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been detected in atherosclerotic lesions, and experiments 
in vitro have demonstrated that treatment of LDL with 
these enzymes can lead to their modifi cation ( 2 ). Even mi-
nor modifi cations in the surface structure of LDL particles 
can result in their aggregation. If the proteolytic or lipolytic 
modifi cations are extensive enough, the aggregated LDL 
particles can become unstable and fuse. The fused parti-
cles resemble morphologically the lipid droplets that have 
been observed in atherosclerotic arterial intima both in 
humans and in atherosclerotic animal models ( 2 ). Impor-
tantly, the in vitro modifi ed LDL particles chemically re-
semble the lipid droplets isolated from atherosclerotic 
arteries, showing signs of both proteolysis and lipolysis ( 2 ). 
Accordingly, these lipid droplets contain fragmented apo-
lipoprotein B-100 (apoB-100) and have a lower phosphati-
dylcholine content and a higher ceramide content than 
native LDL particles ( 3 ). 

 Neutral proteases have been detected in atherosclerotic 
arterial intima, and they include both plasma-derived and 
locally synthesized proteases. To the former group belong 
plasmin, kallikrein, and thrombin ( 4 ), and to the latter 
group the matrix metalloproteinases secreted by intimal 
macrophages and smooth muscle cells, and chymase, 
tryptase, and cathepsin G secreted by intimal mast cells ( 5, 
6 ). In addition, proteases with acidic pH optima, notably 
the lysosomal proteases cathepsins D, F, K, and S, are 
secreted by macrophages and smooth muscle cells in ath-
erosclerotic lesions into their extracellular microenviron-
ments ( 7–9 ). 

 Besides the many proteases listed above, also two types 
of extracellular phospholipolytic enzymes capable of hy-
drolyzing the surface phospholipids of LDL particles have 
been detected in atherosclerotic arterial intima. These are 
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 Fractions of circulating LDL particles enter the arterial 
intima, where they become exposed to proteolytic and li-
polytic enzymes and to oxidative agents ( 1 ). Indeed, many 
different proteases and lipases capable of hydrolyzing the 
protein and lipid components of LDL, respectively, have 
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ered with 20 mM PIPES (pH 7.0) containing either 0.5 mg/ml of 
 � -chymotrypsin (SigmaAldrich), 0.02 mg/ml of human recombi-
nant chymase (Teijin Ltd., Hino, Tokyo, Japan), 40 mU/ml of 
human plasma-derived plasmin (SigmaAldrich), or 35 µg/ml of 
human recombinant cathepsin S (Calbiochem). To optimize the 
activity of cathepsin S, 2.5 mM EDTA was added to the incuba-
tion mixtures containing this enzyme. After incubation, proteoly-
sis by  � -chymotrypsin, plasmin, or chymase was stopped by adding 
phenylmethylsulfonyl fl uoride (SigmaAldrich) to give a fi nal 
concentration of 1 mM. To stop the proteolytic degradation by 
cathepsin S, this enzyme was inhibited by adding E-64 (Sigma-
Aldrich) to give a fi nal concentration of 10 µM. The degree of 
LDL proteolysis was determined by the trichloroacetic acid 
(TCA) precipitation method, which measures the amount of ra-
dioactive peptides released from the particles ( 4 ). The released 
peptides were separated from the proteolyzed LDL particles by 
gel fi ltration chromatography on a Superose 12 PC 3.2/30 col-
umn (GE Healthcare), after which the particles and the released 
peptides were analyzed by SDS-polyacrylamide gel electrophore-
sis on 4–20% gradient gels. The gels containing radiolabeled 
LDL or released peptides were either stained with Simply Blue 
SefaStain (Invitrogen) or each lane was cut into 2-mm sections. 
To determine the radioactivity of each section of the gel, the 
pieces were fi rst treated with pronase (SigmaAldrich) to release 
the radioactively labeled peptides from the gel material. 

 Preproteolyzed LDL or IDL was incubated for 0–24 h at 37°C 
with the selected phospholipases in a buffer containing 150 mM 
NaCl, 2% (w/v) fatty acid free BSA (MP chemicals, Ohio), 2 mM 
CaCl 2 , 0.005 mM ZnCl 2 , and 20 mM PIPES (pH 7.0), which con-
tained 10 µg/ml of human recombinant PLA 2  group IIa, 0.1 µg/
ml of human recombinant sPLA 2  group V ( 25 ), or 40 µg/ml of 
human recombinant acid sphingomyelinase (a kind gift from 
Genzyme). Because 2.5 mM EDTA was present in the incubation 
mixtures containing cathepsin S, 4 mM CaCl 2  was added to these 
mixtures before the addition of either phospholipase. Finally, to 
stop the lipolytic reactions, EDTA was added to give a fi nal con-
centration of 10 mM. The proteolyzed LDL and IDL particles 
(1 mg/ml) were allowed to fuse before lipolysis; therefore, they 
were incubated for 18 h at 37°C before their incubation with the 
lipases. The degree of sPLA 2 -induced lipolysis was determined by 
measuring the amounts of fatty acids in the samples by the NEFA-
C-kit (Wako Chemicals, Neuss), and the degree of SMase-induced 
lipolysis was determined by measuring the amounts of phospho-
choline in the samples by Amplex Red phosphorylcholine kit 
(Molecular Probes, Eugene, Oregon). The average sizes of native 
and proteolyzed LDL and IDL were measured using “Zetasizer 
Nano” apparatus (Malvern Instruments). No increase in the 
amounts of thiobarbituric acid–reactive substances (TBARS) 
( 26 ) was detected in LDL samples after the incubations, indicat-
ing that the LDL particles had not been oxidized during the 
experiments. 

 Preparation of human aortic proteoglycans 
 Proteoglycans from the intima-media of human aortas were 

obtained at autopsy within 24 h of accidental death and prepared 
as described previously ( 27, 28 ). The Finnish National Authority 
for Medicolegal Affairs approved the study. The amounts of pro-
teoglycans were determined by quantifying their glycosaminogly-
cans with the method of Bartold and Page ( 29 ). 

 Binding of LDL to human aortic proteoglycans 
 Wells of polystyrene 96-well plates (Thermo Labsystems, Van-

taa, Finland) were coated with 100  � l of proteoglycans (50  � g/
ml in PBS) by incubation at 4°C overnight. The proteoglycan-
containing wells were blocked with 3% BSA, 1% fat-free milk 
powder, and 0.05% Tween 20 in PBS for 1 h at 37°C as described 

(1) the secretory phospholipase A 2  enzymes (sPLA 2 ), 
which hydrolyze phosphoglyceride molecules and gener-
ate free fatty acids and lysophospholipids, and (2) the 
secretory sphingomyelinase (sSMase), which hydrolyzes 
sphingomyelin molecules into phosphocholines and cer-
amides ( 10 ). Secretory phospholipases A 2  of group IIa 
(sPLA 2 -IIa) ( 11–13 ) and, more recently, of group V (sPLA 2 -V) 
( 14 ) and group X (sPLA 2 -X) ( 15, 16 ) are found particu-
larly in the atherosclerotic regions of the arterial intima. 
Among these phospholipases, sPLA 2 -V and sPLA 2 -X are 
more effective than sPLA 2 -IIa in hydrolyzing lipoprotein 
particles, and interestingly, treatment of LDL with sPLA 2 -V 
has been shown to induce aggregation and fusion of LDL 
particles ( 14 ). 

 The presence of secretory acid sphingomyelinase in 
human atherosclerotic lesions has also been confi rmed 
( 17 ). The human enzyme has an acidic pH optimum and, 
accordingly, at neutral pH is capable of yielding only a lim-
ited degree of hydrolysis of LDL particles ( 18 ). On the 
other hand, hydrolysis of LDL by  B. cereus  sphingomyelinase, 
a bacterial sphingomyelinase showing substantial activity 
at neutral pH, has been shown to induce aggregation and 
fusion of LDL particles ( 19 ), these processes depending 
on the generation of ceramide on the surface of the modi-
fi ed lipoprotein particles ( 20 ). 

 Based on the above information on the presence of 
both proteases and phospholipases in atherosclerotic 
lesions, it is not surprising that apoB-100–containing lipid 
droplets isolated from such lesions show signs of hydrolysis 
of both their protein and their phospholipid components. 
However, no information is available about the effects of 
LDL proteolysis on subsequent phospholipolysis of the 
particles. Moreover, the combined effect of proteases and 
phospholipases on the stability of LDL particles and on 
their retention to a proteoglycan (PG) matrix is an unex-
plored research topic. In the present study, we treated 
LDL with proteases known to be present in the arterial 
intima and examined the effects of such proteolysis on the 
ability of sPLA 2 -IIa, sPLA 2 -V, and sSMase to hydrolyze 
phospholipids of the preproteolyzed LDL particles. In ad-
dition, the combined effects of proteolysis and lipolysis on 
LDL fusion and binding to human aortic proteoglycans 
were evaluated. 

 METHODS 

 Isolation and modifi cation of LDL and IDL 
 Human LDL (d = 1.019-1.050 g/ml) and intermediate density 

lipoprotein (IDL) (d = 1.006-1.019) were isolated from plasma of 
healthy volunteers (a kind gift from the Finnish Red Cross) by 
sequential ultracentrifugation in the presence of 3 mM EDTA 
( 21, 22 ). The amounts of LDL are expressed in terms of their 
protein concentrations, which were determined by the method 
of Lowry et al. ( 23 ) with BSA as standard. Each experiment was 
performed with at least two different LDL preparations. 

 The apoB-100 components of the lipoproteins were labeled 
with a  3 H-labeling reagent according to the Bolton-Hunter proce-
dure ( 24 ).  3 H-radiolabeled LDL or  3 H-radiolabeled IDL (2 mg/ml) 
was fi rst incubated for 0.5–18 h at 37°C in 150 mM saline buff-
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dation and generation of smaller peptide fragments from 
LDL than plasmin. The degree of apoB-100 degradation 
into TCA-soluble products was also determined. It appeared 
that chymase and cathepsin S led to more extensive release 
of TCA-soluble products (about 13%) than did plasmin 
(about 4%) (not shown). Thus, despite the signifi cant dif-
ference between the ability of sSMase to lipolyze cathepsin 
S–treated LDL and chymase-treated LDL, the degrees of 
proteolysis by these two proteases were comparable when 

earlier ( 30 ). Wells incubated with only blocking buffer served as 
controls. 

 100 µl of differentially hydrolyzed LDL (0.1 mg/ml) in a buffer 
containing 1% BSA, 50 mM NaCl, 2 mM CaCl 2 , 2 mM MgCl 2 , and 
20 mM PIPES (pH 7.0) were incubated in the wells for 1 h at 
37°C. Unbound LDL particles were removed, the wells were 
washed with PIPES-buffered 50 mM saline, and the amounts of 
bound LDL particles were determined using the Amplex Red 
cholesterol kit (Molecular Probes, Eugene, Oregon). 

 Electron microscopy 
 LDL particles were negatively stained using 2% neutral uranyl 

acetate and were then viewed and photographed under a JEOL 
1200-EX II transmission electron microscope at the Electron Mi-
croscopy Unit, Institute of Biotechnology, University of Helsinki. 
The diameters of 150 randomly selected lipoprotein particles 
were measured from the electron micrographs. 

 Statistical analysis 
 Statistical analysis of the data was performed with the SPSS 

software, version 17.0. When analyzing the sizes of LDL particles, 
the variance between the size distributions of different LDL sam-
ples was analyzed with one-way ANOVA with posthoc Bonferroni 
test, and when analyzing the binding data, the Wilcoxon signed-
rank paired test was applied. 

 RESULTS 

 LDL was treated for 18 h with three different proteases, 
cathepsin S, chymase, or plasmin, after which the differen-
tially proteolyzed LDL samples were incubated for up to 24 
h with sPLA 2 -IIa, sPLA 2 -V, or sSMase. After incubation, the 
amounts of released free fatty acids (PLA 2 ) or phosphocho-
lines (SMase) were measured. PLA 2 -IIa was not able to hy-
drolyze unproteolyzed LDL, nor had preproteolysis with 
any of the three proteases any stimulatory effect on subse-
quent hydrolysis of LDL by this enzyme (  Fig.1A  ). In con-
trast, treatment of even unproteolyzed LDL with sPLA 2 -V 
led to generation of 0.07 nmol of free fatty acids/µg LDL 
(panel B), and after pretreatment with either cathepsin S or 
chymase, sPLA 2 -V hydrolyzed LDL more effi ciently and 
led to generation of about 0.3 nmol of free fatty acids/
µg LDL, which corresponds to hydrolysis of about half 
of the phosphatidylcholines on LDL particles. In con-
trast, pretreatment with plasmin had no effect on the 
ability of PLA 2 -V to hydrolyze LDL. Secretory SMase was 
capable of only minimal hydrolysis of unproteolyzed 
LDL, and plasmin pretreatment failed to stimulate the 
subsequent treatment with this phospholipase (panel C). In 
addition, similar to sPLA 2 -V, sSMase hydrolyzed LDL parti-
cles more effi ciently after their pretreatment with cathepsin 
S or chymase. Interestingly, sSMase was able to hydrolyze 
cathepsin S-treated LDL signifi cantly more effi ciently than 
chymase-treated LDL. Thus, hydrolysis of cathepsin S–treated 
LDL by SMase led to generation of 0.14 nmol of phospho-
choline/µg LDL, which corresponds to hydrolysis of about 
40% of sphingomyelin molecules in LDL. 

 Next, the ability of plasmin, chymase, and cathepsin S 
to degrade apoB-100 was compared. All three proteases 
were able to cleave apoB-100 into fragments (  Fig. 2  ),  with 
cathepsin S and chymase leading to more extensive degra-

  Fig.   1.  Effects of preproteolysis on LDL phospholipolysis. LDL 
was fi rst incubated for 18 h with chymase, cathepsin S, or plasmin 
and then treated with either sPLA 2 -IIa (panel A), sPLA 2 -V (panel 
B), or sSMase (panel C). The formation of free fatty acids and 
phosphocholine, respectively, were measured at the indicated time 
points. The results are representative of four independent experi-
ments performed with different LDL preparations. sPLA2-IIa, 
secretory phospholipase A2 group IIa; sPLA2-V, secretory phos-
pholipase A2 group V, sSMase, secretory sphingomyelinase.   
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combined proteolysis and lipolysis on LDL particle fusion. 
For this purpose, the differently treated LDL samples were 
negatively stained and photographed using transmission 
electron microscopy, and the diameters (sizes) of individ-
ual LDL particles were measured. The size distributions of 
LDL particles in the various LDL samples are shown in 
  Fig. 4  . As expected from the minor lipolysis of control LDL 
that was obtained in our study (see  Fig. 1 ), there was only 
a minor, nonsignifi cant change in the size of LDL treated 

related to the net release of TCA-soluble degradation 
products. 

 Next, in an attempt to fi nd a reason for the differences 
in the ability of sSMase to hydrolyze cathepsin S– and 
chymase-treated LDL, the degradation of apoB-100 and 
the release of peptide fragments from LDL particles proteo-
lyzed with the two enzymes were analyzed in more 
detail. Inasmuch as the proteolyzed LDL particles will be 
precipitated with TCA, peptide fragments of any size that 
remain particle-bound will be found in the TCA-precipi-
tate, while any TCA-soluble peptides (MW < 5000 kDa) 
must have been released from the LDL particles. There-
fore, samples of LDL particles proteolyzed with either 
cathepsin S or chymase were subjected to gel fi ltration on 
a Superose 12 column. The LDL particles elute in the void 
volume of the column, whereas the peptide fragments 
released from LDL can be recovered close to the total vol-
ume of the column (  Fig. 3A  ). As expected, all radioactivity 
in peak I of both samples was TCA-precipitable, while all 
radioactivity in peak II of both samples was TCA-soluble. 
To determine the sizes of the peptide fragments that 
remain bound to LDL particles (peak I) and are released 
from LDL (peak II), the two peak fractions from each sam-
ple were subjected to SDS-PAGE. The gels were sectioned 
into 2-mm pieces, and the radioactivity of each section 
measured by liquid scintillation counter ( Fig. 3B, C ). The 
major class of peptides that remain bound to both cathepsin 
S– and chymase- treated LDL is >250 kDa in size. Intact 
apoB-100 (500 kDa) migrates to the fi rst section (>250 
kDa) of the gel, which may contain both undegraded 
apoB-100 and large apoB-100 fragments. In addition to 
these fragments, the major class of peptides found in 
chymase-treated LDL is 80 kDa in size, while that in cathepsin 
S–treated LDL is about 120 kDa in size. As expected, most of 
the peptide fragments released from LDL particles are small 
and are recovered in the last section of the 4–20% gel. 

 Proteolytic and lipolytic modifi cations of LDL particles, 
when examined separately, are known to induce aggrega-
tion and fusion of LDL. Next, we examined the effects of 

  Fig.   2.  SDS-PAGE of proteolyzed LDL. LDL was fi rst incubated 
for 18 h with plasmin, chymase, or cathepsin S. The proteolyzed 
samples were then analyzed by SDS-PAGE on 4–20% gradient gel.   

  Fig.   3.  Analysis of chymase- and cathepsin S-treated LDL. Radi-
olabled LDL was fi rst incubated for 18 h with chymase or cathepsin 
S. The proteolyzed samples were then subjected to gel fi ltration in 
a Superose 12 column to separate LDL particles (peak I) from the 
released peptides (peak II) (panel A). The peptides in each peak 
fraction were then separated by SDS-PAGE on 4–20% gradient gel, 
after which the gels were sectioned and the radioacitivity of each 
section was counted. Panel B shows the peptide fragments remain-
ing bound to LDL particles, and panel C shows the peptide frag-
ments that were released from LDL by the two proteases.   
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fraction was incubated for 18 h at 37°C to allow particle fu-
sion, and then the fused LDL particles were hydrolyzed by 
sSMase. Unexpectedly, the sSMase hydrolyzed proteolyzed 
nonfused particles more extensively than fused particles 
(  Fig. 5A   ) . Thus, particle fusion decreased the susceptibility 
of the proteolyzed lipoproteins to subsequent hydrolysis by 
sSMase. To test whether the activity of sSMase toward lipo-
proteins depends on their size, we compared the ability of 
sSMase to hydrolyze native and proteolyzed lipoproteins of 
various sizes. The fused LDL particles (29 nm) had a similar 
size as the nonfused IDL particles (30 nm). As shown in  Fig. 
5 , regardless of the particle size, both the proteolyzed non-
fused LDL and IDL particles were avidly hydrolyzed by the 
sSMase, but particle fusion decreased the ability of sSMase 
to hydrolyze both lipoprotein types. Thus, the ability of 
sSMase to hydrolyze the preproteolyzed lipoproteins does 
not appear to depend on particle size. Instead, it appears 
that the sphingomyelin molecules on the surface monolay-
ers of the proteolyzed nonfused particles are better sub-
strates for sSMase than those on the surface of fused LDL, 
where the monolayer is more tightly packed ( 31 ). 

 Since aggregated/fused lipoprotein particles bind to 
proteoglycans more tightly than their monomeric, native-
sized counterparts ( 2 ), the effects of the different treat-
ments of LDL on the ability of LDL to bind to human 
aortic proteoglycans were next determined. For this pur-
pose, the differently modifi ed LDL samples were applied 
to proteoglycan-coated microtiter wells. As shown in   Fig. 6  , 
plasmin alone had no effect on binding of LDL to proteo-
glycans, whereas proteolysis of LDL with chymase or 

only with sPLA 2 -V or sSMase, i.e., without a proteolytic pre-
treatment. However, treatment of LDL with any of the 
three proteases, but particularly with cathepsin S, led to 
the formation of enlarged (i.e., fused) LDL particles. 
Interestingly, lipolysis of plasmin-treated LDL by sPLA 2 -V 
led to a nonsignifi cant decrease in particle size, whereas 
treatment of chymase- or cathepsin S–treated LDL with 
the same enzyme led to a signifi cant increase in particle 
size. Treatment of any of the protease-treated LDL parti-
cles with sSMase led to formation of larger LDL particles 
and to a much more skewed size distribution, particularly 
in the case of plasmin- and chymase-treated LDL. Thus, 
while the median of the plasmin- and chymase-treated 
LDL particles did not change after treatment of the parti-
cles with sSMase, some of the LDL particles in the electron 
micrographs had sizes of >50 nm. Treatment of cathepsin 
S–treated LDL with sSMase led to an even larger increase 
in particle size: the median size distribution increased, 
and particles of up to 80 nm in size were observed. 

 To determine whether particle fusion contributes to the 
ability of sSMase to hydrolyze LDL, the ability of sSMase to 
hydrolyze preproteolyzed fused and nonfused LDL parti-
cles was compared. For this purpose LDL was fi rst prote-
olyzed with  � -chymotrypsin for 30 min, after which the 
 � -chymotrypsin activity was stopped by the addition of PMSF. 
Because lipoprotein fusion is a slow process, the portion of 
fused LDL of total particles after proteolytic degradation for 
30 min is negligible ( 4 ). The preproteolyzed nonfused LDL 
was then divided into two fractions. One fraction was im-
mediately subjected to hydrolysis by sSMase. The other 

  Fig.   4.  Size distributions of differently modifi ed LDL particles. Differently treated LDL particles were examined by electron microscopy 
after negative staining, and the size distributions of the particles were determined by measuring the diameters of 150 particles from each 
photograph. Bars = 50 nm. The size distribution of each sample is shown in the box plot diagram, where 95% of the measured values are 
placed in the box, and the remaining 2.5% of the largest and smallest measured values are marked as lines above and below the boxes. The 
horizontal line in each box shows the median of the measured values. sPLA2-IIa, secretory phospholipase A2 group IIa; sPLA2-V, secretory 
phospholipase A2 group V, sSMase, secretory sphingomyelinase.   
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The plasmin-generated protein fragments were larger (as 
also observed previously by Piha et al. ( 4 )), and only small 
amounts of peptides were released from LDL particles 
(4% TCA-soluble degradation products). In contrast, pro-
teolysis of LDL with the other two enzymes generated 
larger protein fragments that remained bound to LDL 
particles, and they also generated small peptides, which 
were released from LDL particles and could be recovered 
in the incubation medium as TCA-soluble degradation 
products (13% TCA-soluble degradation products). Gen-
eration of the small peptide fragments and their loss from 
LDL particles appeared to be a necessary prerequisite 
to render the particles more susceptible to lipolysis by 
sPLA 2 -V and sSMase, as plasmin treatment did not increase 
the susceptibility of the phosphatidylcholine or sphingo-
myelin molecules to subsequent lipolysis in the preprote-
olyzed LDL particles. 

 On the basis of our fi ndings, it appears that generation 
of small peptide fragments and their loss from the surface 
of proteolyzed LDL particles is a critical determinant of 
the fi nal outcome of the combined action of a protease 
and a phospholipase on LDL particles. Such loss of pro-
tein fragments from the surface of proteolyzed LDL parti-
cles is likely to lead to reorganization of the surface lipids 
and to loosening of the surface monolayer ( 31 ). Because 
changes in surface pressure infl uence the activity of PLA 2  
and SMase enzymes ( 32 ), a proteolysis-induced decrease 
in the surface pressure of LDL particles provides a plausi-
ble explanation for the increased activity of sPLA 2 -V and 
sSMase observed in this study. Similarly, other types of 
LDL modifi cation (oxidation and PLA 2 -induced hydroly-
sis of LDL) that induce changes in the surface of LDL par-
ticles have been shown to render the modifi ed particles 
susceptible to hydrolysis by sSMase at neutral pH ( 25 ). 

 Even extensive proteolysis with alfa-chymotrypsin lead-
ing to release of 60% of apoB-100 from LDL particles did 
not enhance lipolysis of LDL by sPLA2-IIa (data not 
shown). The binding region of sPLA 2 -IIa is positively 
charged, and consequently, this enzyme requires a nega-
tively charged surface for optimal binding ( 33 ). As bind-
ing of the PLA 2  enzymes to lipid surfaces determines the 
ability of these enzymes to hydrolyze lipids and as proteoly-
sis of apoB-100 does not induce negative charges on LDL 
particles ( 4 ), it is understandable that proteolytic degrada-
tion, which only induced minor changes to the net charge 
of the lipoprotein particles, had no effect on their sPLA 2 -
IIa–induced hydrolysis. 

 The amounts of lipases that were used in the experi-
ments were selected by testing different concentrations 
of the enzymes, and as shown previously by others, if 
higher concentrations of PLA 2 -V are used, even unpro-
teolyzed LDL can be fully lipolyzed. As this study shows, 
preproteolysis of LDL renders the LDL particles more 
susceptible to PLA 2 -V-induced lipolysis; accordingly, to 
achieve a maximal degree of lipolysis, smaller amounts of 
the lipase are needed when preproteolyzed LDL is being 
lipolyzed. Since the secretory SMase can hardly lipolyze 
unproteolyzed LDL at neutral pH, increasing the amount 
of the enzyme to even a 10-fold higher concentration 

cathepsin S enhanced binding (white columns). Lipolytic 
modifi cations (gray columns for sSMase and black columns 
for sPLA 2 ) further enhanced the binding of chymase-treated 
and cathepsin S–treated LDL particles to proteoglycans, 
particularly when cathepsin S–treated LDL particles were 
subsequently hydrolyzed with sSMase. 

 DISCUSSION 

 Chymase, cathepsin S, and plasmin are found in athero-
sclerotic plaques and are capable of degrading apoB-100 
in LDL particles in vitro ( 2 ). In this study, we observed that 
proteolysis by chymase or cathepsin S led to more exten-
sive proteolysis of apoB-100 than proteolysis by plasmin. 

  Fig.   5.  Effect of LDL fusion and size on phospholipolysis. LDL 
and IDL were fi rst proteolyzed with  � -chymotrypsin for 30 min, af-
ter which proteolysis was stopped by the addition of PMSF The pro-
teolyzed LDL (panel A) and IDL (panel B) were incubated with 
sSMase for up to 3 h either directly after proteolysis (proteolyzed 
nonfused) or after an additional incubation for 18 h at 37°C to al-
low particle fusion (proteolyzed fused). Formation of phosphoryl 
choline was measured at the indicated time points. The data shown 
are means of three independent experiments performed with dif-
ferent LDL preparations ± SEM. IDL, intermediate density lipopro-
tein; sSMase, secretory sphingomyelinase.   
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renders the particles susceptible to hydrolysis by sSMase 
and sPLA 2 -V. In fact, particle fusion may even stabilize the 
particles and render them more resistant against a second 
hydrolytic attack by a phospholipase. 

 Proteoglycans play the key role in the initial retention 
and accumulation of LDL in atherosclerosis-prone areas 
of the arterial intima ( 35 ). Native LDL has relatively low 
affi nity for proteoglycans, while proteolytic and phospho-
lipolytic modifi cations of LDL particles enhance their 
binding to proteoglycans, particularly if the modifi cations 
are extensive enough to induce particle aggregation and 
fusion ( 2 ). Here we have shown that the combined effect 
of proteases and phospholipases increases the binding of 
LDL to proteoglycans even further. Such strongly in-
creased binding was seen especially in the LDL prepara-
tions in which lipoproteins were fused as a result of the 
combined action of the two types of hydrolytic enzyme. 
Indeed, in our earlier work we found that the fused parti-
cles bind to proteoglycans more tightly than do mono-
meric LDL particles because each fused particle contains 
several copies of apoB-100, allowing polyvalent binding to 
proteoglycans ( 2 ). 

 To distinguish whether the observed increase in the 
proteoglycan binding of the proteolyzed and lipolyzed 
samples resulted from an increase in the size or in the 
number of bound particles, the relative numbers of PG-
bound LDL particles were calculated ( Table 1 ). An in-
crease in the volume of the particles, which refl ects the 
amount of cholesterol in the particles, can be calculated 
from the average diameters of the particles. Therefore, 
the relative numbers of PG-bound particles can be calcu-
lated from the average diameters and from the average 
amount of PG-bound cholesterol. It appears that the in-
creased binding of LDL treated with cathepsin S alone 
and with cathepsin S and sPLA 2 -V was due to the increased 
particle size solely, as the number of bound particles was 
not increased (i.e., it was the same as that of control 
LDL particles. However, modifi cations of LDL particles 
by cathepsin S with sSMase, by chymase with PLA 2 , by 

failed to increase the degree of lipolysis signifi cantly 
(data not shown). 

 Secretory SMase more avidly hydrolyzed cathepsin 
S–treated LDL particles than chymase-treated LDL parti-
cles, even if the particles had been proteolyzed individually 
by each protease to yield a similar fi nal degree of proteoly-
sis. Because chymase hydrolyzes apoB-100 on the carbonyl 
side of aromatic amino acids and cathepsin S favors 
branched hydrophobic residues in the P2 position, the dif-
ference in sSMase activity may depend on differences in 
the residual lipoprotein-bound apoB-100 fragments. In-
deed, the main size class of peptide fragments remaining 
bound to LDL particles after treatment with cathepsin S 
was 120 kDa, while the main size class after treatment with 
chymase was 80 kDa. Thus, the peptide fragments gener-
ated by cathepsin S may directly enhance binding of 
sSMase to LDL particles or change the organization of the 
surface lipids in a way that increases the accessibility of 
sphingomyelin molecules to sSMase. Proteolysis of LDL by 
cathepsin S enhanced particle fusion to a greater extent 
than did proteolysis by chymase (see  Fig.4 ). However, pro-
teolytic fusion did not enhance the susceptibility of the li-
poproteins for sSMase. This result is in full accordance 
with previous fi ndings showing that SMase activity decreases 
with an increasing size of the substrate vesicle ( 34 ). The 
results of our study suggest that it is not the particle fusion, 
but destabilization of lipoproteins upon proteolysis, that 

  Fig.   6.  Binding of modifi ed LDL to human aortic proteoglycans. 
Microtiter wells were fi rst coated with human aortic proteogly-
cans, after which modifi ed LDL was added to the wells. The 
amounts of proteoglycan-bound LDL were determined by mea-
suring the amounts of cholesterol in the wells. The data shown are 
means of fi ve independent experiments performed with different 
LDL preparations ± SD. CathS, cathepsin S; Chym, chymase; 
sPLA2-V, secretory phospholipase A2 group V, sSMase, secretory 
sphingomyelinase;   

 TABLE 1. Relative number of protoglycan-bound LDL particles 

LDL Treated with

Average Size
Average PG 

Binding
Relative 

Number of 
PG-Bound 

LDL Particles nm  nmol cholesterol/well 

Control 23 0.20 1
Cathepsin S 32 0.53 1
Cathepsin S + sPLA2-V 35 0.72 1
Cathepsin S + sSMase 37 1.29 1.5
Chymase 27 0.47 1.4
Chymase + sPLA2-V 30 0.74 1.7
Chymase + sSMase 28 0.64 1.7

The average sizes of modifi ed LDL samples are the same as shown 
in  Fig. 4 , and the results of proteoglycan binding are taken from the 
experiment shown in  Fig. 6 . The relative numbers of proteoglycan-
bound LDL particles are calculated by calculating the increase in the 
volume of the particles, which refl ects the change in the amount of 
cholesterol in each particle. This value was then used to calculate the 
relative number of LDL proteoglycan-bound particles. PG, proteoglycan; 
sPLA2-IIa, secretory phospholipase A2 group IIa; sPLA2-V, secretory 
phospholipase A2 group V, sSMase, secretory sphingomyelinase.
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 CONCLUSION 
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