turn drastically changing the position of the C-terminal 
region of mutant apoA-V relative to the N-terminal four-helix 
bundle. Further, hydrophobic residues that are protected 

 TABLE 3. Functional changes found in apoA-V mutants compared with the wild-type apolipoprotein 

p.(Ser232_Leu235)del p.Asp332ValfsX4 p.Leu253Pro

Mutation found in controls No No No
Liposome binding Increased Increased Decreased
Heparin binding Decreased Decreased Normal
Interaction with LRP1 cluster II Yes Yes Yes
Interaction with sortilin Largely impaired Impaired No binding
Interaction with SorLA/LR11 No binding Impaired No binding
LPL activity Normal Normal Inhibited
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internal cavity, which contains additional ligand binding 
sites ( 62 ). On the other hand, C-terminal moieties from 
other fully unrelated sortilin ligands, such as LPL ( 25 ), 
RAP ( 63 ), prosaposin ( 64 ), and progranulin ( 65 ), are crit-
ical for receptor binding. In the light of these fi ndings, it 
is not surprising that the C-terminally truncated apoA-V 
variant p.Asp332ValfsX4 binds poorly to SorLA and also 
showed reduced affi nity for sortilin. The observation that 
mutant p.Leu253Pro did not interact with these receptors 
is more unexpected and might be explained by an overall 
collapse of the C-terminal apoA-V region elicited by this 
point mutation, as discussed above. Our fi ndings reinforce 
the notion that sortilin and SorLA/LR11 employ different 
(sub)domains and mechanisms of action for binding the 
same ligand, as previously shown for LPL ( 25, 66 ). In this 
regard, it must be recalled that, in addition to the com-
mon Vps10p domain, SorLA/LR11 contains LA repeats 
similar to those found in other members of the LDLR family. 
These ligand binding domains share many ligands with 
each other, and our current data support the presence of 
a partly overlapping binding domain in apoA-V, as previ-
ously suggested ( 22 ). Finally, it is worth noting that both 
sortilin and SorLA have been shown to facilitate endocyto-
sis of apoA-V-DMPC disks. As SorLA, in contrast to apoA-V, 
is not primarily expressed in the liver, it is likely that the 
receptor participates in endocytic functions involving 
apoA-V rather than in its intracellular processing  . Sortilin, 
on the other hand, is abundantly expressed in the liver; 
further studies are needed to ascertain whether apoA-V 
plays a role in VLDL secretion, as recently suggested ( 67 ). 

 In summary, our study strongly suggests a causal rela-
tionship between three novel  APOA5  mutations and the 
hypertriglyceridemia found in the patients through im-
pairment of different apoA-V functions, some of which are 
of unclear (patho)physiologic signifi cance at this point. 
Our mutant analysis also provides new clues to the structure-
function of apoA-V, a crucial protein in lipoprotein metabo-
lism and cardiovascular risk. In particular, we present for 
the fi rst time evidence in support of a critical role of the 
C-terminal region of the apolipoprotein in the interaction 
with sortilin and, more particularly, with SorLA/LR11.  
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