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Abstract To evaluate the role of apolipoprotein (apo) C-I in in- 
hibiting lipoprotein binding to the low density lipoprotein 
receptor-related protein (LRP), a putative lipoprotein remnant 
receptor, apoC-peptide fragments were prepared by chemical 
synthesis or by cyanogen bromide cleavage of intact apoC-I. In 
ligand-blotting assays, peptides corresponding to residues 1-38, 
10-57, 20-57, 30-57, and 40-57 proved ineffective, but intact 
apoC-I was very effective, at inhibiting the binding of apoE- 
enriched &migrating very low density lipoproteins (P-VLDL) to 
the LRP. Studies of the displacement of 1*51-labeled apoE from 
apoE-enriched P-VLDL showed that the largest peptide 
(residues 10-57) was two-thirds as effective as intact apoC-I; the 
other peptides were highly ineffective (residues 40-57, 1-38) or 
only partly effective (residues 20-57, 30-57). Changes in the in- 
trinsic tryptophan fluorescence and helix content indicated that 
the largest peptide was similar to apoC-I in lipid binding affinity, 
while the other peptide fragments showed little or no affinity for 
either unilamellar or multilamellar vesicles of dimyristoyl- 
phosphatidylcholine. I These findings suggest that the ability 
of apoC-I fragments to displace apoE from 8-VLDL is largely, 
but perhaps not exclusively, a reflection of their ability to bind 
to membranous bilayers and that apoC-I blocking of the interac- 
tion between apoE-rich 0-VLDL and the LRP probably involves 
displacement of a critical amount of the apoE from the surface 
of this lipoprotein.-Swaney, J. B., and K. H. Weisgraber. 
Effect of apolipoprotein C-I peptides on the apolipoprotein E 
content and receptor-binding properties of beta-migrating very 
low density lipoproteins. J.  Lipid Res. 1994. 35: 134-142. 

Supplementary key w o r d s  ligand blotting peptide synthesis 

To investigate the action of apolipoprotein (apo) C-I in 
modulating &migrating very low density lipoprotein (p- 
VLDL) binding in the liver, studies were undertaken to 
determine whether apoC-I fragments might be as compe- 
tent as the intact form in displacing apoE from 8-VLDL 
or preventing it from binding to the low density lipoprotein 
receptor-related protein (LRP). The C apolipoproteins 
have previously been shown to play an important role in 

lipoprotein metabolism through their ability to transfer 
between lipoprotein classes, particularly between high 
density lipoprotein (HDL) and chylomicrons, and, in so 
doing, to alter the properties of these particles (1, 2). 
ApoC-11, for example, appears to be required for lipolysis 
of triglyceride-rich lipoproteins by lipoprotein lipase and 
is known to activate this enzyme (3). Similarly, apoC-I 
has been shown to activate the enzyme 1ecithin:cholesterol 
acyltransferase (LCAT), although this ability is shared 
and even surpassed by other apolipoproteins, most nota- 
bly apoA-I (4, 5). The presence of C apolipoproteins on 
the chylomicron surface has long been associated with 
delayed clearance of these particles from the circulation, 
while their loss from the chylomicron surface during lipol- 
ysis and remnant formation is correlated with an en- 
hanced rate of uptake by the liver (1, 6, 7). Studies involv- 
ing the addition of purified C apolipoproteins to native 
and model chylomicrons have implicated both apoC-I11 
and apoC-I as major determinants of chylomicron uptake 
by the liver, but their mechanism of action remains ob- 
scure (8, 9). 

Removal of chylomicron remnants from the circulation 
appears to involve both the classical LDL receptor and a 
specific chylomicron remnant receptor (10). The LDL 
receptor-related protein has been postulated to be the 
chylomicron remnant receptor, and binding to this recep- 
tor has been shown to be mediated by apoE (11, 12) as well 

Abbreviations: apo, apolipoprotein; CD, circular dichroism; HPLC, 
high pressure liquid chromatography; HDL, high density lipoprotein; 
LCAT, 1ecithin:cholesterol acyltransferase; LDL, low density 
lipoprotein; LRP, LDL receptor-related protein; PVDF, polyvinylidene 
difluoride; SDS-PAGE, sodium dodecyl sulfate-polyacryiamide gel elec- 
trophoresis; UV, ultraviolet; VLDL, very low density lipoprotein, 
DMPC, dimyristoylphmphatidylcholine. 
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as by lipoprotein lipase (13). The lipoprotein most widely 
used for studying the binding to the LRP is a unique spe- 
cies of very low density lipoproteins (VLDL) known as @- 
VLDL (14). fl-VLDL, a major class of lipoproteins in 
cholesterol-fed animals, consist of a mixture of remnants 
derived from chylomicrons and VLDL (15). Studies by 
Windler and Havel (1) and by Quarfordt, Michalopoulos, 
and Schirmer (16) showed that addition of C apolipoproteins 
inhibited triglyceride-rich lipoprotein uptake by perfused 
livers. Subsequently, addition of pooled C apolipoproteins 
was shown to prevent binding of apoE-enriched @-VLDL 
to the LRP (17). Recently, Weisgraber and colleagues (18) 
demonstrated that this inhibitory activity resided prin- 
cipally in apoC-I, and that potency of the C apolipoproteins 
to inhibit @-VLDL binding to the LRP correlated with 
their ability to displace apoE from the lipoprotein. Alter- 
natively, apoE could exist in conformations that were both 
competent or noncompetent with respect to receptor 
binding (19-21), and interaction with apoC-I could favor 
a conformation of apoE on the @-VLDL which is incapa- 
ble of binding to its receptor. Such a mechanism was pro- 
posed by Windler and Havel (l), based on their studies of 
the effects of rat and human C apolipoproteins on rem- 
nant uptake by perfused rat livers; Sehayek and Eisenberg 
(22) have also concluded that their data are consistent 
with this hypothesis. 

For a further investigation of the possible role of pro- 
tein-protein interactions between apoC-I and apoE in 
lipoprotein complexes, fragments of apoC-I were pre- 
pared in order to determine whether the ability of poly- 
peptides to inhibit binding of @-VLDL to LRP could be 
correlated with the ability of these fragments to displace 
apoE from @-VLDL and to establish whether apoE dis- 
placement is a reflection of relative affinities for phos- 
pholipid bilayers. Previous studies of synthetic peptides 
corresponding to segments of the primary structure of 
apoC-I suggested that the lipid binding capacity of apoC- 
I, a polypeptide of 57 residues, appears to reside in the 
carboxyl-terminal half of the molecule, while the ability to 
activate LCAT required the carboxyl-terminal 41 residues 
(23). Peptide fragments of apoC-I used in this study in- 
cluded similar regions, allowing us to compare newly 
described functional properties of apoC-I with previously 
established functions localized to particular regions. 

MATERIALS AND METHODS 

Lipoproteins 

The @-VLDL were prepared from the plasma of rabbits 
fed for 4 days with a 2% (w/v) cholesterol, 10% (v/v) coco- 
nut oil diet as described (17) and were then dialyzed 
against 0.15 M NaCl and 20 mM sodium phosphate (pH 
7.4). This fraction was successively filtered through 5-pm, 
1.5-pm, 0.8-pm, and 0.45-pm filters as described by Kowal 

et al. (17). In one set of experiments the p-VLDL was 
provided as a gift from Dr. J. Herz of the University of 
Texas Southwestern Medical Center at Dallas. For most 
experiments the @-VLDL was biotinylated as described by 
Kowal et al. (17), except that biotin-LC-hydrazide (Pierce 
Chemical Co.) was used in lieu of biotin hydrazide. After 
biotinylation, the @-VLDL was dialyzed against 20 mM 
Tris-HC1, 0.15 M NaCl, 0.25 mM EDTA, pH 7.5. 

Apolipoproteins 

Human apolipoproteins C-I, C-11, C-111-1, and C-111-2 
were isolated from the low molecular weight peak ob- 
tained during gel filtration on Sephacryl S-300 of the d < 
1.02 g/ml lipoprotein fraction and by preparative high 
pressure liquid chromatography (HPLC) on a 2.15 x 15 
cm DEAE 5PW column (Bio-Rad) as previously 
described (18). Lyophilked fractions of pure C apolipoproteins 
were renatured by solubilization in 6 M guanidine HCl 
and slow removal of the denaturant by dialysis against 10 
mM ammonium bicarbonate. Rabbit plasma apoE was 
isolated using gel filtration on Sephacryl S-300 (Pharma- 
cia LKB Biotechnology Inc.). This material was stored at 
-7OOC in 0.1 M NH4HC03 and renatured from guani- 
dine HCl as described above. 

Synthetic peptides 

Various-length fragments of human apoC-I co- 
terminating at the apoC-I carboxyl terminus were synthe- 
sized using an Applied Biosystems model 431A Peptide 
Synthesizer. The standard program was modified slightly 
by adding a capping step with acetic anhydride to block 
unreacted amino termini. All but two cycles of the synthe- 
sis yielded an efficiency >98.5% for the coupling of the 
protected amino acid to the growing polypeptide chain. 
At predetermined points in the synthesis, portions of the 
peptide-resin complex were removed and the remainder 
was returned to the synthesizer to continue the synthesis, 
allowing for a “nested” synthesis of fragments c-140-57,‘ 
c-+7, C-120-57, and C-110-57. After deprotection and 
cleavage from the resin, each peptide was analyzed and 
purified by reversed phase HPLC on a C8 column (Beck- 
man Ultrasphere ODs, 4.6 x 250 mm). The purity of 
each peak was ascertained by UV absorbance spec- 
troscopy, rechromatography on a C8 column, amino acid 
analysis, and polyacrylamide gel electrophoresis in gels 
containing sodium dodecyl sulfate (SDS-PAGE) (24). The 
peptides were stored in the lyophilized form and recon- 
stituted before use by dissolving in 6 M guanidine HCl 
and passing over a small gel filtration column (Bio-Gel 
P-2, Bio-Rad Labs) which was eluted with 10 mM ammo- 
nium bicarbonate. 

*The peptide fragments of apoC-I are referred to by the expression C- 
I,.,, where a and b refer to the beginning and ending residues in the 
primary structure, respectively. 
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Cyanogen bromide cleavage-generated peptide 
fragments 

Apolipoprotein C-I was cleaved at the single methio- 
nine residue (residue 38) by incubation overnight with a 
100-fold excess of CNBr in 70% formic acid. After 
lyophilization, the peptide fragments were resolved by 
reversed phase HPLC on a C8 column. The peptide cor- 
responding to residues 1-38 ((2-11-38) was characterized 
by ultraviolet absorption spectroscopy, SDS-PAGE, and 
amino acid analysis. 

Determination of ‘251-labeled apolipoprotein E bound 

Rabbit apoE was iodinated with Bolton-Hunter rea- 
gent (DuPont-New England Nuclear) as described (25) 
(specific activities of the two preparations used in these 
studies were 1600 and 554 dpm/pg). Incubation mixtures 
contained 50 pg of biotinylated 0-VLDL protein, 100 pg 
of lZ5I-labeled rabbit apoE, 1% P-mercaptoethanol, and 
0-100 pg of apoCs or apoC-I synthetic fragments. A con- 
stant final volume was obtained by adding 0.1 M 
NH4HC03, and 100 pl was applied to a Superose-12 fast- 
performance liquid chromatography (FPLC) column, 10 
x 300 mm (Pharmacia). The column was eluted with 

0.15 M NaCl, 20 mM sodium phosphate, 1 mM EDTA 
(pH 7.4) at a flow rate of 1 ml/min, and fractions were col- 
lected at 30-sec intervals. 

Ligand blotting 

Ligand blotting of the LRP and LDL receptors was 
performed by electrophoresis of a DEAE cellulose fraction 
of rat liver membranes (17) on 3-10% SDS-PAGE gels, 
electroblotted overnight at 250 ma onto polyvinylidene 
difluoride (PVDF) membranes (Immobilon, Millipore). 
The membrane was blocked for 1 h with a 5% bovine se- 
rum albumin solution. The membrane was cut into 3-4 
mm strips, which were incubated for 1 h at room temper- 
ature with 0-VLDL (10 pg proteidml) that had been pre- 
incubated at 37OC for 30 min with rabbit apoE (10 or 20 
pg) and apoC-I or synthetic fragments. After washing the 
membrane strips (3 x 10 min washes), the bound bi- 
otinylated b-VLDL was “decorated” by incubating the 
strips with 125I-labeled streptavidin, which was prepared 
by radioiodinating streptavidin (Pierce) using Iodo-Gen 
(Pierce) as a catalyst. The specific activity of this material 
was - 7000 dpm/ng; autoradiograms were prepared us- 
ing XM film (3M Company) using a cassette with inten- 
sifying screens. 

Circular dichroism 

to 0-VLDL 

The alpha helical content of lipid-bound and lipid-free 
peptides was determined by measuring the circular 
dichroism (CD) spectrum over the interval of 200-230 nm 
using a Jasco J41A spectropolarimeter calibrated with a 
0.1% (w/v) d-10-camphorsulfonic acid solution. Lipid 

complexes were prepared with peptides freshly renatured 
from 6 M guanidine HCl by incubation with unilamellar 
vesicles of dimyristoylphosphatidylcholine (DMPC) 
(DMPC-peptide, 2.5:1, w/w) at 24OC for 1 h; the samples 
were stored at 4OC overnight and spectra were obtained 
the next day. C D  spectra were measured at room temper- 
ature in a 0.1-cm path length quartz cell at a protein con- 
centration of 50 pglml in 10 mM sodium phosphate 
buffer, pH 7.6. An average was taken over 12 scans, and 
the ellipticities at 222 nm and 208 nm were used to esti- 
mate the percentage of a-helix, by the method of 
Greenfield and Fasman (26). 

Fluorescence spectroscopy 

The lipid binding characteristics of apoC-I and its pep- 
tide fragments were evaluated by titrating the effect of 
serial additions of phospholipid on the intrinsic fluores- 
cence of the single tryptophan residue. A 1 mg/ml solu- 
tion of DMPC was freshly prepared by sonication to yield 
a clear solution of unilamellar vesicles. Aliquots of this so- 
lution were added to a cuvette (which was placed in a 
thermostated holder) containing the peptide and allowed 
to incubate 5-10 min at 24OC before obtaining the fluores- 
cence emission spectrum from 300-400 by excitation at 
290 nm in a Hitachi F-2000 fluorescence spectrophotome- 
ter. SpectraCalc software was used to process the spectra 
and to determine the emission wavelength maximum. In 
another series of experiments, multilamellar dispersions 
of DMPC, prepared at a concentration of 75 pg/ml, were 
placed in a thermostated fluorescence cuvette; an aliquot 
of peptide calculated to yield a DMPC:peptide ratio of 
1.5:l (w/w) was added, and the clearing of phospholipid 
turbidity was followed over 30 min to evaluate the interac- 
tion between these two chemical species. 
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Fig. 1. Reversed phase HPLC of pooled fractions from preparative- 
scale HPLC of synthetic peptides. Peptide fractions from the nested syn- 
thesis of apoC-I carboxyl-terminal fragments were injected onto a 10 x 
150 mm Cs reversed phase column and eluted with a gradient from 25% 
to 60% acetonitrile. 
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Fig. 2. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis of C 
apolipoproteins and peptide fragments of apolipoprotein C-I. Samples 
(5-8 pg) were applied to each of the following lanes: lanes 1 and 9, 
molecular weight marken (Sigma, MW-SDS-l7S), lanes 2 and 7, apoC- 
I; lane 3, lane 6, C-I,+57; lane 
8, C-Il-s; lane 10, a+-11; lane 11, apoC-111-1. 

lane 4, c-Im-57; lane 5, 

RESULTS 

Solid-phase peptide synthesis of apoC-I fragments, fol- 
lowed by cleavage and deprotection, yielded preparations 
which were subjected to preparative reversed phase 
HPLC. The major fractions were pooled and character- 
ized by ultraviolet spectroscopy, after which pooled frac- 
tions were subjected to analytical reversed phase HPLC 
(Fig. 1). Each of the four peptides revealed a single major 

peak, with the longer peptides eluting later as expected. 
As apoC-I possesses no tyrosine residues and only a single 
tryptophan (residue 41), all peptides yielded identical UV 
spectra in the aromatic region of 260-290 nm. 

Reversed phase HPLC was used to isolate and purify 
the amino-terminal cyanogen bromide fragment of apoC- 
I, corresponding to residues 1-38. The purity of this pep- 
tide, as well as of the synthetic fragments, was > 90%, as 
determined by SDS-PAGE (Fig. 2). The molecular 
weights for each synthetic fragment and for the cyanogen 
bromide fragment were in the expected ranges. Amino 
acid analysis of the peptides (Table 1) showed good agree- 
ment with expected values. 

The ability of peptides to displace apoE from the sur- 
face of 0-VLDL was assessed via a gel filtration assay 
utilizing a Superose 12 column. A sample of 8-VLDL in- 
cubated with '25I-labeled apoE plus various amounts of 
peptides was applied to the column to separate the 0- 
VLDL from unbound apolipoproteins. As shown in Fig. 3, 
displacement of apoE from the 0-VLDL to a later-eluting 
fraction was dependent upon the amount of peptide add- 
ed; the effect of the fragments of apoC-I diminished as 
the length of the peptide decreased. To compare the 
properties of the peptide fragments quantitatively, the 
relative displacement of apoE was normalized to the con- 
trol incubation (no apoC peptide added) at 100% (Fig. 4). 
As shown in Fig. 4A, the longest fragment (C-110-57) 
comes closest to duplicating the ability of intact apoC-I to 
displace apoE. Shorter peptides ((2-120-57 and C-130-57) 
were less effective in displacing apoE, behaving similarly 
to apoC-I11 (Fig. 4B). Neither the shortest fragment (C- 

Fig. 4A) nor the C-11-38 fragment (Fig. 4B) ap- 
peared to compete with apoE for the surface of 0-VLDL. 

TABLE 1 .  Amino acid composition of purified synthetic fragments of apolipoprotein C-I 

AS% 2.9 (4)' 1.0 (1) 1.2 (1) 2.1 (2) 2.9 (3) 

Ser 4.8 (5) 1.6 (2) 3.4 (4) 4.0 (5) 3.8 (5) 
1.1 (1) 0.0 (0) 0.0 (0) 0.0 (0) 0.87 (1) 

Arg 2.3 (2) 0.0 (0) 0.94 (1) 2.6 (3) 3.1 (3) 
Thr 1.9 (2) 0.80 (1) 0.84 (1) 0.87 (1) 1.8 (2) 
Ala 3.2 (3) 0.0 (0) 0.85 (1) 1.6 (2) 1.7 (2) 

Glx 4.9 (5) 4.2 (4) 6.5 (6) 8.5 (7) 10.0 (9) 

0.0 (0) 
GlY 
His 0.0 (0) 0.0 (0) 0.0 (0) 0.0 (0) 

Pro 0.76 (1) 0.0 (0) 0.0 (0) 0.0 (0) 0.0 (0) 
TY r 0.23 (0) 0.05 (0) 0.20 (0) 0.24 (0) 0.21 (0) 
Val 1.1 (1) 1.0 (1) 1.1 (1) 1.2 (1) 1.2 (1) 
Met 0.09 (0) 0.70 (1) 1.1 (1) 1.1 (1) 1.2 (1) 
CYSI2 0.06 (0) 0.0 (0) 0.0 (0) 0.0 (0) 0.0 (0) 
Ileu 1.9 (2) 1.1 (1) 1.1 (1) 2.7 (3) 3.1 (3) 
Leu 5.2 (5) 1.2 (1) 2.1 (2) 3.1 (3) 5.2 (5) 
Phe 1.9 (1) 2.1 (2) 2.1 (2) 2.4 (2) 3.1 (2) 

HomoSer 0.71 (1) 
LYS 5.6 (5) 4.0 (4) 6.4 (6) 7.1 (7) 9.5 (9) 

'Average of t h m  determinations. 
'Average of two determinations. 
'Average moles amino acid/mole peptide; the numbers in parentheses are the expected values. 
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Fig. 3. Displacement of 125I-labeled apoE from 0-VLDL by various 
concentrations of apolipoprotein C-I fragments as determined by gel 
filtration. A mixture of /3-VLDL (50 pg protein) and 1251-labeled apoE 
(100 pg) was incubated at 37OC for 30 min with increasing amounts of 
apoC-I fragments (final volume = 300 ~ 1 ) .  A 10-pl aliquot of the mix- 
ture was applied to a Superose 12 column. The column was eluted with 
0.15 M NaCl, 20 mM sodium phosphate, 1 mM EDTA (pH 7.4) at a flow 
rate of 1 ml/min, and fractions were collected at 30-sec intervals. The 
percent distribution of radioactivity was determined by y counting. 
Fractions 15-18 contained 8-VLDL, and fractions 20-32 contained free 
apoE. Panels A-F correspond to the addition to the incubation mixture 
of the following peptides, respectively: C-IlO-,,, C-120-57, C-Im-57, C- 
I,.,,, C-I1-,,, C-111; (0), control (no additions); (O), 100 pg peptide 
added. Values for 10 pg and 30 pg of added peptide were deleted from 
the figure for simplicity, but shaved elution traces intermediate between 
the curves depicted. 

The ability of apoC-I and its various synthetic frag- 
ments to inhibit the interaction between rabbit apoE- 
enriched @-VLDL and the LRP from rat liver membranes 
was studied by ligand blotting (Fig. 5). As noted previ- 
ously, apoC-I shows a concentration-dependent inhibition 
of the binding by apoE-enriched @-VLDL to the LRP, 
whereas apoC-I11 shows little or no inhibition even at a 
peptide-apoE ratio of 3:l (18). To average our results with 
the various apoC-I fragments over different experiments, 
autoradiograms comparable to those in Fig. 5 from multi- 
ple ligand blots were subjected to scanning densitometry, 

and peak areas (expressed as a percentage of control 
values) were plotted (Fig. 6). Each of the apoC-I frag- 
ments, including the largest peptide, showed little or no 
inhibition of binding even at the highest peptide-apoE ra- 
tio (3:1, w / ~ ) .  Equivalent ligand binding results were ob- 
tained when the @-VLDL used was enriched at either a 1:l 
or 2:l ratio of apoE to @-VLDL protein. The results were 
similar whether the samples used for ligand blotting were 
incubated just before the probing procedure or were ob- 
tained from the identical incubations used for studies of 
apoE displacement and were stored at 4OC for 2 days be- 
fore blotting. 

To investigate whether the amino-terminus of apoC-I 
contributed to these functions, the amino-terminal cyano- 
gen bromide fragment (residues 1-38, ending in homoser- 
ine) was isolated and used for studies of apoE displace- 
ment from @-VLDL and ligand blotting. As shown in Fig. 
4B, the apoC-11-36 peptide was ineffective at displacing 
apoE from @-VLDL and was most nearly comparable to 
the shortest synthetic peptide, C-14~-57. In ligand blotting 
(Figs. 5 and S), the apoC-11-36 peptide was a poor inhibi- 
tor of @-VLDL binding to the LRP. 

?i 25t21 0 0.0 0.2 0.4 0.6 0.8 1.0 

Peptide:apoE ratio (w/w) 

Fig. 4. Ability of peptides to displace 125I-labeled apolipoprotein E 
from /3-VLDL. Incubations and FPLC gel filtration were performed as 
described in the legend to Fig. 3. The amount of radiolabel contained 
in the /3-VLDL fractions (tubes 15-18) was summed, normalized against 
the control incubation, and plotted versus the amount of peptide added. 
Panel A, apoC-I (0); C-Ilo-5, (0); c-I2+57 0; C - I ~ ~ - N  (A); C - k , ,  
(A). Panel B, apoC-I (0); apoC-111-1 (e); C-11-38 (0). The points 
represent the mean of three experiments (* SD) for peptide:apoE 
weight ratios of l:i, and of two experiments (* range) for the remaining 
ratios, except for C-I,-3e, for which only one set of data was obtained. 
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Fig. 5. Ligand blotting of apolipoprotein E-enriched 0-VLDL to partially purified low density lipoprotein 
receptor-related protein and low density lipoprotein receptors. PVDF membrane strips containing a DEAE-cellulose 
fraction of rat liver membranes containing both LRP and LDL receptors were prepared as described (16). Replicate 
strips were blotted in the presence of biotinylated 0-VLDL (10 pg proteinlml), which had been preincubated with 
rabbit apoE (10 pglml) and the indicated amount (in pg) of apoC-I peptide fragment. Bound 0-VLDL were detected 
by incubation with 1*'I-labeled streptavidin (1.5 x lo6 dpmlml; 10,800 dpmlng), after which the strips were placed 
on X M  film (3M Co.) for 3 h at -2OOC with an intensifying screen. The strips were calibrated with the following 
molecular weight markers: apoB-100 (512 kDa), myosin (200 kDa), phosphorylase (97.4 kDa), and bovine serum 
albumin (69 kDa). 

0 1 2 3 
Peptide:apoE mtio (w/w) 

Fig. 6. Inhibition of the binding of apoE-enriched O-VLDL to par- 
tially purified LRP and LDL recepton by apoC peptides and peptide 
fragments. Ligand blotting was performed as described in Fig. 5 and au- 
toradiograms from three to four experiments for the C-I peptides (two 
for the C-111 data) were subjected to densitometric scanning to deter- 
mine the area under the LRP zone. The figure depicts the amount of 
apoE-enriched 0-VLDL bound to the LRP as a percentage of the control 
sample (no peptide added) in each experiment. Panel A, apoC-I (0); C- 

apoC-111-1 (e); C-I,-38 (0). 
(0); C-I,,,, (m); C-130-57 (A); C-1w-57 (A). Panel B, apoC-I (0); 

To assess whether the ability of the various peptides to 
displace apoE from the 0-VLDL might correlate with 
affinity for a lipid surface, measurements were made of 
the binding of the various C peptides for vesicles prepared 
from DMPC. In one series of experiments, a solution con- 
taining the peptide of interest was "titrated" by the addi- 
tion of unilamellar vesicles of DMPC, and the change in 
the tryptophan emission maximum was assessed (Fig. 7); 
the single tryptophan in apoC-I is at position 41 and thus 
is found in all of the peptides. Among the synthetic frag- 
ments only C-I10-57 was affected by DMPC to the same 
extent as intact apoC-I, while peptides C-140-57 and C- 
130-57 showed no effect of phospholipid on the tryptophan 
environment. Kinetic studies of the interaction between 
the peptides and multilamellar vesicles yielded similar 
results (data not shown). Specifically, the rate of clearing 
of phospholipid turbidity was rapid for apoC-I and the C- 
110-57 peptide; the c-120-57 and c-130-57 peptides reacted 
much more slowly, and the C-140-57 showed almost no 
clearing of liposome turbidity over the 30-min period dur- 
ing which measurements were taken. Very slow or no 
clearing of phospholipid turbidity was observed with C- 
11-38 and C-139-57, as well as with a 1:l (w/w) mixture of 
the two peptides. Similar conclusions were obtained by 
C D  studies of peptides with and without added DMPC 
(Table 2). Addition of DMPC to the C-110-57 peptide 
resulted in formation of a complex with almost as much 
a-helix as the native apoC-I, but adding phospholipid to 
the longer peptides produced only a low percentage of he- 
lix and/or little change in secondary structure. The 
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Fig. 7. Titration of lipid affinities of apolipoprotein C-I peptide frag- 
ments by monitoring fluorescence blue shifts of the intrinsic tryptophan 
fluorescence. The fluorescence emission spectrum of apoC-I peptide 
fragments was obtained 5-10 min after the addition of aliquots of a 
DMPC unilameller vesicle preparation; the change in maximum 
wavelength relative to the initial spectrum is plotted versus the weight ra- 
tio of DMPC added to the peptide. 

intermediate-size peptide ((2-120-57) showed a small effect 
of DMPC on helix content, as well as a small effect of the 
lipid on tryptophan fluorescence (Fig. 7). 

DISCUSSION 

The apolipoproteins have attracted considerable in- 
terest because they not only constitute structural compo- 
nents of the plasma lipoproteins, but also play key roles 
in the metabolism of lipoproteins. Direct roles include 
recognition of cellular receptors and modulation of en- 
zymatic activities. Evidence is also accumulating for in- 
direct roles, such as the effect of C apolipoproteins at 
blocking the clearance of triglyceride-rich particles, such 
as the chylomicrons, from the plasma. The biochemical 
basis for such actions remains to be elucidated. The 
present studies were directed at clarifying the mode of ac- 
tion of apoC-I in modulating the binding of P-VLDL to 
hepatic membranes. Previous workers have already estab- 
lished that the carboxyl-terminal 41 residues of apoC-I 
possess 100% of the ability of intact apoC-I to activate the 
LCAT enzyme (27). This finding suggests that functional 
properties of apoC-I might be localized to regions of 
primary structure, similar to the receptor-recognition se- 
quences reported for the apoE and apoA-I (10, 28). 

Our studies were designed to investigate whether par- 
tial sequences from apoC-I might be as competent as the 
intact form in displacing apoE from P-VLDL or inhibit- 
ing its binding to the LRP. However, unlike the LCAT ac- 

tivation studies, ours showed that only the intact apoC-I 
possessed significant ability to block interaction with 
LRP. That is, fragments including only the amino- or the 
carboxyl-terminus of apoC-I had little or no potency in 
blocking binding of apoE-enriched 8-VLDL to either the 
LRP or the LDL receptor on membrane blots (Figs. 5 
and 6). This suggests that either the entire apoC-I 
molecule is necessary to maintain a functional conforma- 
tion, or the functional portions of the apoC-I are discon- 
tinuous and require sequences from both the carboxyl- 
and amino-termini. It can be noted, however, that intact 
C-I appears to inhibit the interaction of apoE-enriched 0- 
VLDL with both the LRP and the LDL receptor (Fig. 5 
and ref. 18). 

Studies of the displacement of apoE from apoE- 
enriched P-VLDL suggest that although the longer pep- 
tides, in general, were more effective than shorter pep- 
tides, even a fragment corresponding to 84% of the native 
protein could not equal the potency of apoC-I in this 
regard (Figs. 3 and 4). None of the apoC-I fragments at 
the concentrations used in these studies were capable of 
displacing more than 50% of the labeled apoE from the 
P-VLDL, while intact apoC-I displaced 75-80% of the 
apoE. Retention of about 50% of the exogenously added 
apoE on 0-VLDL has previously been suggested to be 
sufficient to mediate binding to the LRP (18). Thus, the 
failure of the various peptides to inhibit binding to the 
LRP may correlate with inability to displace more than 
50% of the exogenous apoE, supporting the hypothesis 
that apoC-I influences binding primarily or exclusively 
through apoE displacement on this particular class of 
lipoproteins. The alternative hypothesis, as proposed by 
Brown and Goldstein (21) and others (22, 29), is that 
apoC-I (or other C apolipoproteins) binds directly to 
apoE, altering its conformation to one lacking the ability 
to recognize LRP. Our data do not disprove this hypothe- 
sis but do imply that the entire c-I molecule would be re- 

TABLE 2. calculated secondary structure of lipid-free peptides 
and peptide:DMPC complexes 

% u-HelixO 
~ _ _ _ _ _ _ ~  

Peptide Peptide Alone Peptide:DMPC Complex 

c-1,-57 32 53 

c - 1 3 0 - 5 7  5 9 
c - 1 4 0 - 5 7  0 2 
c-11-3~1 10 12  

C-Iio-57 18 42 
c - 1 2 0 - 5 7  9 15 

A-I 55 72 

"Determined from the molar ellipticities at 222 nm as described in 
reference (26) using the following mean residue weights: C-I,-,,, 116.3; 
C-I,O.s7, 119.7; C-Iy-57, 120.6; C-I,o+7, 121.5; C-IL-m, 111.3; C-111, 
110.9; A-I, 115.2. 
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quired to bind to apoE and alter its conformation. It is 
plausible that the mechanism of apoC-I inhibition of 
binding might be dependent on the particular lipoprotein 
being studied. 

Studies of phospholipid binding properties of the vari- 
ous peptide fragments of apoC-I indicated that only the 
largest fragment (C-110-57) came close to possessing the 
lipid affinity of the intact apoC-I (Fig. 7, Table 2). The 
markedly reduced affinity of the remaining peptides for 
phospholipid bilayers could readily account for their rela- 
tive inability to displace apoE from 8-VLDL or to inhibit 
binding to the LRP. However, the strong lipid affinity of 
the C-110-57 peptide, as well as the significant displace- 
ment of apoE from b-VLDL, suggest that other proper- 
ties, such as the absence of primary structure needed for 
specific protein-protein interactions, mqy be required to 
explain the inability of this peptide to inhibit the binding 
of apoE-enriched 8-VLDL to the LRP. 

Analysis of the helix-forming properties of the apoC-I 
sequence has predicted the existence of two extended 
regions of Class A amphipathic helix, spanning residues 
7-33 and 35-54 (30). The middle of this molecule is 
characterized by a region of relatively low hydrophobic 
moment that may diminish the lipid binding affinity in 
this region. The portions of the molecule with the highest 
hydrophobic momentlresidue are found toward the 
amino-terminal end (residues 7-17) and the carboxyl- 
terminal region (residues 40-50); apparently both of these 
regions must be present simultaneously in a fragment to 
duplicate the lipid binding affinity of intact apoC-I. It is 
possible that the absence of residues 7-9 from peptide C- 
110-57, which could complete the region encoded by exon 
1, might account for the failure of this peptide to mimic 
intact apoC-I in its inhibition of 8-VLDL binding to the 
LRP. In this regard, it is interesting to note that the 
cyanogen bromide peptides of apoC-I (C-11-38, C-139-57) 
were found to be uninvolved at activating LCAT (27). In 
our experience, these peptides, as well as C-Im-57, had 
low or no ability to bind to DMPC vesicles. Similarly, our 
studies showed that peptides C-11-38 and C-Im-57 had no 
ability to displace apoE or to inhibit interaction with the 
LRP. Thus, it may be that the amino-terminal region per 
se possesses no functional domain, but is required to yield 
a completely functional molecule by means of interaction 
with the carboxyl terminus possibly involving exon- 
encoded amphipathic helical regions. B 
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