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Summary 

The monolayer technique has been used to study the interaction of lipids 
with plasma apolipoproteins. Apolipoprotein C-II and C-III from human very 
low density lipoproteins, apolipoprotein A-I from human high density lipopro- 
teins and arginine-rich protein from swine very low density lipoproteins were 
studied. The injection of each apoprotein underneath a monolayer of egg phos- 
phatidyl[14C]choline at 20 mN/m caused an increase in surface pressure to 
approximately 30 mN/m. With apolipoprotein C-II and apolipoprotein C-III 
there was a decrease in surface radioactivity indicating that the apoproteins 
were removing phospholipid from the interface; the remcval of phospholipid 
was specific for apolipoprotein C-II and apolipoprotein C-III. Although there 
was a removal of phospholipid from the monolayer, the surface pressure 
remained constant and was due to the accumulation of apoprotein at the inter- 
face. The rate of surface radioactivity decrease was a function of protein con- 
centration, required lipid in a fluid state and, of the lipids tested, was specific 
for phosphatidylcholine. Cholesterol and phosphatidylinositol were not 
removed from the interface. The addition of 33 mol% cholesterol to the phos- 
phatidylcholine monolayer did not affect the removal of phospholipid by apo- 
lipoprotein C-III. 

The addition of phospholipid liposomes to the subphase greatly facilitated 
the apolipoprotein C-II-mediated removal of phospholipid from the interface. 

* Present  address:  Universit~t Bern, Freiestrasse 1, Bern, Switzerland. 
** To whom reprint reques t s  shou ld  be  sent .  
Abbreviations: chylomicrons, d < 0.95 g/cm3; VLDL, very low density lipoproteins (d = 0.95--1.006 g/ 
cm3); LDL, low density lipoproteins (d = 1.006--1.063 g/cm3); HDL, high dens i ty  l ipopro te ins  (d = 
1.063--1.210 g/cm3). The A-B-C n o m e n c l a t u r e  o f  A laupov ic  [1] is used  to  des ignate  the  apoproteins. 
In addi t ion ,  apo  E or 'arginine-rich' protein has b e e n  used .  
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Although apolipoprotein A-I and arginine-rich protein gave surface pressure 
increases, phospholipid was only slightly removed from the interface by the 
addition of liposomes. Based on these findings, we conclude that the apolipo- 
proteins C interact specifically with phosphatidylcholine at the interface. This 
interaction is important as it relates to the transfer of the apolipoproteins C 
and phospholipids from very low density lipoproteins to other plasma lipopro- 
teins. 

The addition of human plasma high density lipoproteins or very low density 
lipoproteins to the subphase increased the apolipoprotein C-mediated removal of 
phosphatidyl[14C]choline from the interface 3--4 fold. Low density lipopro- 
teins did not affect the rate of decrease. During lipolysis of very low density 
lipoproteins to the subphase increased the apolipoprotein C-mediated removal of 
with the lipid monolayer. Lipolysis experiments were performed in a mono- 
layer trough containing a surface film of egg phosphatidyl[~4C]choline and a 
subphase of very low density lipoproteins and bovine serum albumin. Lipolysis 
was initiated by the addition of purified milk lipoprotein lipase to the sub- 
phase. As a result of lipolysis, there was a decrease in surface radioactivity of 
phosphatidylcholine. The pre-addition of high density lipoproteins decreased 
the rate of decrease in surface radioactivity. From these results, we suggest that 
high density lipoproteins function as acceptor for the products of lipolysis and 
are of importance as it relates to the metabolic relationship between very low 
density lipoproteins and high density lipoproteins in man. 

Introduction 

Chylomicrons, very low density lipoproteins (VLDL), low density lipopro- 
teins (LDL) and high density lipoproteins (HDL) are the major carriers of lipid 
in blood (for reviews, Refs. 2--4). Each lipoprotein class contains specific 
proteins or apoproteins. Because of their lipid-binding properties, the plasma 
apolipoproteins have been used extensively as model proteins to study lipid- 
protein interaction (for review, Refs. 5--7). In these studies, purified apopro- 
teins have been added to phospholipid vesicles and it has generally been shown 
that there are changes in the physical state of the proteins and the lipids. By 
these bulk systems it has been difficult to determine any differences in the apo- 
proteins for their affinity to lipids. 

In the present investigation, we have utilized monolayer techniques to study 
the lipid-protein interaction. Four representative plasma apolipoproteins have 
been used in these studies and include apolipoprotein C-II and C-III (apo C-II 
and apo C-III) from human VLDL, apo A-I from human HDL and swine 
arginine-rich protein (apo E), an apoprotein found in normal human lipopro- 
teins but in increased quantities in animals fed cholesterol-rich diets [8]. It 
will be shown that only the apo C proteins interact with phospholipid mono- 
layers and cause removal of lipid from the interface. If phospholipid lipo- 
somes were then added to the subphase, the decrease was greatly facilitated. 
The relevance of this interaction to the transfer of apolipoproteins and phos- 
pholipids during catabolism of triacylglycerol-rich lipoproteins is considered 
also. 
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It is well-established that human plasma very low density lipoproteins 
(VLDL) are degraded in the capillary endothelium by lipoprotein lipase (for 
review, see Ref. 9). With hydrolysis of  triacylglycerol, there is a loss of  the sur- 
face components  (cholesterol, phospholipids and proteins) from the lipopro- 
tein particle. The proteins, mainly the apo C proteins, are then found asso- 
ciated with the high density lipoproteins (HDL). The mechanism for the 
transfer of  the apo C proteins from VLDL to HDL is not  known. It is also not  
clear whether the apoproteins are transferred from the lipoprotein interface 
alone or with a complement  of  phospholipid and cholesterol. Since plasma lipo- 
proteins are the acceptor  of  the apo C protein during lipoprotein metabolism, 
we have expanded the monolayer  studies and have shown that plasma VLDL 
and HDL also interact with apoprotein-phospholipid complexes to facilitate 
their removal from interfaces. In addition, we have utilized monolayer  tech- 
niques to investigate the effects o f  lipolysis on VLDL and the mechanism of 
transfer of  the apo C proteins. From these results we conclude that HDL serve 
as an acceptor  of  the apo C proteins during lipolysis. 

Materials and Methods 

Isolation of lipoproteins and apoproteins. Apo C-II and apo C-III were iso- 
lated from VLDL which were obtained from plasma of fasting subjects with 
types IV and V hyperl ipoproteinemia as described previously [10].  The VLDL 
were isolated by ultracentrifugation flotation of  plasma in a 60 Ti rotor  
(Beckman Inst.) for 20 h at 58 000 rev./min and 8°C. After delipidation with 
diethyl ether/ethanol  (3 : 1) and then diethyl ether, 8 ml of  0.01 M Tris-HC1, 
pH 7.6, containing 3 M guanidine HC1 was added to t h e  lipid-free VLDL 
(250 mg). After  stirring for 1 h at 25°C, the insoluble material was removed by 
centrifugation at 20 000 rev./min. The soluble protein material (150 mg) was 
applied to a column (2.6X 1 6 0 c m )  of  Sephracryl S-200 (Pharmacia) 
equilibrated with 0.01 M Tris-HC1, pH 7.6, containing 3 M guanidine HC1; the 
column was eluted with the same equilibration buffer. Those fractions con- 
taining the apo C proteins were combined and desalted on Bio Gel P-2 in 0.1 M 
ammonium bicarbonate.  The apo C proteins were further fractionated on 
DEAE-cellulose (Whatman DE-52 cellulose) at 4°C. The column (1.6 X 24 cm) 
was equilibrated with 0.01 M Tris-HCl, pH 8.2, containing 6 M urea. The 
equilibration and elution buffers were prepared at the time of  chromatography 
and were made from urea which had been passed through a column of Rexyn 
1-300 immediately before use. The proteins were eluted with a linear gradient 
which consisted of  500 ml of  the equilibration buffer  on one side of  the gradi- 
ent maker and 500 ml of  the same buffer  containing 0.125 M NaC1 on the 
other  side. The fractions corresponding to apo C-II and apo C-III-1 (apo C-III 
containing one residue of  sialic acid) were pooled and desalted at 4°C by 
chromatography on Bio Gel P-2 in 0.1 M ammonium bicarbonate. The purity 
of the isolated proteins was determined by  analytical isoelectrofocusing 
between pH 4.0 and 6.0 [11] and by amino acid analysis. 

Human apo A-1 was prepared from HDL as described previously [12].  The 
isolated protein was homogenous  by polyacrylamide gel electrophoresis in 
sodium dodecyl  sulfate (SDS) and by amino acid analysis. 

Swine arginine-rich protein was isolated from VLDL and fl-VLDL which 



372 

were obtained from plasma of cholesterol-fed Hampshire barrow pigs. The 
swine were fed a diet consisting of a stock hog chow [13] to which was added 
15% lard and 2% cholesterol (by weight); the animals were fed the diet 
3 months prior to bleeding. Plasma was collected as described previously [13]. 
VLDL was isolated by ultracentrifugal flotation of  plasma in KBr at d • 1.020. 
After delipidation and solubilization in 0.01 M Tris-HC1, pH 7.6, containing 
3 M guanidine HC1 as described above for apo C proteins, arginine-rich pro- 
tein was isolated by chromatography of the soluble protein on Sephacryl 
S-200. The conditions of chromatography were exactly the same as above. 
Individual fractions were analyzed by polyacrylamide gel electrophoresis in 
SDS, those fractions containing apo E were pooled, desalted on Bio Gel P-2 in 
0.1 M ammonium bicarbonate and lyophilized. The amino acid composit ion of 
the isolated protein was consistent with that reported by Kahley et al. [14].  

Apoprotein concentrations were determined by amino acid analysis. Each of 
the purified apoproteins contained less than 0.02 mol% phospholipid as deter- 
mined by the method of Bartlett  [15].  Apo C-II was iodinated by the method 
of Rohol t  and Pressman [16].  Sodium[125I]iodide (Amersham) was added to a 
stock solution of  3 mM iodine/9 mM potassium iodide to give 4.86 • 104 cpm/ 
mol iodide. Iodination of  apo C-II (1 mg) was performed in 1 ml of  0.05 M 
Tris-HC1, pH 9.6, by the addition of 1 mol equivalent of iodine. After 30 min 
incubation at 0°C, the apoprotein was dialyzed extensively against 0.05 M Tris- 
HC1, pH 7.6, with several changes of  buffer. The modified protein contained 
0.43 mol iodide with 1 . 8 8 . 1 0 7  cpm/mg apo C-II. 12SI-labelled apo C-II was 
incorporated into VLDL by the following procedure. To VLDL (1.2 mg pro- 
tein) was added 12SI-labelled apo C-II (0.56 mg) in a final volume of 5.0 ml of 
0.10 M Tris-HC1, pH 7.6. After 6 h at 23°C, the ~2SI-labelled VLDL were iso- 
lated by ultracentrifugal flotation at 49 000 rev./min for 18 h at 8°C the ~2sI- 
labelled apo C-II-labeUed VLDL contained 2.50 • 106 cpm/mg protein. 

Preparation of lipids. Phosphatidylcholine was isolated from egg yolk and 
purified with silicic acid chromatography.  1,2-Dipalmitoyl-sn-glycero-3-phos- 
phatidylcholine (dipalmitoyl phosphatidylcholine) was synthesized as described 
previously [17].  [~4C]Methyl groups were introduced into egg phosphatidyl- 
choline according to the method of Stoffel et al. [18] using [14C]methyl iodide 
(Amersham); the specific activities of  the lipids were 40 and 45 Ci .  mo1-1, 
respectively. Phosphatidyl[14C]inositol (specific activity 1 C i - m o l - ~ ) ,  was 
prepared as before [19].  Lysophospholipids were absent in all phospholipid 
preparations as determined by thin-layer chromatography. Cholesterol and 
26-[14C]cholesterol (Amersham, 58Ci  .mol  -~) were purified by thin-layer 
chromatography before use. 

In vitro lipolysis experimental procedures. Lipoprotein lipase was purified 
from bovine milk by affinity chromatography on heparin-Sepharose as 
described by Kinnunen [20].  The purified enzyme had a specific activity of 
36 nmol fat ty  acids released/h per mg protein using glycerol [14C]triolein 
emulsified in the presence of  5% gum arabic as substrate [21]. As determined 
by polyacrylamide gel electrophoresis in sodium dodecyl  sulfate, the purified 
enzyme was homogenous  with a molecular weight of  approximately 55 000. 
The enzyme was stored in 50% glycerol/0.05 M Tris-HC1, pH 7.6, at --20°C and 
added directly to the incubation mixture. 
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Interracial measurements. Monolayer studies were performed in a 15 ml 
Teflon trough (5.4 × 5.9 × 0.5 cm). A 1.5 × 1.5 cm extended corner with a hole 
of 0.8 cm was made for the injection of protein underneath the monolayer.  
The trough was filled with 0.05 M Tris-HCl, pH 7.4. The subphase was stirred 
with a magnetic bar. The surface pressure was determined with a recording 
Beckman LM 500 electrobalance with a platinum plate 1.96 cm wide. The sur- 
face radioactivity was measured with a gas flow detector (Nuclear Chicago 
8731) 0.3 cm above the interface. The gas used was helium/1.3% butane, the 
window, micromil 150 pg/cm 2, 4.2 × 1.3 cm. 

12SI-labelled proteins were collected from the interface in a counting vial and 
counted in a packard auto-spectrometer. Corrections were made for the 
amount  of subphase collected. 

Lipid films were spread from a chloroform/10% methanol solution until the 
desired interfacial pressure was reached. Apoproteins were dissolved in 0.05 M 
Tris-HC1, pH 7.6, containing 6 M guanidine HC1 to give 1 mg/ml and were 
incubated at 22°C for 2 h prior to injection underneath the monolayer.  Unless 
stated otherwise, all measurements were performed at 37°C in a thermo- 
statically controlled box filled with nitrogen [ 19]. 

Other methods. Phospholipid phosphorus was determined by the method of 
Bartlett [15] 125I radioactivity was determined in a Packard auto-scintillation 
spectrometer. Liposomes containing egg phosphatidylcholine and 2 mol% egg 
phosphatidic acid were prepared by sonication of a hand-shaken dispersion 
until the suspension was clear. Apoprotein concentrations were determined by 
amino acid analysis. Lipoprotein protein concentrations were determined by 
the method of Schacterle and Pollack [22]. Triglycerides were quantitated by 
autoanalyzer techniques [23]. Fat ty  acids were extracted from the lipolysis 
incubation mixture using the extraction procedure of Dole [24] and were 
quanti tated by gas chromatography [25]. 

Results 

Interaction of  apo C-II with phosphatidylcholine monolayers 
In the absence of a monolayer,  apo C-II collected at the air-water interface 

to a final pressure of 18.2 mN/m. Therefore, most of the experiments per- 
formed in these studies were done at an initial pressure of the lipid monolayer 
of 20 mN/m. 

The injection of  apo C-II underneath a monolayer of egg phosphatidyl[14C]- 
choline at 20 mN/m caused an increase in surface pressure of 8--10 mN/m 
(Fig. 1A); the time for maximal changes in surface pressure was inversely 
proportional to the amount  of apo C-II added to the subphase. However, 
regardless of  the initial surface pressure (20--30 mN/m) or the amount  of apo- 
protein added (4--50 pg), the final surface pressure was approximately 30 mN/ 
m. As seen in Fig. 1A, after the maximal at tainment of surface pressure, there 
was a decrease in surface radioactivity, indicating a loss of  radiolabelled phos- 
phatidylcholine from the interface to the subphase. At an initial surface 
pressure of  20 mN/m, the rate of surface radioactivity decrease was propor- 
tional to the amount  of apo C-II injected into the subphase (Fig. 2} and was 
maximal with "3 n m o l  apoprotein. Of particular significance in Fig. 1A was the 
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t a i n e d  15 ml  o f  0 .05  M Tris-HC1, p H  7.4.  At  t he  i n d i c a t e d  t i m e ,  apo  C-II  (25 ~tg) was  a d d e d  t o  the  sub- 
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Fig.  2. E f f e c t s  o f  apo  C-II on  egg p h o s p h a t i d y l c h o l i n e  (PC) m o n o l a y e r .  T h e  e x p e r i m e n t a l  c o n d i t i o n s  were  
the  s a m e  as t hose  d e s c r i b e d  in the  l egend  t o  Fig.  1A.  To  the  s u b p h a s e  was  a d d e d  the  i n d i c a t e d  a m o u n t  o f  
12SI- label led  apo  C-II (2 .09  - 104 c p m / n m o l ) .  A f t e r  I h,  the  f i lm was  co l l ec t ed  and  125I  r a d i o a c t i v i t y  

d e t e r m i n e d ;  the  eq u i v a l en t  v o l u m e  was  r e m o v e d  f r o m  the  s u b p h a s e ,  c o u n t e d  a n d  s u b s t r a c t e d  f r o m  the  
values  f o u n d  for  the  f i lm.  T h e  dec rease  in  su r f ace  r a d i o a c t i v i t y  was  d e t e r m i n e d  b y  d r a w i n g  a l ine t h r o u g h  
the  l inea r  p o r t i o n  of  the  curve .  
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finding that  although the surface radioactivity was decreasing, the surface 
pressure remained nearly constant suggesting that  apo C-II was replacing the 
phospholipid which was leaving the interface. To test this possibility, 12sI- 
labelled apo C-II was utilized. In these experiments 12SI-labelled apo C-II gave 
the same rate of surface radioactivity decrease as unmodified apo C-II (0.23% • 
min -1 • nmol -~ apo C-II injected). As shown in Fig. 2, the increase in surface 
radioactivity decrease is accompanied by a corresponding increase in 12sI- 
labelled apo C-II at the interface, thus maintaining a constant surface pressure. 
When 3 nmol ~2SI-labelled apo C-II were added to the subphase, approximately 
120 pmol apo C-II collected at the interface after 1 h, or 4% of  the added pro- 
tein. The decrease of the surface radioactivity was 42% corresponding to 
2.5 nmol phospholipid. When the subphase was removed and phospholipid 
radioactivity determined, 2 .5nmol  of the phosphatidyl[~4C]choline was 
present in the subphase. This result suggests that  the decrease in surface radio- 
activity was due to the removal of phospholipid from the interface. When the 
phosphatidyl[~4C]choline present in the subphase was added to either human 
plasma VLDL or to HDL, 20--30% of phospholipid radioactivity was present at 
d < 1.006 and d = 1.063--1.210, respectively. 

Lipid packing is of critical importance for removal of phospholipid from the 
monolayer.  As shown in Fig. 1B, when apo C-II is injected underneath a mono- 
layer of egg phosphatidylcholine at an initial surface pressure of  30 mN/m, 
there was only a small increase of surface pressure. Although the final pressure 
is nearly the same as that  in Fig. 1A, the decrease in surface radioactivity was 
negligible. 

To test the possibility that  the physical state of the phospholipid is impor- 
tant  for the removal of  lipid from the interface, we utilized dipalmitoyl phos- 
phatidylcholine, a phospholipid which has a thermotropic phase transition at 
approximately 29 mN/m at 37°C. As seen in Fig. 3, the injection of apo C-II 
underneath a dipalmitoyl phosphatidylcholine monolayer at 37°C and 22 mN/ 
m gave an increase in surface pressure of 6 mN/m. However, with these condi- 
tions there was no decrease in surface radioactivity. When the temperature was 
increased to 44°C and the initial surface decreased to 15 mN/m (conditions 
giving rise to decreased lipid packing), there was a final increase in surface 
pressure to 20 mN/m and the radioactivity decreased with a rate of 0.30%. 
min -1 • nmol -~ apo C-II injected. At 15 mN/m the phospholipid was presum- 
ably in a physical state such that  the apoprotein could interact with the phos- 
pholipid and remove it from the interface. If the temperatures were lowered to 
15°C at 15 mN/m, then there was no decrease in surface radioactivity 
(Fig. 3C); the phospholipid was again in a crystalline state. 

Interaction o f  apo C-H with other lipids 
The increase in surface pressure observed by adding apo C-II to the subphase 

of  a lipid monolayer was not  specific for phosphatidylcholines. Fig. 4 illustrates 
the surface pressure increase using cholesterol or phosphatidylinositol.  Similar 
increases were found (data not  shown) with 1,2-dimyristoyl-sn-glycero-3-phos- 
phatidylcholine, 1,2-dimyristoyl-sn-giycero-3-phosphatidylgiycerol, 1,2-diether- 
myristoyl-sn-glycero-3-phosphatidylcholine and ergosterol. Although not  all 
lipids were tested, it can be seen in Fig. 4 that  apo C-II did not  cause a decrease 
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c h o l i n e  (di  C 16  : 0 PC).  T h e  m o n o l a y e r  c o n s i s t e d  o f  6 n m o l  d i p a l m i t o y l  p h o s p h a t i d y l [ M e - 1 4 C ] c h o l i n e  
a t  2 0  m N ] m  a n d  3 8 ° C .  A t  t he  i n d i c a t e d  t i m e ,  a p o  C-II ( 2 5  #g)  w a s  a d d e d  to  t he  s u b p h a s e .  (B) T h e  
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t e m p e r a t u r e  4 4 ° C .  (C) The  e x p e r i m e n t a l  c o n d i t i o n s  we re  i d e n t i c a l  to  (A) ,  e x c e p t  t he  in i t ia l  s u r f a c e  
pressure  was  1 5  m N / m  a n d  1 5 ° C .  

in surface radioactivity using monolayers of [14C]cholesterol or phosphatidyl- 
[14C]inositol, suggesting that the interaction of  apo C-II was specific for phos- 
phatidylcholine. 

Interaction of  other proteins with phospholipid monolayers and the addition 
of liposomes to the subphase 

To test the specificity of  the lipid-protein interaction with respect to the 
protein moiety, we also used apo C-III, apo A-I, arginine-rich protein and fatty 
acid-free bovine serum albinum and phospholipid monolayers. When each ot 
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these proteins was injected underneath a monolayer of egg phosphatidyl- 
choline at 20 mN/m, there was an increase in surface pressure of  6--10 mN/m 
for the apoproteins and 2 mN/m for albumin (Fig. 5). However, only with apo 
C-III there was a significant decrease in surface radioactivity. Using 12SI-labelled 
apo A-I and arginine-rich protein, it was found that  1--2% of the apoprotein 
added to the subphase collected at the interface. Nonetheless, these apopro- 
teins did not  remove phosphatidylcholine from the interface. 

Since previous studies [5--7] have shown that  the apo C proteins interact 
with vesicles of phospholipid, it was of interest to determine if the addition of 
liposomes to the subphase affected the rate of phospholipid removed from the 
interface. As shown in Fig. 5A the addition of liposomes to a subphase, to 
which apo C-III had been previously added, greatly facilitated the removal of 
phosphatidylcholine from the interface. There was also a small decrease in sur- 
face pressure. The addition of liposomes to a subphase containing arginine-rich 
protein also facilitated the decrease in surface radioactivity. However, the addi- 
t ion of  liposomes had no effect on surface radioactivity or pressure when either 
apo A-I or bovine serum albumin was used. 
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(PC) m o n o l a y e r s .  In  each e x p e r i m e n t  the  m o n o l a y e r  cons is ted  of  6 n m o l  egg p h o s p h a t i d y l [ M e - 1 4 C ]  
chol ine  at  an  init ial  pressure  of  20 m N / m .  At  the  i nd i ca t ed  t imes  the  p ro te ins  were  a d d e d  to the  s u b  
phase .  (A)  A po  C-III  (25  #g) .  (B) A p o  A-I (25  #g).  (C) Argin ine-r ich  p ro t e in  (apo E) (25  #g).  (D)  Bovine 
s e r u m  a l b u m i n  (BSA)  ( 2 5 # g ) .  At  the  i nd i ca t ed  t ime ,  I # m o l  l i posoma l  egg p h o sp h a t i d y l ch o l i n e  c o n  
ra ining 2 tool% phospha t id i c  acid was  a dde d  to the  subphase .  
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(A)  T he  m o n o l a y e r  cons i s t e d  o f  6 n m o l  egg  p h o s p h a t i d y l [ M e - 1 4 C ] c h o l i n e  at an initial  surface  pressure o f  
2 0  m N ] m ,  A t  the  ind icated  t i m e ,  apo  C-II ( 2 5  #g)  was  added  t o  the subphase .  Af t er  1 h,  1 p m o l  l i p o s o m a i  
egg p h o s p h a t i d y l c h o l i n e  c o n t a i n i n g  2 tool% phosphat id i c  acid was  added  to  the  subphase .  (B) The  exper i -  
m e n t a l  c o n d i t i o n s  were  ident ica l  to  ( A ) ,  e x c e p t  the  m o n o l a y e r  c o n t a i n e d  3.6  n m o l  egg pho spha t idy l -  
[Me -14C]choline and 3.6  n m o l  c h o l e s t e r o l .  (C) T h e  e x p e r i m e n t a l  c o n d i t i o n s  w e r e  ident ica l  to  ( A )  e x c e p t  
the  m o n o l a y e r  c o n t a i n e d  3.6  n m o l  egg p h o s p h a t i d y l c h o l i n e  and 3.6  n m o l  [ 14 C ] cho l e s t ero l .  

Effects  o f  apo C-H on mixed monolayers 
Since it is well-established that the degradation of  VLDL by lipoprotein 

lipase [26] is accompanied by removal of  cholesterol, phospholipid and apo C 
proteins, it was of  interest to  utilize a mixed monolayer of  cholesterol and 
phospholipid. As seen in Fig. 6, the addition of  33 mol% cholesterol to an egg 
phosphatidyl[14C]choline monolayer did not  affect the rate by which apo C-II 
decreased the surface radioactivity. When radioactive cholesterol was used there 
was no decrease in surface radioactivity after the addition of  apo C-II indicating 
that cholesterol is not  removed from the interface. However, the removal of 
phosphatidylcholine from a mixed film of  phosphatidylcholine/[  14C ] cholesterol, 
after the subsequent addition of  apo C-II and l iposomes (Fig. 6B) is accom- 
panied with some removal of  cholesterol (Fig. 6C). 
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Effects o f  serum lipoproteins on apo C-induced reduction of  surface radio- 
activity 

Since HDL are the physiologic acceptors for the apo C proteins during 
lipolysis [9], it was of interest to determine the effects of HDL on the rate of 
decrease of surface radioactivity. As shown in Fig. 7A, the injection of HDL 
(1.0 mg protein, 0.8 pmol phospholipid) underneath a monolayer of egg phos- 
phatidyl[ 14C]choline caused an increase in the rate of decrease of surface radio- 
activity by apo C-II; injection of HDL alone without  apo C-II caused no 
decrease in surface radioactivity (shown in Fig. 8). However, since 1 mg HDL 
contains approximately 10% [9] or 100 pg apo C proteins, and since the apo C 
proteins exchange between VLDL and HDL, it was possible that  the increased 
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Fig. 7. Effec ts  of  h u m a n  p l a s m a  l ipopro te ins  on  the  i n t e r ac t ion  of  apo C-II w i t h  egg p h o s p h a t i d y l c h o l i n e  
(PC) m o n o l a y e r s .  As ind ica ted ,  a po  c - n  (25/~g)  in 0 .05  ml  0 .10  M Tris-HC1, 6 M guarddine  HCL p H  7.4,  
was  in jec ted  u n d e r  a m o n o l a y e r  of  egg p h o s p h a t i d y l [ 1 4 C ] c h o l i n e  (PC), 6 n m o l  at  20 mN/m.  Af te r  1 h 
l ipopro te ins  or  apo l ipop ro t e in s  were  t hen  in jec ted  u n d e r  t h e  m o n o l a y e r .  (A)  High dens i ty  l ipopro te ins  
( H D L ,  d = 1 . 0 6 3 - - 1 . 2 1 0 )  1.0 m g  p ro te in ,  0 .8 p m o l  phosphol ip id .  (B) Lipid-free  H D L  (apo H D L )  1.0 mg.  
(C) L o w  dens i ty  l ipopro te ins  ( L D L ,  d = 1 . 0 2 0 - - 1 . 0 5 0 )  1.0 m g  p ro te in ,  1 .5 ~tmol phospho l ip id .  Fo r  
detai ls  of  the m o n o l a y e r  e q u i p m e n t  a nd  e x p e r i m e n t a l  detai ls  re fe r  to  t ex t .  
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rate (Fig. 7A) was the result of  the additional apoprotein to the trough. To 
investigate this possibility, HDL were delipidated and the lipid-free proteins 
(apo HDL) were added to the subphase. As seen in Fig. 7B, the injection of  apo 
HDL (1 mg) did not  affect  the rate of  decrease of  surface radioactivity. Thus, 
we conclude from the results shown in Fig. 7A and B that HDL interact with 
apo C-II in a monolayer  of egg phosphatidyl[14C]choline and enhance the rate 
of  apoprotein-phospholipid removal from the interface. 

To further determine the specificity of  the interaction between lipoproteins 
and apoprotein-phospholipid interfaces, LDL was injected under the mono- 
layer (Fig. 7C). It is known that LDL are derived from the lipolysis of  VLDL 
and contain virtually no apo C proteins [9].  As seen in Fig. 7C injection of  
LDL ( l .0  pmol phospholipid) underneath a monolayer  of egg phosphatidyl- 
[14C]choline to which apo C-II had been previously added did not  enhance the 
rate of  decrease of  surface radioactivity. In addition to HDL, injection of  
VLDL under a monolayer  of egg phosphatidyl[14C]choline to which apo C-III 
had been previously added also caused an enhanced rate of  decrease of  surface 
radioactivity. 

As a prerequisite to s tudy the release of  apo C from VLDL, a number  of  
experiments were necessary to establish the monolayer  system. The experi- 
ments were performed in a 15 ml Teflon monolayer  trough at 37°C, on which 
was spread a monolayer  of  either egg phosphatidyl[14C]choline or didecanoyl 
phosphatidylcholine.  The reagents were then injected underneath the mono- 
layer and changes in surface pressure and surface radioactivity were observed. 
To bind the fa t ty  acids produced during lipolysis, it was necesary to add fat ty  
acid-free bovine serum albumin to the incubation mixture. In separate experi- 
ments,  it was determined that the addition of bovine serum albumin to a final 
concentrat ion of  5 mg/ml (75 mg total) was the optimal concentrat ion required 
to bind fat ty  acids produced during lipolysis. The injection of  bovine serum 
albumin under an egg phosphatidyl[  ~4C]choline monolayer  at an initial surface 
pressure of  20 mN/m caused only a slight increase in surface pressure. At this 
surface pressure, bovine serum albumin had no effect  on the surface radioactiv- 
ity. Furthermore,  the addition of  VLDL did not  effect surface radioactivity. 

It was also necessary to establish that milk lipoprotein lipase does not  
hydrolyze the phospholipid monolayer.  It is known [27--29] that  lipopro- 
tein lipase has phospholipase activity and hydrolyzes 80--9070 of  chylomicron 
and VLDL phospholipids during lipolysis. However,  as with many lipolytic 
enzymes [30] ,  l ipoprotein lipases db not  penetrate a phospholipid interface at 
high (greater than 20 mN/m) surface pressure to cause hydrolysis of  the lipid. 
The injection of  l ipoprotein lipase (1.5 pg) underneath a monolayer  of  egg 
phosphatidyl[~4C]choline at 20 mN/m did not  cause a decrease in surface 
radioactivity. We have utilized a short-chained phospholipid, didecanoyl phos- 
phatidylcholine at an initial surface pressure of  20 mN/m. The addition of  lipo- 
protein lipase to the subphase did not  cause a decrease in surface pressure. The 
decrease in surface radioactivity induced by  the addition of  apo C-III was not  
changed by the presence of  l ipoprotein lipase. 

As additional p roof  that  l ipoprotein lipase does not  hydrolyze phospholipid 
monolayers,  we have extracted the subphase and found no lysophosphatidyl- 
choline. 
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Fig. 8A shows the changes in surface pressure and radioactivity of a phos- 
pholipid film when lipoprotein lipase is added.to a subphase containing VLDL. 
After the injection of  the lipase, there was an increase in surface pressure and 
then after a lag of  5--10 min a decrease in surface radioactivity. An increase in 
surface pressure was also found when just the apoproteins were added to the 
trough. However,  with bovine serum albumin present in the system, the magni- 
tude of  the increase was not  as great. The rate of  decrease of surface radioac- 
tivity was significantly greater than that observed by the apoproteins alone 
(Fig. 7) and was similar to that  observed when HDL were added to the sub- 
phase after apo C-III and phospholipid interaction (Fig. 7A). What the acceptor 
is for the apoprotein-phospholipid complex is unclear but  may be a VLDL 
remnant  which is formed during lipolysis [9].  

To show that the products  of  lipolysis are responsible for the decrease in 
surface radioactivity, HDL were added to the subphase. As shown in Fig. 8B, 
the addition of  increasing amounts  of  HDL to the subphase caused a decrease 
in the rate of  surface radioactivity leaving the interface. 

In the next  series of  experiments,  we have a t tempted to determine the fate 
of  apo C-II during lipolysis. As shown above apo C-II interacts with egg phos- 
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Fig. 8. Ef fec t s  o f  l ipolysis on  m o n o l a y e r s  of  egg phosphat idy lcho l ine  (PC). In  each panel ,  the  m o n o l a y e r  
cons is ted  o f  egg p h o s p h a t i d y l [ 1 4 C ] c h o l i n e  (PC, 6 n m o l )  a t  an  init ial  surface pressure of  20 m N / m .  As 
indicated  fatty  acid-free bovine  s e r u m  a l b u m i n  (BSA,  75 m g  in 0 .75  ml  0 .01  M Tris,  p H  7 .4) ,  h u m a n  
plasma v e r y  l ow  dens i ty  l ipopro te ins  ( V L D L ,  85  #g p ro t e in ) ,  1 .0 #tool  t r i acy lg lycero l ,  h u m a n  p l a sma  high 
densi ty  l ipoprote ins  (HDL)  at the indicated a m o u n t  and bov ine  m i l k  l i p o p ro t e in  l ipase ( L p L ,  1.5 ~g in 
0 . 025  ml  0 .05  M Tris-HC1, 50% glycero l ,  p H  7.6)  was  in jec ted  u n d e r  the  m o n o l a y e r .  
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T A B L E  I 

F A T E  O F  1 2 5 I - L A B E L L E D  A P O  C-II  D U R I N G  IN V I T R O  L I P O L Y S I S  O F  V E R Y  L O W  D E N S I T Y  

L I P O P R O T E I N S  

The  e x p e r i m e n t  was  ca r r i ed  o u t  in a 15 m l  T e f l o n  t r o u g h  c o n t a i n i n g  a m o n o l a y e r  o f  d i d e c a n o y l  p h o s p h a -  

t i dy l ch o l i n e  a t  an  ini t ia l  su r f ace  p r e s s u r e  o f  20 m N / m .  T h e  s u b p h a s e  c o n t a i n e d  15 ml  o f  f a t t y  ac id- f ree  
bov ine  s e r u m  a l b u m i n  (5 m g ] m l )  in  0 .05  M Tris-HC1, p H  7.4. 1 2 5 I - l a b e l l e d - V L D L  was  p r e p a r e d  by  incor-  

p o r a t i n g  125I - labe l led-apo  C-II (1 .88  • 107 c p m / m g )  in to  V L D L  as d e s c r i b e d  in Mater ia ls  and  Methods .  

To  the  subphase  was  a d d e d  as i n d i c a t e d  1 2 5 I - l a b e l l e d - V L D L  or  un l abe l l ed  V L D L  (0.3 m g  p ro t e in s ,  1.0 
p m o l  t r ig lyce r ide ) ,  h i g h  d e n s i t y  l i p o p r o t e i n s  ( H D L ,  5 rag),  l ow de ns i t y  l i p o p r o t e i n s  ( L D L ,  5 r ag )  bov ine  

m i l k  l i p o p r o t e i n  l ipase (1 .5  pg )  and  a p o  C-II ( label led or  un labe l l ed ) ,  50 pg.  A f t e r  1 h at  37°C,  t he  f i lm 

was  co l l ec t ed  a n d  the  p e r c e n t  apo  C-II a t  t he  i n t e r f a c e  d e t e r m i n e d .  

Exper i -  A d d i t i o n s  Lipo-  Pe r c e n t  
m e n t  p r o t e i n  125 I- label led 

A p o p r o t e i n  L i p o p r o t e i n  l ipase apo  C-II in 
(~g) f i lm 

1 125 i . l abe l l ed  apo  C-II  - -  - -  6 .25  

2 125 I- label led apo  C-II V L D L  - -  1 .50  
3 - -  12 S I- label led V L D L  - -  0 .73  
4 apo  C-II  125 I- label led V L D L  - -  2 .00 
5 - -  125 i . l abe l l ed  V L D L  1.5 3 .42  

6 - -  125I- label led  V L D L  + H D L  1.5 0 .70  

7 - -  125 i . l abe l l ed  V L D L  + H D L  1.5 1 .93 

phatidyl ['4C ] choline monolayers to cause a decrease in surface radioactivity. 
With the decrease in radioactivity there was an increase in the amount  of  apo 
C-II that  accumulated at the interface, thus maintaining constant  surface 
pressure. Table I shows that  when the system contained 12SI-labelled apo C-II 
alone 6.25% of the apoprotein was at the interface after 1 h. If unlabelled 
VLDL were added to the subphase and then 12SI-labelled apo C-II added, the 
percentage of apo C-II at the interface decreased to 1.5%. This decrease is 
probably a result of exchange of ~2SI-labelled apo C-II for unlabelled apo C-II 
in the VLDL and as a result unlabelled apo C-II is available to interact with the 
phospholipid monolayer.  If  the 12SI-labelled apo C-II is incorporated into 
VLDL and then the labelled VLDL is added to the subphase, 0.73% of the apo 
C-II was at the interface. The addition of unlabelled apo C-II to 12SI-labelled 
VLDL increased the amount  of apo. C-II at the interface to 2.0%. Thus, these 
experiments show that  apo C-II exchanges between VLDL particles. During 
lipolysis, apo C-II is released and if there is no acceptor for the apoprotein, it is 
free to interact with the surface monolayer.  As shown in Table I, 3.42% of the 
apo C-II in VLDL was collected at the interface after lipolysis. In this experi- 
ment  there was no acceptor for the apo C-II. However, when HDL were added 
to the subphase in addition to VLDL, only 0.70% of the apo C-II was at the 
interface; 125I-labelled apo C-II which was released during lipolysis bound to 
HDL giving less apo C-II to interact with the interface. As shown in Fig. 7C, 
LDL did not  effect the rate of  decrease of surface radioactivity. The addition 
of LDL to the subphase (Table I) had some effect on the amount  of  apo C-II 
at the interface. However, the amount  was three times greater than that  found 
for HDL. 
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The fate of 12SI-labelled apo C-II during lipolysis was also determined by 
ultracentrifugation. Using 125I-labelled VLDL alone without  any acceptor for 
apo C-II, 18% of the apo C-II was isolated at d < 1.063 and 53% at d > 1.210. 
When HDL was added to the subphase the majority of the apo C-II was isolated 
between d = 1.063--1.210 {75%); only 2% of the apoprotein was isolated at 
d < 1.063. Thus, HDL serve as an acceptor for the apo C-II which is released 
during lipolysis. Finally, we have fractionated the HDL into HDL2 (d = 1.063-- 
1.120) and HDL3 (d = 1.120--1.210). HDL2 and HDL3 contained 24 and 76%, 
respectively, of the total 12SI-labelled apo C-II recovered in the HDL. Further- 
more, the specific activity of each fraction was nearly identical. 

Discussion 

In the absence of a lipid monolayer,  all of the apoproteins studied were sur- 
face active and collected at the air/water interface to a final surface pressure of 
approximately 18 mN/m. When apo A-I, apo C-II, apo C-III, or argine-rich 
protein were injected underneath a lipid monolayer  which was at an initial 
surface pressure of 20 mN/m, all the apoproteins caused an increase in surface 
pressure to approximately 30 mN/m. Between lipid surface pressures of 20 and 
30 mN/m, the final surface pressure attained after injection of the protein was 
independent  of the initial surface pressure, the type of lipid at the interface or, 
within limits, the amount  of protein added to the subphase. However, the time 
required to reach 30 mN/m was dependent  on the final protein concentration. 
Since all of the apoprotein tested showed increase in surface preSsure that  was 
independent of  the type of lipid at the interface, it seems unlikely that  the 
increase in surface pressure was due to a specific interaction between the apo- 
proteins and lipids. A more likely explanation is that  the apoproteins penetrate 
the interface in a nonspecific manner causing increased packing of the lipid 
molecules. There is, however, specificity with respect to the type of lipid 
removed from the interface and the proteins which facilitated the removal. Of 
the lipids tested, only phosphatidylcholines were removed from the interface 
whereas expanded phospholipid monolayers were required. A significant 
finding in this investigation was that  only apo C-II and apo C-III caused a 
decrease in the surface radioactivity of phosphatidylcholine. Human apo C-II 
and apo C-III were also obtained from Dr. P.H.E. de Groot (University of 
Rotterdam);  both of these preparations also showed a decrease in surface radio- 
activity. 

The findings in this investigation that  apo C-II and apo C-III interact with 
phospholipid monolayers to cause removal of lipid from the interface whereas 
apo A-I and arginine-rich protein do not  demonstrate a clear difference in the 
lipid-binding properties of the plasma apolipoproteins. Although we cannot 
rule out  the possibility, it seems unlikely that  these differences can be explained 
by protein aggregation since all of the proteins were first incubated with 6 M 
guanidine HC1 prior to injection underneath the monolayer.  The rate of remo- 
val of lipid from the interface by apo C-II and apo C-III was increased when 
liposomes were added to the subphase. The nature of the complex formed 
between apo C-II and apo C-III and phospholipid is unknown.  

A discussion of  the complex formed between apo C-II and phospholipid is 
pertinent as it relates to lipoprotein metabolism. The apo C proteins and 
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possibly phospholipids can be transferred in vivo and in vitro between VLDL 
and HDL [26,32].  The distribution of  the apo C proteins between VLDL and 
HDL in vivo is determined primarily by the plasma triglyceride concentration. 
Kashyap et al. [33] found that when plasma triglyceride levels are greater than 
500 mg/100 ml nearly all of  the apo C-II is associated with the triacylglycerol- 
rich lipoproteins. During lipolysis the apo C proteins return to HDL. It is not  
clear as to whether  apoproteins are transferred to HDL with a complement  of  
phospholipid. Studies by Illingworth and Portman [34] and Eisenberg [35] 
indicate that  exchange of  apo C proteins between VLDL and HDL occurs 
independently of that  of  the bulk of  phospholipid. On the other hand, the dat 
data of  Rubenstein and Rubenstein [36] suggest that  the transfer of  apo C 
occurs as an apoprotein-phospholipid complex. In the s tudy of Eisenberg [35],  
the exchange of  apo C proteins and phospholipid was a temperature-dependent  
process. At 37°C, apo C exchange occurred within a few minutes, whereas 
phospholipid exchange required 60 min. However, it could not  be ruled out  
that  some phospholipids could be transferred with the apoprotein.  

The data presented in the present report  suggest that the apo C proteins can 
interact with phosphatidylcholines. The physiological significance of this 
finding is related to the metabolic role of  apo C. It is known that during lipo- 
lysis there is a loss of  apo C, phospholipid and cholesterol from the surface 
monolayer  of  VLDL and that HDL are the acceptors of  the products  of  lipo- 
lysis in vivo. In the present in vitro study of  lipolysis using purified milk lipo- 
protein lipase, we have shown that the release of  apo C-II from VLDL during 
lipolysis was not  dependent  on the addition of  plasma or  HDL to the incuba- 
tion mixture. 

In the absence of  HDL, there was a rapid removal of  phospholipid from the 
lipid monolayer  after lipolysis of  VLDL by lipoprotein lipase in the subphase 
(Fig. 8A). The amount  of  12SI-labelled apo C-II in the film was five-fold greater 
in the absence of  HDL compared to its present (Table I, Expts. 5 and 6) 
whereas the pre-addition of  increasing amounts  of  HDL to the subphase 
reduced the rate by which phospholipid was removed (Fig. 8B). When the 
incubation mixture contained VLDL and HDL at a protein ratio (w/w) of  5 
(ratio found in plasma of  normal fasting subjects), the rate of decrease of  sur- 
face radioactivity was negligible. 

Fig. 9 gives a schematic representation of the release of  apo C from VLDL 
after lipolysis by l ipoprotein lipase. (a) The interaction of  the released apo C 
with phosphatidylcholine at "the interphase and the binding of the apo C-phos- 
phatidylcholine complex by HDL, which was added after lipolysis (compare 
Fig. 7A). (b) The direct interaction of  the released apo C with HDL, which was 
added before lipolysis (compare Fig. 8B). The importance of  apo C-II transfer 
from HDL and VLDL and vice versa is undoubted ly  related to the activator 
properties of  apo C-II; adipose and muscle lipoprotein lipase require apo C-II 
for maximal activity. The present s tudy and that of  Patsch et al. [31] underline 
that  HDL can serve as the acceptor  of  apo C during lipolysis. This conclusion is 
different from that of Alaupovic [1] who have proposed that the HDL density 
range contains discrete lipoproteins families designated LpA and LpC. 
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