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Abstract

 

Lipoprotein lipase (LPL) hydrolyzes triacylglycerol
(TG) of TG-rich lipoproteins. We investigated the effects of
sphingomyelin (SM) and cholesterol (Chol) on the lipolysis
of lipid emulsions by LPL using human apolipoprotein C-II
(apoC-II) or plasma as an activator. Kinetic studies of the li-
polysis rates clearly demonstrated that the primary effect of
the activator on the LPL reaction was not to increase the af-
finity of LPL for the emulsion surface, but to enhance LPL
catalytic activity. Incorporation of SM into the emulsion sur-
face caused increases in 

 

K

 

m(app)

 

 and decreases in 

 

V

 

max(app)

 

, indi-
cating that SM inhibited lipolysis by decreasing both affinity
for substrates and catalytic activity of LPL. SM was also found
to affect possible factors related to the lipolysis rates; that is,
SM increased TG solubility in surface layers and decreased
apoC-II binding to the emulsion surface. Interestingly, Chol
did not affect the lipolysis rates even though it decreased TG
solubility and apoC-II binding. These results indicated that
neither TG solubility nor amount of apoC-II binding were de-
terminate factors in LPL-mediated lipolysis under physiologi-
cal conditions.  Our results suggest that the content of SM
in the lipoprotein surface plays an important role by control-
ling lipoprotein lipase-mediated lipolysis, and that cholesterol
enrichment in the lipoprotein surface has no influence on li-
polysis, but may affect other metabolic processes such as up-
take by the liver through the selectivity of apolipoprotein
binding.—
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Lipoprotein lipase (LPL, EC 3.1.1.34) hydrolyzes tri-
acylglycerols in chylomicrons or very low density lipo-
proteins (VLDL) to monodiacylglycerols and fatty acids
in animal plasma. The latter are taken up by cells and
utilized as a source of energy (1). During lipolysis, chy-
lomicrons and VLDL become relatively enriched in
apolipoprotein (apo)E (2, 3), and resulting remnants
are subsequently taken up by the liver through apoE-

 

specific receptors (4–6). LPL has only limited activity
unless serum is added as a source of activator. Further
studies have provided conclusive evidence that apoC-II,
a 79 amino acid residue peptide present in chylomi-
crons, VLDL, and high density lipoproteins (HDL),
acts as the activator of LPL. However, the activation
mechanism of LPL by apoC-II has not been character-
ized in detail. On the other hand, the inhibitory effect
on hepatic uptake through the apoE-specific receptors
by apoC-II has also been reported (7, 8).

The differences in surface lipid composition of
plasma lipoproteins are probably important factors in-
fluencing their metabolic fates in animal plasma. We
have previously shown that the surface composition of
lipid emulsions affects the binding of apolipoproteins
to the particle surface (9, 10) and their metabolism in
rats (11). The major lipid constituents of plasma lipo-
protein surface are phosphatidylcholine (PC), sphingo-
myelin (SM), and unesterified cholesterol (Chol). The
contents of SM and Chol vary widely among plasma lipo-
proteins (12–18). SM is a phospholipid that is present
in cell membranes and plasma lipoproteins. The role
of SM in cell membranes, especially with regard to cho-
lesterol homeostasis, has been investigated at several
laboratories (19–21). However, the influence of SM on
lipoprotein metabolism is poorly understood, although
SM is the second most abundant phospholipid next to
PC in mammalian plasma. Further, the influence of
Chol on lipoprotein metabolism remains to be fully
clarified. We have shown that Chol regulates mobility
of the surface layers and consequently influences apoli-

 

Abbreviations: LPL, lipoprotein lipase; SM, sphingomyelin; Chol,
cholesterol; apoC-II, apolipoprotein C-II; TG, triacylglycerol; TO, tri-
olein; FFA, free fatty acids; VLDL, very low density lipoproteins; LDL,
low density lipoproteins; HDL, high density lipoproteins; LCAT, leci-
thin:cholesterol acyltransferase.
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poprotein binding to the surface (9, 10). We presumed
that the composition of the emulsion surface plays a
crucial role in lipoprotein metabolism, in particular, in
LPL-mediated lipolysis.

The purpose of this study is to obtain information
about the roles of SM and Chol in the metabolism of
plasma lipoproteins. We evaluated the effects of SM and
Chol on the apparent maximum velocity (

 

V

 

max(app)

 

) and
apparent Michaelis-Menten constant (

 

K

 

m(app)

 

) of the LPL
reaction in the presence of an activating factor, plasma,
or apoC-II. Furthermore, binding of apoC-II to the
emulsion particles and triolein solubility in the surface
layers were estimated, and the physiological relevance of
the results to lipoprotein metabolism was discussed.

EXPERIMENTAL PROCEDURES

 

Materials

 

Egg yolk phosphatidylcholine (PC) was kindly pro-
vided by Asahi Kasei Co. The purity (over 99.5%) was
determined by thin-layer chromatography (TLC). Egg
yolk sphingomyelin (SM), cholesterol (Chol), and tri-
olein (TO) were obtained from Sigma Chemical Co.
(St. Louis, MO). Each sample showed a single spot on
TLC (solvent: chloroform–hexane, 4/1 (v/v)) and
then was used without further purification. Lyophilized
apoC-II from human plasma was purchased from Calbi-
ochem (San Diego, CA). Fatty acid-free bovine serum
albumin and sodium heparin were obtained from
Sigma. Glyceryl tri[1-

 

13

 

C]oleate ([1-

 

13

 

C]TO) was pur-
chased from Isotec Inc. (Miamisburg, OH). All other
chemicals were special grade from Wako Pure Chemi-
cals. Water was doubly distilled with a quartz still.

 

Preparation of emulsions

 

The lipid emulsions were prepared by the method
described previously (22) using a high pressure emulsi-
fier (Nanomizer; Nanomizer Inc., Tokyo, Japan).
Briefly, PC (or PC 

 

1

 

 SM, PC 

 

1

 

 Chol) and TO in chlo-
roform at a molar ratio of 1:3 were dried in vacuum, re-
suspended in 30 ml of 180 m

 

M

 

 Tris-HCl, 100 m

 

M

 

 NaCl,
1 m

 

M

 

 EDTA, and 0.01% (w/v) NaN

 

3

 

, and successively
emulsified under a pressure of 700–900 kg/cm

 

2

 

. The
contaminating vesicles were removed by ultracentrifu-
gation. The weight-averaged particle size of each emul-
sion was about 120 

 

6

 

 20 nm determined from quasi-
elastic light scattering measurements (Photal LPA-
3000/3100: Otsuka Electronic Co.).

 

LPL and apoC-II

 

Purified bovine milk LPL (5,000 unit, Lot No.
45H8025), suspended in 3.8 

 

M

 

 ammonium sulfate, 0.02

 

M

 

 Tris-HCl, pH 8.0, was purchased from Sigma Chemi-
cal Co. LPL suspension was centrifuged (10,000 

 

g,

 

 20
min, 4

 

8

 

C), and the resulting pellet was dissolved in 50%
glycerol in 10 m

 

M

 

 Tris-HCl buffer, pH 7.4, and stored at

 

2

 

40

 

8

 

C (final protein concentration, 40 

 

m

 

g/ml). The
specimen showed a single band on SDS-polyacrylamide
gel electrophoresis (molecular weight: 55 kDa). The
molecular weight agreed with the reported value (23).
The LPL solution remained fully active over a 3-month
period.

The lyophilized human apoC-II was dissolved in 6 

 

M

 

guanidine hydrochloride solution and dialyzed exten-
sively against Tris-buffer. The apoC-II preparation gave
a single band of expected molecular weights on SDS-
polyacrylamide gel electrophoresis. Concentrations of
LPL and apoC-II were determined by micro bicincho-
ninic acid protein reagent (Pierce, Rockford, IL) with
bovine serum albumin as a standard.

 

LPL activity assay

 

Various amounts of lipid emulsions were preincu-
bated at 37

 

8

 

C for 20 min with 4% fatty acid-free BSA,
180 m

 

M

 

 Tris-HCl, 100 m

 

M

 

 NaCl, 1 m

 

M

 

 EDTA, 0.01%
(w/v) NaN

 

3

 

, 66.7 

 

m

 

g/ml sodium heparin, pH 8.5, with
and without human plasma or apoC-II at a total volume
of 0.3 ml. Triolein lipolysis was started by addition of
165 ng LPL into incubation mixtures. Released free
fatty acids (FFA) during the lipolysis were measured at
the indicated times using an enzymatic colorimetric re-
agent, NEFA C (Wako Pure Chemicals). The rate of
FFA release was linear for at least 20 min and the lipoly-
sis rate was determined from the initial slope of the re-
leased FFA increase.

 

ApoC-II binding

 

Binding amounts of apoC-II to lipid emulsions were
determined by an ultracentrifugation method as de-
scribed (9). Human plasma was centrifuged for 1.5 h at
27,000 rpm in a Beckman SW 28 rotor to remove the
top fraction containing chylomicrons. The mixtures of
various amounts of emulsions and chylomicron-free
plasma were incubated for 20 min at 37

 

8

 

C and centri-
fuged for 20 min at 32,000 rpm in a Beckman SW 50.1
rotor. The equilibrium concentration of apoC-II in the
bottom fraction was determined in single radial immuno-
diffusion assay plates, purchased from Dai-ichi Pure
Chemicals (Tokyo, Japan). The amount of bound apoC-
II was calculated from the difference between the apoC-
II concentrations before and after ultracentrifugation.

 

NMR studies

 

Triolein (TO) solubility in phospholipid vesicles was
determined by 

 

13

 

C NMR (24–26). Aqueous lipid disper-
sions for NMR analysis were prepared by the method
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described previously (27, 28). Phospholipid (PC or PC 

 

1

 

SM) and 5 mol% [1–

 

13

 

C]TO were mixed in chloroform
and the solvent was evaporated under reduced pres-
sure. After drying in vacuum overnight, the lipid film
was hydrated with Tris-HCl buffer, vortexed, and soni-
cated with a probe-type sonicator (UD-200, Tomy
Seiko, Tokyo, Japan) for 30 min under a nitrogen
stream.

 

13

 

C NMR spectra were obtained at 75.45 MHz with a
Bruker AC-300 spectrometer under inverse-gated decou-
pling at 37

 

8

 

C. Internal 

 

2

 

H

 

2

 

O was used as a lock and shim
signal. Chemical shifts are referenced from the terminal
methyl carbon of the fatty acid chains at 14.10 ppm (26,
29). The extent of incorporation of TO into phospho-
lipid vesicles was calculated from the peak intensity ratio
The mole % of TO in surface layers (

 

S

 

) is given by

 

S

 

 

 

5

 

 5 mol% 

 

3

 

 (

 

Su

 

a

 

1

 

Su

 

b

 

)/(

 

Su

 

a

 

1

 

Su

 

b

 

1

 

O

 

a

 

1

 

O

 

b

 

)

 

Eq. 1

 

)

Where 

 

Su

 

a

 

, 

 

O

 

a

 

, 

 

Su

 

b

 

, and 

 

O

 

b

 

 are the signal peak areas of

 

13

 

C-TO from 

 

a

 

-chain ‘surface,’ 

 

b

 

-chain ‘surface,’ 

 

a

 

-
chain ‘oil’ phase, and 

 

b

 

-chain ‘oil’ phase carbonyls, re-
spectively (24, 26).

RESULTS

 

SM inhibits LPL-mediated lipolysis in lipid emulsions

Figure 1

 

 shows typical time courses of free fatty acid
(FFA) release during lipolysis in the presence of 30%
plasma. The total phospholipid concentration was kept
constant and the mol% of SM was varied from 0 to 100
mol%. The concentration of released FFA increased
linearly for at least 20 min in all emulsions. Therefore,
from the initial slope of FFA release, the lipolysis rates
were calculated as released FFA (mmol)/h per mg
LPL. Increase of the mol% SM in surface layers of TO-
PC emulsions reduced the lipolysis rates, and about
90% inhibition of LPL activity was observed in TO-SM
emulsions (Fig. 1, inset).

 

Activiation of LPL reaction by plasma and apoC-II

 

To evaluate the activation mechanism of LPL reaction
by human plasma, we examined kinetic parameters of
the LPL reaction for TO-PC/SM (2/1, molar ratio)
emulsions; that is, 33 mol% of PC in TO-PC emulsions
was replaced by SM, in the presence of 0–80% plasma.

 

Figure 2

 

 shows relationships between the TO concentra-
tion of emulsions divided by lipolysis rates and the TO
concentration of emulsions. The slope of the plot repre-
sents (1/

 

V

 

max(app)

 

) and the TO concentration axis–inter-
cept gives (

 

2

 

K

 

m(app)

 

). The emulsion TO concentration
was the concentration throughout the reaction mixture

and proportional to the concentration of emulsion par-
ticles. The local concentration of TO at the emulsion
surface is a constant for a defined emulsion preparation
and differs from the TO concentration in the reaction
mixture. Therefore, in spite of using pure enzyme, the
results obtained in Fig. 2 were apparent kinetic parame-
ters (apparent Michaelis-Menten constants, 

 

K

 

m(app)

 

, and
apparent maximal lipolysis rates, 

 

V

 

max(app)

 

)

 

.

 

 

 

Figure 3

 

shows the resulting apparent kinetic parameters for TO-
PC/SM (molar ratio, 2/1) emulsions as function of the
content of plasma in the reaction mixture. Addition of
plasma led to an increase in the 

 

V

 

max(app)

 

 value, but gave
negligible effects on the 

 

K

 

m(app)

 

 value, suggesting that
LPL activation by plasma was attributed to the en-
hanced catalytic ability of LPL and not to the increased
affinity between LPL and substrates.

Isolated apoC-II of 10 

 

m

 

g/ml was also used as an acti-
vator in place of plasma. The peptide concentration
corresponded to the concentration in 30% plasma.
The similar activation effect of 10 

 

m

 

g/ml apoC-II with
30% plasma as seen in Fig. 3 suggested that the pep-
tide, apoC-II, was responsible for the enhanced hydro-
lysis by LPL in plasma.

Fig. 1. Time courses of free fatty acid (FFA) release during lipol-
ysis of lipid emulsions with different SM content in the presence
of 30% plasma: (s) TO-PC; (d) TO-PC/SM(4/1, molar ratio);
(u) TO-PC/SM(2/1); (j) TO-SM emulsions. Triolein concentra-
tion of emulsions was 1 mM. LPL was added at t 5 0. Temperature
was maintained at 378C. Inset, the lipolysis rates of emulsions are
represented as a function of the mol% of SM in the emulsion sur-
face. Triolein concentration of emulsions was 1 mM. The rates
were determined from the initial slopes of released FFA. Plots rep-
resent the averages 6 SD of three experiments.
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Effects of SM and Chol on the apparent kinetic
parameters of the LPL reaction

 

The effects of replacement of PC by SM or Chol in
TO-PC emulsions on the 

 

K

 

m(app)

 

 and 

 

V

 

max(app)

 

 of the LPL
reaction in the presence of 30% plasma or isolated
apoC-II or 10 

 

m

 

g/ml are summarized in 

 

Table 1

 

.

 

 

 

There
were no significant differences in kinetic parameters
between plasma and isolated apoC-II solution, suggest-
ing that apoC-II in the plasma activates LPL catalysis.
We found that SM in the emulsion surface increased

 

K

 

m(app)

 

 and decreased 

 

V

 

max(app)

 

.

 

 For TO-PC/SM(2/1)
emulsions, the Km(app) value was about 4.5-fold higher
and the Vmax(app) value was about half that for TO-PC
emulsions. SM inhibited LPL-mediated lipolysis by low-
ering the affinity between LPL and substrates and by
decreasing catalytic activity. On the other hand, as
shown in Table 1, Chol at the emulsion surface had no
significant influence on the kinetic parameters. These
results indicate that the key component in the emul-
sion surface regulating the lipolysis rate is not Chol
but SM.

Binding of apoC-II to lipid emulsions

The Vmax(app) value of the LPL reaction in the pres-
ence of plasma is thought to be dependent on the
amount of apoC-II bound to emulsions. We measured

amount of apoC-II binding to emulsions to evaluate
the concentration of apoC-II participating in LPL acti-
vation at the lipid particle surface. Table 2 shows
amounts of apoC-II bound to emulsions containing
SM or Chol from human plasma. The amount of
apoC-II binding per total surface lipid attained satura-
tion in the emulsion concentration range from 0.1 to
0.4 mM of the surface lipid. As shown in Table 2, re-
placement of PC by SM or Chol in emulsion surface
significantly reduced the binding of apoC-II. It was un-
expectedly found that Chol had no influence on lipol-
ysis rates in spite of the decrease in apoC-II binding.
This would at least be consistent with early data show-
ing that the amount of apoC-II required for maximal
rates of LPL catalysis is about 10% of that present in
VLDL (30).

Effects of SM on TO solubility in phospholipid
surface layers

As substrate solubility at the emulsion surface may
modulate lipolysis rate, solubilities of TO in phospho-
lipid vesicles were determined by 13C NMR spectros-
copy. Decreased TO solubility in the surface layers by
adding Chol has been reported (25). We evaluated the

Fig. 2. Emulsion triolein concentration divided by lipolysis rate
was represented as a function of emulsion triolein concentration
for TO-PC/SM(2/1, molar ratio) emulsions; (s) without plasma;
in the presence of 10% plasma (d), 30% plasma (u), and 80%
Plasma (j). Lipolysis rates were measured at triolein concentra-
tions ranging from 0.25 to 2 mM. Data represent the averages 6
SD of three experiments. The Vmax(app) and Km(app) values obtained
are presented in Fig. 3.

Fig. 3. Activation of LPL with increasing amounts of human
plasma. The Vmax(app) values for TO-PC/SM(2/1) emulsions are
represented as a function of % plasma (d); (s) in the presence of
isolated apoC-II solution of 10 mg/ml in place of 30% plasma. In-
set, the Km(app) value for TO-PC/SM(2/1) emulsions are presented
as a function of % plasma (j); (u) in the presence of isolated
apoC-II solution of 10 mg/ml in place of 30% plasma.
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effects of SM on TO solubility using the method de-
scribed by Hamilton and Small (24). The entire pro-
ton-decoupled 13C NMR spectra of egg PC vesicles pre-
pared by cosonication with 5 mol% [1-13C]TO were in
agreement with the data reported by Hamilton and
Small (24) (results not shown). The carbonyl regions
in 5 mol% [1-13C]TO and phospholipid vesicles were
expanded (Fig. 4). The carbonyl region of the 13C NMR
spectra showed four carbonyl signals for the 13C-
enriched TO (Fig. 4); the two broader signals at
higher ppm were the ‘surface’ phase carbonyls (Sua

and Sub) and the two narrow signals were carbonyls in
the ‘oil’ phase (Oa and Ob) (24). The intensity of the
signals from the ‘surface’ carbonyls of TO increased
with the SM content. The TO solubility calculated
from the peak area ratio of ‘surface’ and ‘oil’ phase
carbonyls by Eq. 1 was 2.7 mol% in PC vesicles without
SM, and was in agreement with the reported values
(24, 31, 32). Figure 5 shows that the solubility of TO in
phospholipid vesicles increases with the mol% of SM.
Inhibition of lipolysis by SM, therefore, was not due to
the decrease in substrate concentration at the surface
layer. The invariability of the kinetic parameters by
adding Chol to the emulsion surface (Table 1) also
suggested that TO solubility at the surface did not play
a critical role in determination of the LPL-mediated li-
polysis rate.

DISCUSSION

Inhibition of LPL-mediated lipolysis by
SM in lipid emulsions

We evaluated the effects of surface lipid composition
on the LPL reaction using artificial emulsions of de-
fined lipid composition and particle size as models of
plasma lipoproteins. Figure 1 clearly shows that SM is
an efficient inhibitor of LPL-mediated lipolysis. SM is
the second most abundant phospholipid in plasma li-
poproteins. Mole percent of SM to total phospholipid
is about 13% in HDL, 3% in chylomicrons, 20% in
VLDL, 33% in low density lipoproteins (LDL) (12–15,
17). However, little attention has been paid to the phys-
iological role of SM in lipoprotein metabolism. Re-
cently, the effects of SM on lecithin:cholesterol acyl-
transferase (LCAT) activity in reconstituted HDL
(rHDL) have been reported by several laboratories.
Subbaiah and Liu (14) showed that SM inhibited LCAT
reaction with rHDL and native lipoproteins. Bolin and
Jonas (33) and Rye, Hime, and Barter (34) also re-
ported that SM affects the structure and function of
rHDL, and thus regulates LCAT activity. On the other
hand, the effects of SM on lipolysis in vivo with artificial
emulsions (35) and in mixed monolayers at the air/
water interface (36, 37) have been reported. Although
these studies have indicated inhibitory effects of SM on
the LPL reaction, the mechanism of the effects remains
to be determined. The results shown in Fig. 1 represent
the first quantitative evaluation of lipolysis rates in lipid
emulsions containing various amounts of SM in vitro,
and are compatible with those reported by Redgrave et
al. (35) in vivo.

It is considered that SM could regulate lipolysis rates
by several mechanisms: inhibiting LPL binding to
emulsions, inhibiting catalytic activity of LPL, inhibit-
ing apoC-II binding to emulsions, decreasing substrate
solubility at the emulsion surface, or a combination of
the above. As shown in Table 1, SM decreased the ap-
parent maximum velocity and increased the apparent

TABLE 1. Apparent kinetic parameters of the LPL reaction for lipid emulsions containing SM or Chol

Surface
Molar Ratio

Km(app) Vmax(app)

Emulsion Type 1 30% Plasma 1 10 mg/ml ApoC-II 1 30% Plasma 1 10 mg/ml ApoC-II

mM, TO mmol/h/mg LPL

TO-PC 0.194 6 0.048 0.205 6 0.059 8.38 6 0.30 8.09 6 0.35
TO-PC/SM 9/1 0.412 6 0.113 0.441 6 0.124 7.24 6 0.51 7.18 6 0.62
TO-PC/SM 4/1 0.541 6 0.075 0.553 6 0.094 6.95 6 0.42 7.06 6 0.62
TO-PC/SM 2/1 0.895 6 0.108 0.853 6 0.171 4.76 6 0.50 5.26 6 0.47
TO-PC/Chol 4/1 0.202 6 0.029 0.209 6 0.052 8.10 6 0.67 8.29 6 0.71
TO-PC/Chol 3/2 0.206 6 0.041 0.196 6 0.031 8.45 6 0.61 9.12 6 0.53

The kinetic parameters were determined from emulsion concentration versus emulsion concentration/
lipolysis rates.

TABLE 2. Amount of apoC-II binding to lipid emulsions at 378C

Emulsion
Type

Surface
Molar Ratio

ApoC-II Amount Bound to Emulsions
in Human Plasma

mmol/mol Surface Lipid g/g Surface Lipid

TO-PC 13.2 6 1.6 0.151 6 0.019
TO-PC/SM 9/1 12.4 6 0.6 0.143 6 0.006
TO-PC/SM 4/1 10.9 6 0.6 0.127 6 0.007
TO-PC/SM 2/1 6.5 6 0.7 0.076 6 0.009
TO-PC/Chol 4/1 7.8 6 0.9 0.090 6 0.010
TO-PC/Chol 3/2 2.8 6 0.3 0.032 6 0.003

Data represent means 6 SD of three experiments.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


148 Journal of Lipid Research Volume 39, 1998

Michaelis-Menten constant. The results indicated that
SM in the surface decreased both catalytic activity of
LPL and affinity of LPL for the substrates, thereby re-
ducing the lipolysis rates.

Unesterified cholesterol is a major surface compo-
nent of plasma lipoproteins. Redgrave, Vassiliou, and
Callow (38) have reported that the presence of Chol fa-
cilitated the uptake of emulsion particles by the liver.
We found that both Vmax(app) and Km(app) for Chol-con-
taining emulsions were almost equivalent to those for
TO-PC emulsions (Table 1). Interestingly, it seems
likely that the presence of Chol is a determinant of
early liver uptake (38), but has little influence on LPL-
mediated lipolysis.

Effects of apoC-II on the LPL reaction

It is well known that apoC-II enhances LPL activity. To
elucidate the mechanism of activation by apoC-II, the
effects of apoC-II on the kinetic parameters of the LPL
reaction have been examined by several researchers.
Jackson et al. (30) have reported that the primary effect
of apoC-II on the LPL reaction was to decrease Km(app)
with minor effects on Vmax(app) when the substrates were
triacylglycerol (TG)-rich lipoproteins. Also, they have

reported that the effect of apoC-II is mainly on Vmax(app)
rather than on Km(app) with artificial TO-PC emulsions
(30). Similar results have been reported for TO-PC
emulsions by Posner, Wang, and McConathy (39, 40)
and Cheng et al. (41). There are two possible explana-
tions for the discrepancy between the lipoprotein and
emulsion lipolysis: differences in lipid composition (i.e.,
TG-rich lipoproteins include other lipids such as SM
and Chol, compared with TO-PC emulsions) and TG-
rich lipoproteins contain a number of apolipoproteins
such as apoB, apoE, apoC-III. As shown in Fig. 3, Km(app)
was almost unchanged, while Vmax(app) increased in a sat-
urating manner with plasma content for SM-containing
emulsions. Similar results were observed with isolated
human apoC-II in place of human plasma. We also ob-
served increases in Vmax(app) and invariability of Km(app) af-
ter addition of plasma to lipid emulsions containing
Chol (results not shown). It seems unlikely that differ-
ences in lipid composition between lipoproteins and
lipid emulsions alter the mechanism of LPL activation
by apoC-II. The most obvious explanation for the ob-
served differences in the effects of activator on the ki-
netics parameters is that other apolipoproteins in the
TG-rich lipoproteins affect these parameters.

Fig. 4. Carbonyl regions of spectra recorded from PC (a) and PC/SM(2/1, molar ratio) (b) vesicles with 5 mol% [1-13C]TO. Spectra
were recorded under inverse-gated decoupling conditions at 378C and given approximately the same intensity scaling. Each carbonyl
peak is indicated as described in Experimental Procedures.
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Taking into account the increase in Vmax(app) by apoC-
II, it is necessary to evaluate the amounts of apoC-II
binding to lipid emulsions. As shown in Table 2, both
SM and Chol at the surface reduced amounts of apoC-
II binding to emulsions. Replacement of PC by Chol re-
duced apoC-II binding but nevertheless had no effect
on Vmax(app) (Tables 1 and 2), indicating that the
amount of apoC-II bound to Chol-containing emul-
sions could activate LPL catalysis sufficiently. It is un-
likely that the apoC-II binding to emulsions is a rate-
limiting factor in LPL-mediated lipolysis under our
experimental conditions. This is not in conflict with
data suggesting that very little apoC-II is required to
maximally activate LPL (30). In addition, Wang et al.
(42) have reported that apoC-II concentration is nor-
mally not a limiting factor for the in vivo hydrolysis of
TG-rich lipoproteins or a factor in the expression of hy-
pertriglyceridemia. It is unlikely that SM inhibits lipoly-
sis because of the decrease in apoC-II binding.

Effects of TO solubility in the surface layers
on lipolysis.

In the kinetic model proposed by Quinn et al. (43,
44) for the interfacial enzyme, Km(app) and Vmax(app) are
functions of the concentration of substrates at the sur-
face layer, S. Neutral lipids such as triacylglycerol (TG)
and cholesteryl esters are located in the cores of emul-
sions and have very low solubility in phospholipid lay-
ers (45, 46). Previous studies (24, 31, 32) have shown
that the solubility of TO in the phospholipid surface is
2.7 mol%. Similar surface solubilities of TG have been
observed for chylomicrons and VLDL (18). On the

other hand, medium chain-TG (trioctanoin) is dis-
solved up to about 11 mol% at the emulsion surface
(47). In addition, cholesterol decreases TO solubility in
the surface monolayer (25). The differences in TO sol-
ubility have been presumed to affect lipolysis rate in
emulsions of different lipid composition (47). As
shown in Fig. 5, 13C NMR measurements showed that
SM increased TO solubility in phospholipid bilayers.
This result indicated that the lipolysis inhibition by SM
was not due to a decrease in TO solubility. The solubil-
ity of TO in PC/Chol (molar ratio, 3/2) surface layer
was lower (0.7 mol%) than that in the PC surface (25),
whereas the Km(app) and Vmax(app) values for TO-PC/
Chol(3/2) emulsions were almost equivalent to those
for TO-PC emulsions (Table 1). Furthermore, we
found that the LPL activities of TO/cholesteryl oleate
(1/1)-PC emulsions were similar to those of TO-PC
emulsions (data not shown), although the incorpora-
tion of 50 mol% cholesteryl oleate reduces TO solubil-
ity by half (29). Our results indicate that TO solubility
was not a rate-determining factor for the LPL reaction.
In the equation reported by Quinn et al. (43, 44) Km(app)
and Vmax(app) are independent of TO solubility, S, when
true Michaelis-Menten constant (Km*) ,, S. Our find-
ings suggested that Km* was smaller than 0.7 mol%;
that is, local concentration of TO solubility in the TO-
PC/Chol(3/2) emulsion surface had already achieved
saturation.

The inhibition of LPL catalytic activity by SM was due
neither to the decrease in apoC-II binding nor to the
TO solubility in surface layers. We have shown that
strong interaction between SM and TG retarded the
transfer of the substrates to the catalytic pocket of LPL
with mixed monolayers (37). One possible explanation
for the inhibition of LPL activity by SM is this strong
lipid–lipid interaction.

Roles of SM and Chol in plasma lipoproteins

In human plasma, chylomicrons containing a low
mol% of SM are rapidly hydrolyzed by LPL, while the
rates of hydrolysis in VLDL containing 20 mol% SM are
slow (48). This difference in the susceptibility to LPL-
mediated lipolysis is consistent with the present finding
of the inhibition of lipolysis by SM (Table 1), suggest-
ing that SM is one of the important factors regulating
LPL activity in lipoprotein metabolism. Our results sug-
gest that SM inhibits lipolysis both by regulating LPL af-
finity for substrates and by inhibiting LPL activity. On
the other hand, the lipolysis of TG in chylomicrons
produces Chol-enriched remnant particles (18). High
Chol content in the particle surface induces a decrease
in binding of apoC-II (Table 2) and TG solubility in the
surface layers (25); however, these effects by Chol have
no influence on LPL-mediated lipolysis (Table 1). This

Fig. 5. Effects of SM on solubility of 13C-TO in the surface layer.
TO solubility in the surface layer was calculated from Eq. 1 in Ex-
perimental Procedures.
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is because neither amount of apoC-II binding nor TG
solubility play critical roles for lipolysis rates. This en-
richment of Chol content is thought to increase the ra-
tio of apoE to apoC-II (9), and thereby promote uptake
by the liver because C apolipoproteins inhibit apoE-
mediated hepatic uptake (7, 8). Therefore, our results
suggest that the contents of SM or Chol in the plasma
lipoprotein surface play different roles in the metabo-
lism of lipoproteins in the regulation of susceptibility to
LPL and the selectivity of apolipoprotein binding.
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