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ABSTRACT: The physicochemical properties of recombinant wild type and three site-directed mutants of
apolipoprotein C-IIl (apoC-Ill), designed by molecular modeling to alter specific amino acid residues
implicated in lipid binding (L9T/T20L, F64A/W65A) or LPL inhibition (K21A), were compared. Relative
lipid binding efficiencies to dimyristoylphosphatidylcholine (DMPC) were LOT/T20IWT >K21A >
F64A/WB65A with an inverse correlation with size of the discoidal complexes formed. Physicochemical
analysis (Trp fluorescence, circular dichroism, and GdnHCI denaturation) suggests that L9T/T20L forms
tighter and more stable lipid complexes with phospholipids, while F64A/W65A associates less tightly.
Lipid displacement properties were tested by gel-filtrating apoE:dipalmitoylphosphatidylcholine (DPPC)
discoidal complexes mixed with the various apoC-llIl variants. All apoC-IIl proteins bound to the apoE:
DPPC complexes; the amount of apoE displaced from the complex was dependent on the apoC-Ill lipid
binding affinity. All apoC-Ill proteins inhibited LPL in the presence or absence of apoC-Il, with F64A/
WG65A displaying the most inhibition, suggesting that apoC-Ill inhibition of LPL is independent of lipid
binding and therefore of apoC-Il displacement. Taken together. these data suggest that the hydrophobic
residues F64 and W65 are crucial for the lipid binding properties of apoC-IIl and that redistribution of
the N-terminal helix of apoC-IIl (L9T/T20L) enhances the stability of the lipid-bound protein, while LPL
inhibition by apoC-lil is likely to be due to protein:protein interactions.

Apolipoprotein C-lll is a 79 amino acid glycoprotein The amphipathic helices in all apolipoproteins promote
synthesized in the intestine and liver as components of bothbinding to the lipid interface but with varying affinity7},
very low-density lipoproteins (VLDL) and high-density and this might form the basis for the action of apoC-lll, such
lipoproteins (HDL). The strong positive correlation between that excess apoC-Ill might lead to the displacement of other
plasma apoC-IHlevels and plasma triglyceride levels (Tg) apoproteins from the lipoproteins. It has been suggested that
and postprandial clearancd—4) strongly suggests that the ability of apoC-ll to displace apoC-Il from the lipopro-
apoC-lll plays a major role in Tg metabolism. The distribu- tein particles would reduce apoC-Il activation of LP8) (
tion of apoC-lll between HDL particles and non-HDL and increased plasma levels of apoC-lIl present in hyper-
particles is a strong predictor of coronary atherosclerais ( triglyceridemic individuals would alter the apoC-II:C-II
and it has been suggested that increased apoC-Ill levels leadatio, reducing LPL activation. In vitro studies show that a
to an accumulation of apoB-rich particles (LpB:C-Ill) and  3-fold molar excess of apoC-Ill reduced LPL activity by 25%
result in a shi_ft in the apoC-IlI distribution between VLDL (9). It has also been proposed that apoC-Ill acts as a direct
and HDL, which leads to the decreased clearance and thusyoncompetitive inhibitor of LPL and this would require the
higher levels of circulating Tg-rich particle§)( presence of an apoC-Ill binding site on LPL0{. Sparrow
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circulation which contain more Tg and apoC-lll and less based on a 2D helical plot of a given sequen28).(The
apoE, thereby diminishing apoE-mediated lipoprotein uptake sequence is written on am-helix-like cylinder that is cut
(13). ApoC-lll overexpression also reduces VLDL gly- parallel to the main axis and unrolled. The unfolding of this
cosaminoglycan binding, decreasing lipolysis at the cell cylinder thus separates adjacent residues, and the plot is
surface {4). The displacement of apoE by apoC-lll has duplicated to restore all amino acids in the vicinity. The
recently been confirmed in vitro, but this is modulated by hydrophobic residues are circled and hatched, allowing the
the size of the lipoprotein particles, with displacement of detection of hydrophobic clusters whose size, shape, and
apoE by apoC-Ill from small LDL particles being more composition can be analyze®5). Long horizontal clusters

efficient than from large VLDL particlesl§). are indicative of helices, while short vertical or mosaic
Naturally occurring mutations in apolipoprotein genes, clusters indicate the presencefbstrands or turns.
particularly in apoE, apoB, apoC-Il, and apoAdl§ 17, (B) 3D Construction of Peptide8D construction of the

have provided insight into the structure/function relationship peptides was carried out as previously descrilg] 7.
of these proteins; however, such mutations are rare in apoC-The method accounts for the contribution of the lipidater
IIl. A deletion of the APOA1-C3-Adgene locus identified  jnierface, the concomitant variation of the dielectric constant,

in one family was associated with increased conversion of 54 the transfer energy of atoms from a hydrophobic to a
VLDL to IDL and LDL (18). Only four rare structural hydrophilic environmentZs).

variants of apoC-lIl have been identified, but not all of these
show clear association between the mutation and altere
lipoprotein metabolism. Carriers of the Gdhys mutation

d (C) Secondary Structure Predictionhe secondary struc-
ture prediction is carried out at the NPS@ (Network Protein

; Sequence Analysis) web site (http://pbil.ibcp.fr/cgi-bin/
have mildly elevated plasma apoC-Ill and Tg levels, and .
this could reflect the additional charge that might enhance npsa__autor‘_na_t.pl?page‘NPSA/npsaseccon_s.html). Dif-
lipid binding and/or alter the effect on LPLLg). AspisAsn ferent predictive methods are used to obtain the consensus

(20) and LyssGlu (21) mutations result in the change or Prediction: SOPMA 29), PHD (30, 3], Predator 82),

loss of a charge, but AggAsn carriers have normal lipid GORIV (33), DPM (34), DSC @5), and SIMPA96 6, 37).

levels with increased VLDL-apoC-IIl content while Lggs All calculations were performed on Pentium-Pro proces-

Glu is associated with 3640% lower apoC-lll levels and  sors, using PC-TAMMG- (Theoretical Analysis of Molec-

with reduced Glgs-apoC-Ill on VLDL and HDL, resulting ular Membrane Organization) and PC-PRO{Protein Plus

in enrichment of HDL with apoE creating atypically large analysis) softwares. Graphs were drawn with the WinMGM

HDL particles. The ThiAla variant, which disrupts glyco-  program (Ab Initio Technology, France).

sylation, is associated with a normal lipid profile, suggesting  Generation of pET23b/APOC3 Construdhe human

thatgly(_:osylation does not have a profound impact on apoC- opoc3 cDNA (a kind gift from Dr. John Taylor, San

Il function (22, 23. Francisco, CA) in the pBSSK vector (Stratagene) was used
Despite the large body of literature characterizing the as a template for the amplification of t#POC3gene by

function of apoC-lll, this topic still remains a subject of PCR. This was performed in a 50 reaction containing 50

debate. To study this, we have expressed recombinant wildng of plasmid DNA pBSSKAPOC3as template, 250 ng of

type and site-directed mutations of apoC-Ill and undertaken each primer, and 1 unit of DNA polymerase in a buffer

detailed physicochemical studies to clarify further the lipid recommended by the manufacturers including 0.2 mM each

binding properties, apoE displacement, and inhibition of LPL gNTP and 1.5 mM MgGl Two primers, the Sforward

by apoC-IIl. primer with an internaNdd (underlined) site (5SGGGAAT-

TCCATATGTCAGAGGCCGAGGAT-3) and a 3reverse

EXPERIMENTAL PROCEDURES primer designed to append the sequence for' &I!3d
Materials. Dimyristoylphosphatidylcholine (DMPC), di- restriction site (underlined) & TGGTGCTCGAGGGCAGC-

palmitoylphosphatidylcholine (DPPC), bovine serum albumin CACGGCTGAAG-3), were used for PCR, using the fol-
(BSA), bovine lipoprotein lipase (LPL), and ampicillin were /0wing conditions: the initial cycle of 94C, 5 min; 66°C,
obtained from Sigma (Irvine, U.K.). GdnHCl was the highest 1 Min; and 72°C, 2 min was followed by 35 cycles of 94
purity and obtained from C. Roth, GmbH, Karlsruhe, °C:30s; 66°C, 1 min; and 72C, 1 min. Reactions were
Germany. Unless specified, all other reagents are from SigmaPerformed in an automated Omigene PCR machine (Hybaid
(p.a. grade). Glycerol tri[9,18H]oleate, dNTP, and low Ltd., M|ddlesex,_U.K). The_ resulting 264 bp humaROC3
molecular weight markers were purchased from Amersham- fragment was digested witNde and Xhd, and subcloned
Pharmacia, U.K. All the primers, W-1 detergent, and DNA Into & similarly digested pET23b vector following standard
Taq polymerase were obtained from Gibco BRL, Paisley, Methodology. The ligation mixtures were transformed into
U.K. The E. coli strains B834 (DE3) and BL21 (DE3) and competent cells of the XL1Blue strain & coli (Promega,
pET23b vector were provided by Novagen, Bioscience, Southampton, U.K.), and the transformed cells were selected
Cambridge, U.K. QuikChange Site-Directed Mutagenesis Kit With ampicillin (75 «g/mL) on LB-agar plates. The entire
was made by Stratagene, La Jolla, CA. All the related APOC3cDNA sequence was sequenced in both directions,
products, competent cells, and enzymes involved in the using an ABI 377 prism DNA sequencer (Perkin-Elmer).
mutagenesis reaction were also provided in the kit. ApOE  Generation of ApoC-Ill VariantsAll the APOC3variants
used for the preparation of the DPPC complexes is recom-were generated by using the QuikChange Site-Directed
binant apoE3 prepared as previously descritist). ( Mutagenesis Kit (Stratagene). In a B0 reaction, 50 ng of
Molecular Modeling of Wild-Type ApoC-lll and Mutants. plasmid DNA pET23bAPOC3was used as a template, and
(A) Hydrophobic Cluster Analysis (HCAT.his method is two synthetic oligonucleotide primers that contained the
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Table 1: Primers Used To Generate the ApoC-lll Variants by the in Vitro Mutagenesis Reactions

5'K21A
3K21A
5'F64AWG5A
3'F64AWG5A

5-CATGAAGCACGCCACCGCGACCGCCAAGGATGCAC!3
5-GTGCATCCTTGGCGGTCGCGGTGGCGTGCTTCATG-3
B-AAGTTCTCTGAGGCCGCGGATTTGGACCC'3
B-GGGTCCAAATCCGCGGCCTCAGAGAACTT-3
5-AGGATGCCTCCCTTACCAGCTTCATGCAGGG'3
5-CCCTGCATGAAGCTGGTAAGGGAGGCATCCT-3
5-GCTACATGAAGCACGCCCTCAAGCCGCCAAGGATG3
5-CATCCTTGGCGGTCTTGAGGGCGTGCTTCATGTAGC-3

desired mutation (underlined) and were complementary to obtained as previously describegB), and 40ug of apoC-
the opposite strands of the vector were extended using Pfulll protein was added to 8@g of DMPC vesicles in a 10

Turbo DNA polymeraseAPOC3K21A was generated using
primers 5-K21A and 3-K21A while APOC3F64A/W65A
was generated using primers-F64A/W65A and 3
F64AWG5A. APOC3LIOT/T20L was generated by a two-

mM Tris-HCI, 150 mM NacCl buffer, pH 8.0, containing 8.5%
KBr, 0.01% NaN, and 0.01% EDTA, in an Uvikon 931
spectrophotometer.

Preparation and Isolation of Phospholipid:ApoC-llIl Com-

step mutagenesis reaction, first by introducing the L9 to T9 plexes ApoC-III:DMPC complexes were prepared by incu-

substitution using primers'&9T and 3-L9T, and the

bation of the recombinant apoC-Ill proteins with DMPC

resulting construct was used as a template to perform themultilamellar vesicles, at DMPC:protein (w/w) ratios of 2:1

second mutagenesis reaction usirigr80L and 3-T20L,
resulting in varianAPOC3L9T/T20L. All the primers used
are listed in Table 1.

Expression and Purification of the Recombinant ApoC-
Il Variants. Plasmid DNA of pET23b/wild typdPOC3was
transformed into competett. coli B834 cells, and all the
other APOC3variants in pET23b were transformed iro
coli BL21 respectively for optimum expression and used to
inoculate an overnight culture in SOC medium containing
75 ug/mL ampicillin. Thirty milliliters of the overnight
culture was used to inoculatl L of SOCmedium (75ug/

mL ampicillin) and shaken (220 rpm/min) at 3T. Cells
were induced with 0.5 mM IPTG until the QB of the cell

at 25°C for 16 h. The complexes were isolated by gel
filtration on a Superose 6HR column (Pharmacia) in 10 mM
Tris-HCI, 150 mM NacCl buffer, pH 7.6, and 0.2 g/L NaN
in an FPLC system (Waters). Complexes were detected by
measuring the absorbance at 280 nm and the tryptophan (Trp)
fluorescence emission at 330 nm (excitation at 295 nm). The
Superose 6HR column was calibrated with a set of protein
standards ranging from thyroglobulin (molecular mass 668
kDa) to cytochrome& (molecular mass 65 kDa) (Pharmacia).
The resulting calibration curve was used for the determination
of the molecular mass or Stokes radii of the particles eluting
from the column.

Fluorescence Measurement$he maximum emission

culture reached 0.6, and were harvested by centrifugation atwavelength of the Trp fluorescence measurement was

3000 rpm (4°C). The cells were lysed in 15 mL of 8 M
urea, 50 mM NakPQ,, 10 mM Tris-HCI, 500 mM NacCl
(pH 8.0) buffer (by sonication on ice for 8 1 min) and
then centrifuged at 18 000 rpm (30 min at’@), and the

performed on an Aminco Bowman Series 2 spectrofluorom-
eter 39). The lipid-free apoC-lll protein at a protein
concentration of 2xg/mL and apoC-l1l:DMPC complexes
at a protein concentration of 60y/mL were measured at

supernatant was incubated with 1 mL of Talon cobalt metal room temperature. Emission spectra were recorded between

affinity resin (Clontech, Hampshire, U.K.)f@ h at 4°C.
The resin was pelleted by centrifugation (3000 rpm for 5

300 and 450 nm, with the excitation wavelength set at 295
nm.

min), and batch-washed 4 times. The recombinant human Circular Dichroism Measurement<ircular dichroism

apoC-lll fusion proteins were eluted from the resin with 8
M urea, 50 mM NaHPQ,, 20 mM PIPES, and 500 mM NaCl
(pH 6.0-6.3) buffer. The fractions containing recombinant
apoC-lll fusion protein were identified by electrophoresis
on Tricine—-SDS-PAGE (17.5% precast gels) (Bio-Rad,
Hertfordshire, U.K.), and dialyzed overnight at@ against

4 M urea, 5 mM NHHCGO; (pH 8.0). This solution was

(CD) spectra of each recombinant apoC-lll protein in the
presence or in the absence of 2,2,2-trifluoroethanol (TFE)
were measured on a Jasco 600 spectropolarimeter at room
temperature. Measurements were carried out at a protein
concentration of 0.2 mg/mL in 10 mM MdPOJ/NaH,PO,
buffer, pH 7.5. Nine spectra were collected and averaged
for each sample. For the protein and protein/TFE mixtures,

loaded on an anion exchange Mono Q column (Pharmacia,the secondary structures were obtained by curve-fitting on
Uppsala, Sweden) and eluted with a linear NaCl gradient the entire ellipticity curve between 184 and 260 nm, using

(from 0.10 to 0.25 M) m 4 M urea, 5 mM NHHCO; (pH
8.0) buffer. The fractions containing the pure apoC-lll protein
(eluting at+0.15 M NacCl) were pooled, and the final purity
of the product was verified by TricireSSDS-PAGE as

the software available on the Internet (http://bioinformatik.
biochemtech.ini-halle.de/cdnn/).

For the denaturation experiments, the lipid-free apoC-llI
proteins and apoC-lll:DMPC complexes, at a protein con-

described above. All the apoC-lll variants were at least 95% centration of 10Qtg/mL, were incubated for 12 h at°€ in
pure. The protein content in the samples was determined bythe presence of increasing GdnHCI concentrations between

OD measurement at 280 nm using a molar extinction
coefficient for apoC-Ill of 19 630 M-cm.

Lipid Binding Properties of ApoC-lll Variant&ssociation
of recombinant apoC-Ill variants with lipid was followed
by monitoring the turbidity decrease of dimyristoylphos-
phatidylcholine (DMPC) multilamellar vesicles at 325 nm

0 and 6 M prior to the CD measurements. The signal
measured at 222 nm and expressed as molar ellipticity is
plotted as a function of the GdnHCI concentration (M) in
the sample.

Displacement of ApoE from ApoE:DPPC Complexes by
ApoC-lll Variants The apoE:DPPC complexes were pre-

as a function of the temperature. The DMPC vesicles were pared by the sodium cholate dialysis method as described
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(40) using DPPC at a ratio (w:w) of 2:1 and using
recombinant apoE3 purified fronk. coli as previously
described 24). The protein-lipid mixtures were incubated
overnight at 43C and then extensively dialyzed against 10
mM Tris-HCI buffer, pH 8, containing 150 mM NaCl and
0.1 g/L Na-EDTA and 1 mM azide, each time during 24 h
at 43°C, at room temperature, and at@. The homogeneity
of the apoE:DPPC complexes was verified by gel filtration

on a Superose 6 PG column where the complexes eluted in
one homogeneous peak. The protein concentration in the
complexes was determined by optical density measuremen
at 280 nm, and the phospholipid concentration was deter-

mined enzymatically (Biorimé&eux, Marcy I'Etoile, France).

The concentrations of the complexes are expressed by the

protein mass in all the following experiments. ApoE:DPPC

complexes were mixed with the apoC-Ill proteins at a ratio

of 1:1 (w:w) and incubated at room temperature for 3 h.
The apoE:DPP€EapoC-Ill mixture was then separated by

gel filtration on a Superose 6 PG column. The protein elution .
profile was recorded by measuring the Trp emission at 330
nm in each fraction. The content of apoE and apoC-Ill was
measured in each fraction by sandwich ELISA as described

(41). Briefly, antibodies were coated onto 96-well ELISA

plates; residual binding sites were blocked, and samples or,

standards were incubated on the plates for 24 RC3After

excess antigen was washed away, the peroxidase-labele

antibody was incubated f@ h at 37°C. After washing, the

amount of bound peroxidase was revealed with a chromoge-
nic substrate. The plates were read, and the standard curv
and samples were calculated with the software provided with

the reader (Biotek, KC4 software). The sensitivity of the
assays was approximately 2 ng.

Detection of ApoC-lll and ApoE Proteins by Western
Blotting. Samples were separated on Trich8DS-PAGE
(17.5%), or on 15% SDSPAGE. Proteins were transferred
using a wet blot system (Bio-Rad) in a Tris (5 mMjlycine

e
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RESULTS

Molecular Modeling of ApoC-Illl VariantsTo obtain a
better understanding of the structure/function relationship of
apoC-lll, molecular modeling was carried out. Consensus
secondary structure prediction suggests that apoC-lll is made
of two helical domains: one in the N-terminal part, from
approximately residues 5 to 40, and a second C-terminal
helical domain localized at residues 460 (Figure 1A).
Hydrophobic cluster analysis (HCA, explained under Ex-

tperimental Procedures) of the entire apoC-lll sequence

identified two hydrophobic clusters at residues2® and
42—66 localized within the two helical domains as detected

i rfrom the secondary structure predictions analysis (Figure 1B).

The shape and hydrophobic repartition in these clusters
indicate that they are amphipathic helices, suggesting a
potential role in lipid binding.

The 6-20 and 42-66 peptides were constructed in a 3D
model, and their favored orientation at the lipid/water
interface (Figure 2A,C) was calculated according to the
method described@). While the 42-66 peptide is clearly
amphipathic, with its main axis mostly parallel to the
interface (Figure 2C), the N-terminal peptide was tilted
toward the interface, due to an uneven segregation of the
hydrophilic and hydrophobic residues along the long axis

f this particulara-helix (Figure 2C). Another interesting
eature of the 4266 helix was the unusually high content
of aromatic residues (Phe, Trp, and to a lesser extent Tyr),
especially at the C-terminus of the peptide.

To investigate the respective role of the N- and C-terminal
domains of apoC-lll, we designed mutants by modifying the
amphipathicity and the aromatic content. The mutation in
the N-terminal segment was obtained by permutation of the
Leu9—-Thr20 residues. This permutation avoided changes in
hydrophobicity (that could have an effect by itself on the
lipid binding properties) and restored amphipathicity, since
its mean axis was oriented mostly parallel to the interface

(192 mM) buffer (pH 8.3) containing 20% methanol. Proteins (rigure 2B). For the mutation in the C-terminus, Phe64 and
were visualized with a rabbit anti-apoC-IIl antibody or a Trpes5 were mutated to Ala. These mutations changed the
rabbit anti-apoE polyclonal antibody and a secondary per- amphipathicity and the aromatic content (Figure 2D), as

oxidase labeled goat anti-rabbit antibody. The bound per- compared to the 4266 wild-type apoC-IIl fragment (Figure

oxidase was visualized using the CN-DAB-kit (Pierce).

LPL Inhibition by ApoC-lll VariantsBovine LPL (EC
3.1.1.34) (Sigma, Irvine, U.K.) catalytic activity, in the

20C).
Expression and Purification of Recombinant ApoC-lii
Variants.To obtain large quantities of apoC-Ill proteins to

presence of apoC-Ill variants, was measured using theinvestigate the structurefunction relationship, ark. coli

emulsion Intralipid (Pharmacia Laboratories, Milton Keynes,
U.K.) (100 mg/mL) into which JH]triolein had been
incorporated by sonication4®). The incubation media
contained 2% (v/v) of the emulsion, 6% (w/v) BSA (Sigma,
Irvine, U.K.), 1.2% NaCl (w/v), 6.3% Tris-HCI (w/v), pH
8.5, and 3 IU of heparin (Sigma, Irvine, U.K.). As a source
of apoC-Il, human plasma apoC-K3) was dissolved in 5
M urea, 10 mM Tris-HCI, pH 8.5, at 2 mg/mL. The
experiments were optimized for both apoC-Il and LPL, to
give optimum hydrolysis with minimum apoC-II concentra-
tion. The emulsion was preincubated with each apoC-lli
sample with or without 2L of the 1:100 dilution of above
apoC-ll sample for at least 15 min; then the bovine LPL
(20 uL of 1.5 ug/mL) was added in a final volume of 200
uL. The mixture was shaken in a water bath at’25for 30

expression system was developed that yielded milligram
guantities of the recombinant C-terminus His-tagged apoC-
[l proteins. For optimal expression, wild-type apoC-Ill was
expressed itfe. coli B834 while all other apoC-IIl mutants
were expressed iB. coli BL21. After induction by IPTG at
37 °C, the fusion proteins reached about 5% of the total
cellular protein. Since the fusion proteins were contained in
inclusion bodies, they were purified in the presence of urea,
using a combination of Talon affinity agarose and anion
exchange chromatography. The resulting apoC-IIl fusion
proteins were shown to be more than 95% pure (data not
shown), and approximately 2 mg of the pure recombinant
fusion protein was obtained fro 1 L of culture medium.
Lipid Binding Properties of the ApoC-IIl VariantMPC
binding experiments were performed to assess the interaction

min. The reaction was stopped by extracting the fatty acids, of the apoC-IIl variants with DMPC multilamellar vesicles.

and the radioactivity was counted?).

A scan through the transition temperature of DMPC (Figure
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10 20 30 40 50 60 70

A | 1 | l | 1
|
apoc3wt
SEAEDASLLSFMOGYMKHATKTAKDALSSVQESQVAQQARGWVTDGESSLEKDYWSTVEDEFSEFWDLDPE
DPM
cchhhhhheeeehcehhhhhhhhhhhheeehhhhehhhhhceeecccecchtceeeeehthhhhhhechech
Dsc
ccchhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhechhhhhhhhhecccoccechheccee
GOR4
cecceccchhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhheeceeccccoccccecocccocccecccoccococcocoo
HNNC
cechhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhechhhhhhhhhhhhhhhhhheeccec
PHD
ccccchhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhheececcece
Predator
ccchhhhhhhhhhhhchhhhhhhhhhhhhhhhhhhhhheccoccceocccecccccecccoceccccccceccccee
SIMPAS6
cchhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhheccccechhhhhhhhhhhhhhhhhhecece
SOPMA
hhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhtechhhhhhhhhhhhhhhhhhhteeecccce
Sec.Cons.
ccchhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhechhee?hhhhhhhhhhhhhhecheeccee
apoc3wt  VRPTSAVAA
DPM ecccchecc
DsC [slefaleletalelalsl
GOR4 ccccceeec
HNNC ccceccecec
PHD cocecocceco
Predator cccceccece
SIMPASE cceccceec
SOPMA cccchhhhh
Sec.Cons. cccccccce

Ficure 1: Sequence analysis of the apoC-lll sequence. (A) Secondary structure prediction of apoC-Ill. Different predictive methods were
used (see Experimental Procedures), and a consensus was obtained. Abbreviatiehslix) e, 5-sheet; ¢, coil; t, turn. (B) HCA plot of

the apoC-lll sequence. Hydrophobic residues (F, Y, W, M, L, |, V) are circled and hatched, red stars are Pro, black diamonds are Gly,
white boxes are Thr, and pointed boxes are Ser. Negatively charged residues are red, and positively charged ones are blue. The two boxes
indicate the main hydrophobic clusters of apoC-lIl.
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Ficure 2: Orientation of the different apoC-Ill peptides (represented in CPK) at the lipid/water interface (orange plane). Lipid phase is
above and water is below. (AY-&0 peptide; (B) apoC-III-L9T/T20L mutant; (C) 456 peptide; (D) apoC-llI-F64A/W65A mutant.

120

% decrease in O.D. at 325 nm

temperature (° C)

Ficure 3: Turbidity decrease of DMPC multilamellar vesicles mixed with apoC-Ill at a w:w lipid:protein ratio of 2:1 expressed as a
percentage decrease of the initial OD value at 325 nm as a function of temper®uT(apoC-Ill; (a) apoC-llI-K21A; @) apoC-III-
F64A/W65A; @) apoC-III-L9T/T20L.

3) showed a turbidity decrease due to the formation of that was maximal around the transition temperature of the
discoidal complexes. With all apoC-lll proteins a similar DMPC. The resulting apoC-IlIl:DMPC discoidal complexes
decrease in the turbidity of the DMPC solution was observed were fractionated on a Superose 6 PG gel filtration column
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Ficure 4: Gel filtration on a Superose 6 HR column of DMPC/apoC-lll complexes v#h \WT apoC-lil, (a) apoC-llI-K21A, @)
apoC-III-F64A/WE5A, and®) apoC-III-L9T/T20L. Tryptophan fluorescence emission was measured at 330 nm as a function of the elution
volume in milliliters. Inset: Regression line between size (elution volume in milliliters) and ratio of apoC-IIl bound to DMPC/amount of
free as determined from the gel filtration elution profiles.

(Figure 4); the apoC-lll protein in these fractions was Table 2: Secondary Structure of ApoC-Ill Proteins Determined by
monitored by measuring the Trp emission at 330 nm. In all CD in the Presence or Absence of 50% TFE

the gel filtration runs, no free lipid could be detected which a-helix B-sheet random A increase
would typically elute within the void volume of the column protein (%) (%)  coil (%) % a-helix
(below an elution volume of 20 mL). All the apoC-IIl:-DMPC  apoC-IiI wild type 20 41 39
complexes eluted as homogeneous peaks, although theapoC-lll-K21A 23 35 42
amount of unbound apoC-IIl and the size of the discoidal @POC-!II-F64A/WE5A 20 45 35

Lo i apoC-I-L9T/T20L+ 20 41 39
complexes formed were quite different for each protein. The "trg 500
elution volume of the complexes varied from 26 mL apocC-Iil wild type 45 29 26 25
(calculated Stokes radius 80 A or 733 kDa) for the largest apoC-llI-K21A 54 24 22 31
complex formed with the apoC-11I-F64A/W65A variant to ~ aPOC-IlI-FEAA/WESA 74 16 10 >4

29.5 mL (calculated Stokes radius 54 A or 185 kDa) for the apoC-III-L9T/T20L °1 26 23 31

smallest complex formed with the apoC-llI-L9T/T20L vari- the apoC-lll proteins and apoC-II/TFE mixtures were
ant. The elution volumes of the DMPC CompleX of wild- determined by CD measurements (Figure 5 and Table 2)
type apoC-lll and mutant apoC-11I-K21A were 29 and 27.3 ' Al the apoC-Il variants showed fairly random structure in
mL, respectively, corresponding to Stokes radii of 61 and pyffer solution with typical minima around 200 nm. The
72 A. The fraction eluting at 38 mL corresponds to unbound propensity to form am-helical structure was demonstrated
apoC-lll, due to the small molecular mass of the protein, by adding 50% TFE. The large increases in secondary
and is well separated from the protein:phospholipid com- strycture are illustrated in Figure 5; in all spectra, the two
pIeXeS. Remarkably, hOWeVer, for the different apOC-III typ|Ca| minima were approximate|y 208 and 222 nm, and
proteins the shape and the maximum elution volume for the the single maximum at 190 nm was observed. These
“lipid free” apo C-lil vary slightly. The differences in elution  wayvelengths are typical features of arhelical structure.
behavior might represent partly lipidated apoC-Ill intermedi- The spectra were deconvoluted according to the method
ates. Note that the heterogeneity in this fraction is highest gescribed, and the results are summarized in Table 2. The
for the poorest lipid binder, apoC-Ill-F64A/W65A. This increase in ther-helical content was most pronounced for
variant was also associated with the highest amount of the apoC-I1I-F64A/W65A variant £54%), followed by
unbound/free apoC-Ill protein while apoC-III-L9T/T20L apoC-1I-K21A and apoC-IlI-L9T/T20L £31%) and less
resulted in the lowest amount of the unbound/free protein pronounced for wild-type apoC-Ill 425%) (Table 2),
among all the apoC-Ill variants, despite the fact that identical gemonstrating the different abilities of each apoC-Iil variant
amounts of protein, lipid, and protein:lipid incubation ratios g fold as ana-helix.
were used for the preparation of the complexes. A clear The stability of the lipid-free apoC-Ill proteins and the
correlation between elution volume (i.e., Stokes radius) and apoC-1l:DMPC complexes was estimated by following the
the bound:free apoC-Iil ratio could be observed and is gecrease in thein-helical content measured by CD (molar
represented in the inset of Figure 4=t 0.9). ellipticity at 222 nm) after addition of increasing amounts
Physicochemical Characteristics of the Lipid-Free and of GdnHCI (Figure 6). The concentrations of GdnHCI at
Lipid-Bound ApoC-Ill VariantsThe secondary structures of ~ which 50% of the signal had decreased (the midpoints) are
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Ficure 5: Circular dichroism spectra of apoC-1ll WT and mutant recombinant proteins in the presence (filled symbols) or in the absence
(open symbols) of 50% TFE. Spectra recorded between 184 and 260 nm at 0.2 mg/mL protein, nine spectra averaged. (a) WT apoC-lll; (b)
apoC-III-K21A; (c) apoC-IlI-F64A/W65A; and (d) apoC-III-L9T/T20L.

Table 3: Physicochemical Characteristics of the Recombinant ApoC-IIl Variants

Trp Amax (NM), Trp Amax (NM), [GdAnHCI]y22 (M), [GdAnHCI]y22 (M),

lipid-free lipid-bound Ama? lipid-free protein apoC-Illl:-DMPC
apoC-lll wild type 343 333 10 1.3 3.0
apoC-IlI-K21A 343 333 10 1.5 2.4
apoC-IlI-F64A/W65A 343 333 10 1.8 2.0
apoC-III-L9T/T20L 343 331 12 1.0 34

a Concentration of GdnHCI (M) required to obtain 50% reduction in the CD signal measured at 222 nm as a measure of protein denaturation.
b The “blue shift” in the Trp emission maximum.

summarized in Table 3. The midpoints of all the lipid-free highest midpoint after DMPC binding, indicating the forma-
apoC-Illl proteins (Figure 6A) were below 2 ;M. M for tion of the most stable apoC-11:DMPC complex. In addition,
apoC-1I-L9T/T20L, 1.75 M for apoC-llI-F64A/W65A, and  the fact that two-phase denaturation occurred for wild-type
1.25 and 1.5 M for wild-type apoC-lll and apoC-llI-K21A, apoC-llI:DMPC and apoC-IlI-L9T/T20L:DMPC complexes
respectively. Once associated with DMPC (Figure 6B), the while one-phase denaturation occurred on apoC-IlI-F64A/
apoC-lll proteins were stabilized and protected from dena- W65A:DMPC and apoC-IllI-K21A:DMPC complexes is
turation by the phospholipid, resulting in a shift of each consistent with this result.

apoC-1l1l:DMPC complex midpoint toward higher GdnHCI The maximum Trp emission wavelengths of the lipid-free
concentrations, as shown in the Table 3. The midpoint of and lipid-bound apoC-lll proteins are also summarized in
the wild-type apoC-1lIl:DMPC complex was 3 and 2.4 M Table 3. The maximal wavelength of the Trp emission at
for apoC-llI-K21A:DMPC. ApoC-llI-F64A/W65A:DMPC 343 nm for all the lipid-free proteins shifted to 333 nm for
complex denatured more readily with the lowest midpoint the lipid-bound apoC-Ill proteins. In the case of the apoC-
of 2 M, suggesting a less stable lipid-associated complex, [lI-L9T/T20L, an even larger blue shift of 12 nm was
while the apoC-llI-9L20T:DMPC complex showed the observed. The observed blue shifts illustrate that the apoC-
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e Table 4: Massg) of ApoC-Iil Bound to or Mass of ApoE
oy A Displaced from ApoE:DPPC Complexes
' 4 apoC-IlIl (ug) bound apoE fg) displaced
A on complex from complex
apoC-lll wild type 62.2 6
—~ B0 apoC-llI-K21A 65.3 10.2
5 apoC-III-F64A/W65A 35.0 0.1
B e apoC-1I-L9T/T20L 46.2 21.9
% a2The mass of apoC-lll or apoE was measured by ELISA in each
g 1m0 fraction of the gel filtration run of the respective apoE:DPPC:apoC-IlI
B mixtures.
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trations in the incubation mixture witi#) WT apoC-Ill, (o) apoC-
I1-K21A, () apoC-III-F64A/W65A, and@®) apoC-I11-L9T/T20L. = »
5 20
S . . g
Il tryptophans are buried in a more hydrophobic environ- "
ment, due to the lipid binding. o
Displacement of ApoE by ApoC-lll Variants from Dis-
coidal ApoE:DPPC Complexe3.he capacity of apoC-lli ’
variants to displace apoE from the reconstituted apoE:DPPC ¢ - ” ; » ; .
complexes was followed by analyzing gel filtration profiles ' Apo C_'m (M) '
of apoE:DPPC:apoC-IIl mixtures (a) to check the integrity

of the original apoE:DPPC complexes and (b) to identify FiGUrRE 7: Inhibition of LPL by different recombinant apoC-IIl

the redistribution of apoE and apoC-Iil on the particles. The Y2rants using Intralipid as substrate. Bovine LPL (15 ng) was

. ot ' incubated for 30 min at 28C in a total volume of 20Q:L with
apoE:DPPC complex eluted at its original elution volume 3H-|abeled Intralipid in the presence (A) and in the absence (B) of

of 29 mL, and any displaced apoE or unbound apoC-IIl, not 40 ng of human apoC-ll protein®) WT apoC-llI; (o) apoC-Iil-
associated with the complex, eluted at higher elution volumes K21A; (M) apoC-lll-F64A/W65A; and @) apoC-III-L9T/T20L.
of 34 mL for apoE and 37 mL for apoC-Iil (data not shown). Each data point is the mean of triplicate samples. LPL activity is
Western blotting was used to determine the distributions of expressed as nanomoles of fatty acids per minute per milliliter.

both apoE and apoC-lll in the fractions. All the apoC-lll  While wild-type apoC-lll and apoC-llI-K21A displaced
variants bound to the apoE:DPPC complex, while a fraction between 6 and 10g of apoE from the complex, this increase
of the apoE was displaced from its original complex and was much more pronounced for the apoC-IlI-L9T/T20L
could be detected at higher elution volumes. These resultsvariant (22ug) and very much reduced for the apoC-IllI-
illustrate that apoE had been displaced by apoC-Ill from the F64A/W65A variant (0.3ug), suggesting that the lipid
complex, and that apoC-lll had been incorporated into the affinity of the apoC-lll protein determined the ability to
apoE:DPPC complex. A more accurate quantification by displace apoE from its complex.
analysis of the distribution of both apoC-Ill and apoE inthese  LPL Inhibition by ApoC-lll Variants.To identify the
gel filtration runs was determined by measuring by ELISA domains and residues of apoC-lll that are responsible for
the masses of both apoC-lll and apoE in the individual LPL inhibition, the inhibitory effect of all the recombinant
fractions (Table 4). apoC-lIl variants was tested in the bovine LPL assay (Figure
From this table, it is clear that for all apoC-Ill proteins 7. Inhibition of the recombinant apoC-Ill was half that of
bound to the complex, for the apoC-I11I-F64A/WE5A variant the plasma human apoC-lll in all cases (data not shown).
alone, this amount was reduced as compared with wild-type All the recombinant apoC-IIl variants were able to inhibit
apoC-Illl. However, the amount of apoE displaced from the LPL activity efficiently, both in the absence and in the
complex (Table 4) was quite different among the variants. presence of human apoC-Il. However, in the presence of



9210 Biochemistry, Vol. 39, No. 31, 2000 Liu et al.

apoC-ll, the LPL inhibition was less pronounced at lower  The size of the discoidal apoC-II:DMPC particles was
apoC-lll concentrations (01.5uM), with wild-type apoC- dependent on the lipid binding properties of the variants.
IIl showing an increase in LPL activity at these concentra- Whereas the WT apoC-IIl formed complexes with Stokes

tions. From concentrations of @M, the inhibition by all radii comparable to those reported by othet¥)(the size
the apoC-lll variants was well pronounced, and LPL activity of the complexes formed with the poor lipid binder (apoC-
was fully inhibited at apoC-Ill concentrations above . [1I-F64A/W65A) was much larger than that of WT apoC-

In the absence of apoC-ll, all the apoC-Ill variants showed Il particles, while the apoC-Ill mutant with enhanced lipid
effective inhibition at lower apoC-IIl concentrations. Com- binding (apoC-11I-L9T/T20L) formed disks with smaller radii
paring thelso of each apoC-Illl variant, in the absence of as compared to WT. The relationship between size of
apoC-Il, thelso of apoC-I11-F64A/W65A was 1.2M while discoidal complexes formed and lipid binding properties of
all the other apoC-Ill variants had a similbgp, around 2 apolipoprotein mutants was also observed in studies on
uM. In the presence of apoC-Il, tHe, for apoC-I1I-F64A/ apoA-lI mutants 46).
WG65A was 2uM, and for the other apoC-IIl variants 4.4 A common observation is the increasaithelical content
uM. of the apolipoprotein going from an aqueous solution to a
lipid-bound state47). Previous reports4() show for apoC-
DISCUSSION [Il on average 26%:-helix in solution and 65 70% a-helix
ApoC-lll plays a key role in TG-rich lipoprotein metabo- when lipid-bound. Careful analysis and deconvolution of our
lism, but the structure/function relationship of apoC-Iil has entire CD spectra 450% TFE) showed a comparable
not been fully elucidated. We have therefore generated increase irx-helicity in the presence of the helix-promoting
several apoC-Ill variants according to protein modeling solvent TFE for the WT and mutants K21A and L9T/T20L.
predictions, designed to alter specific amino acid residues In contrast, the double F64A/W65A mutant showed a larger
implicated in lipid biding and LPL inhibition of apoC-lIl,  increase irn-helical structure in TFE. This might be due to
to investigate the structure/function relationship of human the fact that the mutation of those two bulky residues, located
apoC-lll. Sequence analysis and secondary structure predic-at the C-terminal extremity of the predicted second amphi-
tions applied to apoC-IIl indicate the existence of two helical pathic helix, drastically improved the propensity of this
domains that are rather amphipathic, as previously suggestedegment to fold as am-helix. Elimination of two consecutive
(11, 27. These segments were modeled, and mutants werebulky hydrophobic residues should fawpthelix formation.
designed to investigate further their role in the structure/ However, as a consequence of these mutations, the lipid
function relationship of apoC-Ill. ApoC-llI-K21A was binding affinity of this mutation was severely decreased,
designed to alter putative proteiprotein binding properties ~ suggesting that these hydrophobic C-terminal residues in
in the N-terminus of apoC-lll; apoC-1lI-L9T/T20L altered apoC-lll have important functions in the initial interfacial
the angle of the tilted peptide located at residue® of recognition between the polypeptide and the phospholipid
apoC-lIl from 45 to 0°, and the apoC-llI-F64A/W65A  acyl chains during the initial phases of lipid binding.
double mutation was designed to perturb the lipid binding In water, the maximum of Trp fluorescence emission for
properties of apoC-Ill by replacing two adjacent carboxyl- all apoC-lII proteins tested was 343 nm, which is consistent
terminal aromatic amino acids with alanine. with previous reports46, 47). These data also suggest that
Lipid Binding. Pownall and co-workers4d) have de- (a) the Trp residues in the recombinant apoC-IIl are fully
scribed that the rate of lipidprotein association was exposed to water, (b) the recombinant apoC-IIl proteins are
inversely correlated with the polypeptide molecular weight. not in a highly aggregated state, and (c) the shift of the
In agreement with this, since apoC-lll is a small protein, fluorescence maximum emission to lower wavelengths (blue
our DMPC clearing studies show a very efficient and fast shift) in the presence of lipids indicates shielding of the Trp
clearing of the multilamellar DMPC solution. from the water and replacement of the local Trp environment
Thrombin cleavage of apoC-Ill results in an N-terminal by lipid molecules. In the case of the apoC-Ill proteins, this
domain (residues-140) and a C-terminal domain (residues shift was quite large (10 nm) and even larger (12 nm) for
41-79). Trieu et al. reported that the binding of apoC-Ill to one of our mutants tested (L9T/T20L), suggesting an even
surface phospholipid was mediated by the C-terminal helix deeper insertion of this mutant in the lipid phase. These
between residues 50 and 615). Indeed the association with  observations are consistent with the higher lipid binding
DMPC indicated that the apoC-IlI-F64A/W65A showed affinity of this mutant and suggest a tight association with
severely diminished lipid binding properties, which confirms the phospholipids for this particular mutant.
the original findings by Trieu et al. By analogy, it has been  The [GdnHCI] at which both free and lipid-bound proteins
shown that the lipid binding domains in apoE and apoA-l denatured is comparable to the values reported for other

are also localized in the C-terminu38, 46. apolipoproteins such as apoE and apoB8)( The difference
Sparrow et al. concluded that the N-terminus of apoC-IIl in denaturation behavior between the WT and some of the
(residues 140) was not involved in binding to lipidl(). mutants suggests differences in the overall stability of the

Our results suggest otherwise; since the mutant apoC-llI- protein folds. The WT, K21A, and L9T/T20L lipid-bound
L9T/T20L showed significantly increased lipid binding mutants denatured in a biphasic manner as reported for apoE
properties compared to wild-type apoC-lil, the contribution (38), suggesting that the unfolding of the lipid-bound apoC-
of the N-terminus to overall lipid binding may be important. [ll might also occur through stable intermediates. The results
Our results indicate that the change in orientation of the for the L9T/T20L mutant suggest an overall higher stability
N-terminal helix influences the lipid binding properties of when lipid-bound, due to its deeper insertion into the lipid
the whole protein and the overall stability of the protein: phase as evidenced by the Trp emission behavior of this
phospholipid complexes. mutant. In contrast, the F64A/W65A mutant contains a high
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percentage afi-helix; however, the monophasic denaturation allows us to speculate on the mechanism of LPL inhibition
pattern of this mutant suggests that the protdipid by apoC-lll. ApoC-Ill variants were able to inhibit LPL
association is less tight and more prone to GdnHCI-induced activity in the presence or absence of the LPL activator apoC-
denaturation. I, although with differentlso. In the presence of apoC-II,
The mechanism by which apoC-Ill influences plasma Tg low concentrations of apoC-Ill inhibit less efficiently LPL,
levels has been the subject of debate. There is considerablend in fact at low concentrations of wild-type apoC-IIl, LPL
evidence that this is due, in part, to the effects on apoE- activity increased. Since apoC-llI-F64A/WG65A bound poorly
mediated clearance of Tg-rich particles. Cross-breeding ofto lipid, increased amounts of free apoC-IlI-F64A/W65A
apoC-lll transgenic mice with apoE transgenic mice normal- may directly interact with LPL. We therefore suggest that
izes plasma Tg levels. From these studies, it was concludedapoC-lll inhibition of LPL may result from the balance of
that delayed clearance of VLDL Tg in the apoC-IIl over- direct protein:protein interaction. Whether apoC-Ill interacts
expressors was due to the low amount of apoE relative to directly with apoC-II cannot be resolved by these results,
apoC-Ill on the VLDL particle Other studies suggest, and additional experiments would be needed to resolve this.
however, that the hypertriglyceridemia in the apoC-Illl/apoE  Taken together, these data identify that the hydrophobic
transgenic crosses is due to excess apoC-Ill on VLDL ratherresidues F64 and W65 are crucial for the lipid binding
than apoE displacemerit4). We chose to analyze the apoE properties of apoC-lll and redistribution of the N-terminal
displacement by apoC-Ill on discoidal apoE complexes helix of apoC-Ill (L9T/T20L) enhances the stability of the
because (a) these particles are more homogeneous thatipid-bound protein. Thus our structure/function relationship
VLDL or HDL isolated from individual donors, (b) endog- studies of wild type and mutant apoC-lll suggest that the
enous apoC-IIl would affect the experiments, and (c) apoC- C-terminal hydrophobic residues in the sequence have
IlI-deficient plasma was not available. Moreover, it is known important functions in the initiation of lipid binding, while
that variable exchangeable pools of apoE are present inredistribution of the hydrophobicity of the N-terminal helix
plasma VLDL and HDL {5). The displacement of apoE by improves the lipid binding and stability of the apoC-Ill
apoC-lll depends on the lipid binding affinity of the apoC- polypeptide. This suggests that the N-terminal domain of
I, as reported previously for displacement of apoA-l by apoC-lll is necessary for the efficient functioning of WT
apoA-Il (40). ApoC-III-L9T/T20L, the variant with the apoC-lll and/or normal lipoprotein metabolism. Indeed, this
strongest lipid binding properties, replaced 31.2% of apoE imperfect amphipathic domain could serve, for example, to
from the apoE:DPPC complex (WT apoC-lll displaced 17%), balance apolipoprotein exchange. This is consistent with our
while only 8.4% of apoE was replaced by apoC-IlI-F64A/ results on the displacement of apoE from preformed com-
W65A, the variant with diminished lipid binding properties. plexes which is dependent on the lipid affinity of the apoC-
LPL Inhibition. The results obtained from the study by Il mutant tested. Our results further suggest that the
McConathy et al., examining the LPL inhibition by synthetic inhibition of LPL activity by apoC-lll is independent of the
apoC-lll peptides, suggested that the N-terminal domains of ability to bind lipids and by doing so to displace the LPL
apoC-lll, in particular the segments containing amino acids activator apoC-Il, but may be due to direct protein:protein
1-7 and amino acids 725, are important in the modulation interactions with LPL and/or apoC-Il. Further studies will
of LPL activity (12). In the current study, mutation of K21A  be required to clarify these points.
and permutation of L9T/T20L in the N-terminus of apoC-
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