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Abstract

Lysosomal phospholipases play a critical role for degradation of cellular membranes after their lysosomal segregation. We
investigated the regulation of lysosomal phospholipase Al by cholesterol, phosphatidylethanolamine, and negatively-charged
lipids in correlation with changes of biophysical properties of the membranes induced by these lipids.

Lysosomal phospholipase Al activity was determined towards phosphatidylcholine included in liposomes of variable com-
position using a whole-soluble lysosomal fraction of rat liver as enzymatic source. Phospholipase Al activity was then related
to membrane fluidity, lipid phase organization and membrane potential as determined by fluorescence depolarization of DPH,
3P NMR and capillary electrophoresis.

Phospholipase Al activity was markedly enhanced when the amount of negatively-charged lipids included in the
vesicles was increased from 10 to around 30% of total phospholipids and the intensity of this effect depended on
the nature of the acidic lipids used (ganglioside GM1 < phosphatidylinesiphlosphatidylserine phosphatidylglycerol

Abbreviations:Chol, cholesterol; DPH, diphenylhexatriene; EDTA, ethylene-diamine-tetra-acetic acid; GM1, ganglioside GM1; LBPA,
lysobisphosphatidic acid; LUV, large unilamellar vesicles; MLV, multilamellar vesicles; PA, phosphatidic acid; PC, phosphatidylcholine; PE,
phosphatidylethanolamine; PG, phosphatidylglycerol; Pl, phosphatidylinositol; PP, phosphatidylpropanol; PS, phosphatidylserine: SM, sphin
gomyelin; sSPLA2, secreted phospholipase A2; SUV, small unilamellar vesicles
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phosphatidylpropanol < phosphatidic acid). For liposomes containing phosphatidylinositol, this increase of activity was not
modified by the presence of phosphatidylethanolamine and enhanced by cholesterol only when the phosphatidylinositol content
was lower than 18%.

Our results, therefore show that both the surface-negative charge and the nature of the acidic lipid included in bilayers modulate
the activity of phospholipase Al towards phosphatidylcholine, while the change in lipid hydration or in fluidity of membrane
are less critical. These observations may have physiological implications with respect to the rate of degradation of cellular
membranes after their lysosomal segregation.

© 2004 Published by Elsevier Ireland Ltd.

Keywords: Lysosomal phospholipase Al; Cholesterol; Phosphatidylethanolamine; Negatively-charged lipid; Fluidity; Lamellar phase; Surface
potential

Enzymes that hydrolyse lipids usually access their ~ The mode of access of the phospholipid molecule
substrate from the membrane phase and must thereforeto the catalytic site of phospholipase Al implies its re-
undergo a process of interfacial activation in which moval from the bilayer, the physico-chemical structure
the enzyme attaches to the membrane before actingof which is therefore susceptible to strongly affect the
on the substrate. This process, which has been exten-overall activity of the enzyme. For instance, the rate
sively studied for phospholipase A2 (PLA2), critically of hydrolysis ofpL-a-dipalmitoylphosphatidylcholine
depends on the physico-chemical nature as well as theandL-a-dimyristoylphosphatidylcholine incorporated
organization and dynamics of the interfadeoperts, into liposomes, by a soluble fraction of liver lyso-
1996; Berg et al., 2001; Berg and Jain, 2pinetic somes is maximal near the transition temperature
and X-ray structural studies of sSPLA2s have estab- (Vandenbranden et al., 1985We also know that
lished that these enzymes contain a recognition site the activity of lysosomal phospholipase Al is re-
that allows their attachment to the interface, which is duced when the surface pressure exceeds 32 dynes/cm
distinct from the catalytic site where the esterolysis of (Robinson and Waite, 198&nd increases markedly
a phospholipid molecule occurs. As a consequence, thewhen the amount of negatively-charged phospholipid
substrate specificity and the level of activity of SPLA2s present in the vesicles is raised from 10 to 30%
is dictated by the type of membrane interface to which of the total phospholipid contenM{ngeot-Leclercq
the enzyme preferentially binds (interfacial specificity) et al., 1988, 1990; Piret et al., 199&vhich is within
as well as by the type of phospholipid that is accom- the range foundin most natural membrariede et al.,
modated in the catalytic site (catalytic site specificity) 1976.

(Singer et al., 2002; Tatulian, 20p3 Unfortunately, no systematic data on the role played

In contrast to the large body of data available for by the organization and dynamics of the interfatiequ
sPLAZ2, little is known concerning intracellular phos- et al., 1997 on lysosomal phospholipase Al activity,
pholipases and especially the lysosomal phospholipaseare currently available. Using models mimicking bio-
Al. This enzyme however plays a crucial role for the logical membranes, we investigated the effect of two
degradation of intracellular phospholipidééliors and major lipids present in these membranes (cholesterol
Tappel, 1967; Stoffel and Greten, 1967; Stoffel and and phosphatidylethanolamine) as well as the effect
Trabert, 1969; Franson et al., 1971; Shinozaki and of an increase in the content of negatively-charged
Waite, 1999. Impairment of its activity by poly- lipids (phospholipid versus glycosphingolipid) on the
cationic antibiotics l(aurent et al., 1982; Montenez hydrolysis of phosphatidylcholine by phospholipase
et al., 1999 or amphiphilic cationic drugd_(llmann- Al present in lysosomal extracts. In parallel, we also
Rauch, 1979; Kodavanti and Mehendale, 1990; examined whether the variations observed in terms of
Halliwell, 1997; Schneider et al., 1997; Reasor and activity are related to potential modifications induced
Kacew, 200} is considered to be responsible for the by these lipids on critical membrane properties such as
development of lysosomal phospholipidosis observed fluidity, lipid organization and surface potential of the
in cells and tissues upon exposure to those drugs. bilayer.
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1. Materials and methods
1.1. Lipid vesicles

All vesicles used in this work contained a constant
amount (3.64 mM) of phosphatidylcholine (PC). The
% % molar proportions of other lipids (cholesterol [Chol],
g g sphingomyelin [SM], phosphatidylethanolamine [PE]
aaq and one acidic lipid [phosphatidylinositol [PI], phos-
phatidylserine [PS], phosphatidylglycerol [PG], phos-
phatidylpropanol [PP], phosphatidic acid [PA] or gan-
glioside GM1 [GM1]) varied as indicated ifable 1
The amount of phosphatidylethanolamine or the vari-
ations of negatively-charged lipids were compensated
by a commensurate and inverse variation of the sph-
ingomyelin content in order to maintain the phospho-
lipid:cholesterol molar ratio constant (2:1). The con-
centration of total phospholipids was set at 10 mM
throughout. For kinetic studies, only vesicles con-
taining a constant amount of negatively-charged lipid
(27 mol% [of total phospholipids] in phosphatidylinos-
itol) were used.

Lipid vesicles were prepared as described previ-
ously Laurent et al., 1982 Briefly, the required quan-
tities of lipids were dissolved in chloroform:methanol
(2:1, v:v) in a round bottomed flask. The solvent was
evaporated under vacuum (Rotavdp8uchi RE-111,
Buchi, Flawil, Switzerland) to obtain a thin film of
lipids which was dried overnight in a vacuum dessica-
tor. Lipids were then resuspended in the required vol-
ume of buffer (40 mM Na acetate pH 5.4 for enzymatic
and NMR studies or in 40 mM citrate/phosphate buffer
pH 5.4 for electrophoretic studies), flushed with nitro-
gen and kept in a water bath at 37 (or 45°C for lipo-
somes containing gangliosides) for 1 h. This procedure
yields multilamellar vesicles (MLV) used fétP NMR
studies of lipid phase organization. Except for control
experiments of lysosomal phospholipase activity per-
formed on large unilamellar vesicles (LUV) prepared
by extrusion, all other studies were made with small
unilamellar vesicles (SUV) obtained by sonication of
the MLV under a nitrogen flow (Branson Sonifié,
Branson Sonic Power Company, Danburg, CT) at50 W
for 5 x 2 min with 1 min intervals or until the opaque
suspension became translucent. The preparation was
then centrifuged (808 g for 15 min) to remove par-
ticulate matter, stored at’€ under nitrogen, and used
within 24 h. The average diameter of SUV liposomes
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was evaluated by quasielastic light spectroscopy usingfrom L-3-phosphatidylcholine-1-palmitoyl-2-[1C]
a Nano-Sizer N4MD particle analyzer (Coulter Elec- oleoyl (140u.Ci of labeled phosphatidylcholine per
tronics Ltd., Luton, UK) and an unimodal analysis of mmol of cold phosphatidylcholine). In experiments

data. aimed atdetermining the importance of the nature of the
fatty acid chains or the polar head group on phospho-

1.2. Soluble native and delipidated fractions of rat lipase Al activity, we used-3-phosphatidylcholine-

liver lysosomes 1-palmitoyl-2-[134C]linoleoyl or L-3-phosphatid-

ylethanolamine-1-palmitoyl-2-[#4C]oleoyl, respec-

Purified lysosomes were isolated from livers of rats  tively.
injected with Triton WR-1339Trouet, 1974 and a Labeled vesicles prepared in 40mM Na acetate
soluble fraction obtained by hypotonic shock followed puffer pH 5.4 were mixed with an equal volume of
by centrifugation as previously describeSichneider  soluble lysosomal fraction (459 proteins) and in-
etal., 1979. Compared to the unfractionated liver ho- cubated at 37C for 30 min. The final concentration
mogenate, this extract was enriched approx. 45-fold in of the substrate during the assay was 1.82 mM. Sub-
N-acetyl-hexosaminidase (used as a marker of lyso- strate hydrolysis was kept below 25% of the total
somes) $ellinger etal., 1960with ayield of 18%. The  amount available. Appropriate blanks without enzyme
influence of endogenous lipids present in the soluble were run in parallel. After incubation, the reaction
fraction on the activity of phospholipase Al was tested was stopped by the addition of H0 methanol at
using delipidated fractions of lysosomes as described 4°C. The mixture was dried at 3C under a gen-
byMatsuzawaetal. (1978priefly, the preparationwas  tle nitrogen stream, the residue dissolved inu1f
diluted with 40 mM acetate buffer pH 5.4 (incubation  chloroform—methanol (1:1; v/v) and spotted on a pre-
buffer) to obtain a protein concentration of 2.2mg/ml, coated thin-layer silica gel plate (E. Merck, AG, Darm-
and then mixed thoroughly with an equal volume of stadt, Germany). Ascending chromatography was per-
ice-cold:water-saturated-butanol. The mixture was  formed with chloroform—methanol—acetic acid—water
centrifuged at 100,00Q g in a Beckman rotor Ti50  (25:25:18:4, v/v) in parallel to internal standards. Plates
at 4°C for 1 h. The pellet was resuspended in 40mM were cut in strips after the phospholipids had been vi-
Na acetate buffer pH 5.4. The butanol phase was dried sualized by spraying bromophenol blue, and radioac-
at 37°C under a stream of nitrogen and resuspended in tivity was measured by scintillation counting. In pre-
40mM Na acetate buffer pH 5.4. The aqueous phase |iminary experiments, we checked that the recovery
was separated from the butanol phase and the pellet, anchf unlabeled phospholipid was reproducible between
thereafter subjected to gelfiltration through Seph&dex 95 and 110%. Results are expressed in nmop-of
G-50to remove the contaminating butanol. This prepa- lysophosphospholipids released per mg total proteins
ration is henceforth referred to as delipidated extract. and per minute. In control experiments, we checked that
The delipidation was freshly done each time just before the use of 40 mM citrate/phosphate buffer pH 5.4 (i.e.
assaying the phospholipase Al activity. All fractions  the buffer used for the electrophoretic mobility studies)

were assayed for proteibgwry etal., 195}, total lipid in place of 40 mM acetate buffer did not significantly
phosphorusKligh and Dyer, 1959; Bartlett, 19%@nd modify the enzyme activity.

individual phospholipidlprahim et al., 198pcontents For kinetic studies with soluble, native and delipi-
as well as for phospholipase Al activity as described dated fractions of lysosomes, concentrations of phos-
below. phatidylcholine spanning between 0.05 and 4 mM in

the incubation mixtures were used.
1.3. Assay of phospholipase Al activity

1.4. Fluorescence polarization studies
The activity of phospholipase Al present in
soluble fractions of purified lysosomes was measured  Fluorescence polarization studies were performed
towards phosphatidylcholine as described previously with lipid vesicles diluted to a final concentration of
(Laurent et al., 1982; Carlier et al., 1938/ following 3.14 mM of total lipids. Incorporation of diphenylhex-
the release of labeled3-lysophosphatidylcholine  atriene (DPH; a totally hydrophobic fluorescent probe)
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was achieved by a vigorous mixing followed by prein-
cubation at 37C for 1 h in the dark (at a molar ra-
tio to total lipids of 1:250). The fluorescence values
emitted in the planes parallely§y) and perpendicu-
lar (Iper) to that of the polarized excitation light were
measured at 37C. Results are expressed as polariza-
tion values P =[lpar— Iped/[Ipar+ Iped). Fluorescence
was measured on a LS-50 Perkin-Elmer fluorimeter
(Perkin-Elmer, Beaconsfield, UK), equipped with a

drives them through a coated silica capillary tube
(50 cmx 50m; No. 1483013 cartridge), filled with
electrolyte (citrate-phosphate buffer 40mM pH 5.4).
Liposomes were monitored by an UV detector as they
migrated through a segment of the capillary, and the de-
tector signal was displayed as peaks on an electrophero-
gram. Capillary electrophoresis was performed with
negative polarity (i.e., liposomes have a net negative
charge and migrated towards the positively-charged an-

special adaptor for polarization measurements, and op-ode) and in constant voltage mode. The loading and
erating at an excitation wavelength of 365 nm and an running conditions were 5s and 30 min, and 8 and
emission wavelength of 427 nm. The samples were 12 kV, respectively. A standard calibration curve us-
kept under gentle stirring throughout the experiment ing substance P and fragments thereof was performed
and the temperature was continuously monitored by a before the injection of the liposomes according to
sensor placed into the measuring unit coupled with a the manufacturer’s instructions. The temperature was
programmable circulator bath DC5 (Haake, Karlsruhe, maintained at 30.& 0.2°C for all experiments. For
Germany). gangliosides-containing liposomes, the electrophoretic
analysis was performed on a Biofocus 3000 from Bio-
Rad Laboratories (Regotta, CA). All experimental con-
ditions were the same as above except that the injection
31p nuclear magnetic resonance (NMR) spec- time, length of the capillary and temperature were fixed
troscopy was used to examine the effect of the at20s, 36 cm and 2UC respectively. The surface po-
nature of the negatively-charged lipid and phos- tential /o), defined as the electrical potential at the
phatidylethanolamine on the size and organization of membrane surface with reference to the potential in
the membrane. A Bruker AC 250 spectrometer operat- the bulk agueous phasg)(was estimated from elec-
ing at 101.3 MHz foP!P observation was used with an  trophoretic mobility measurement) (Glaser, 200}
internal®H lock (15% D,0) for field frequency stabi-
lization; 10 mm tubes containing 2 énof the disper-
sion were employed. The Fourier-transform conditions
were: spectral width, 25 KHz; 4512 .s) flip angle; Differences between levels of enzymatic activity
8 K data points; and 1.2 s repetition time. Accumulated were assessed using unpairetests. All statistical
free induction decays were obtained from 5000 tran- analyses were performed with the Statview + SE Soft-
sients. We used the power gatéd decoupling mode,  ware (Abacus Concepts, Berkeley, CA) wix 0.05
and a 25 or 50 Hz line-broadening was applied to the considered as significant. The kinetic parameters of
free induction decays of SUV and MLV, respectively. phospholipase Al activityMmax, Km) were estimated
The sample temperature was regulated at 25 C for by fitting the corresponding data to an hyperbolic func-
SUV. MLV spectra were recorded upon warming of the tion using a non-linear regression analysis based on the
sample from 25 to 62C with an equilibration time of ~ damping Gauss—Newton’siterations methdarbaoka
15 min before acquiring data at a new temperature.  etal., 198].

1.5. 31p NMR studies

1.7. Statistical analysis

1.6. Capillary electrophoresis studies 1.8. Source of major products

Free solution capillary electrophoresis was used  Phospholipids (phosphatidylinositol, phos-
to determine the surface potential of liposomes con- phatidylserine, phosphatidylglycerol, phosphatidyl-
taining an acidic phospholipid using a HPETM 100 propanol, phosphatidic acid, egg yolk phosphatidyl-
Capillary Electrophoresis System from Bio-Rad Lab- choline and phosphatidylethanolamine) were pur-
oratories (Regotta, CA). Liposomes introduced by chased from Lipid Product (Nr. Redhill, UK) as grade
electrophoretic loading migrated as electrical force 1 products. Bovine brain sphingomyelin, monosialo-
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ganglioside GM1, and cholesterol were obtained from
Sigma Chemical Co. (St. Louis, MO). Labeled phos-
pholipids .-3-phosphatidylcholine-1-palmitoyl-2-[1-
14Cloleoyl, 1-3-phosphatidylcholine-1-palmitoyl-2-
[1-1“C]linoleoyl,  L-3-phosphatidylethanolamine-1-
palmitoyl-2-[114C]linoleoyl; specific radioactivity
53mCi/mmol) were purchased from Amersham
International plc (Buckingamshire, UK). Diphenyl-
hexatriene (DPH) was obtained from Molecular Probes
(Eugene, OR). Other reagents were of analytical grade.

~
(4]

[4]
o
1

N
(3]
1

(=]

T T
10 20 30

Phosphatidylinositol
(% of total phospholipids)

Phospholipase A1 activity
(nmoles LPC released/mgprot/min.)

2. Results
Fig. 1. Effect of endogenous lipids on the activity of phos-

.. pholipase Al towards.-3-phosphatidylcholine-1-palmitoyl-2-[1-

_2.1. Nature of end_ogenous phospholipids present 14CJoleoyl (140pCi/mmol) included in liposomes composed of
in the soluble fraction of lysosomes Chol:PC:SM:PI, as a function of their content in phosphatidyli-
nositol. The final phosphatidylcholine concentration in the incu-
The soluble lysosomal fraction was found to contain bation mixture was set constant at 1.82mM. The ordinate indi-

. ; i cates the amount of labeled lysophosphatidylcholine (LPC) released
244 nmol of phOSphOleIdS per mg protein. Thin layer (nmol mg proteirr® min—1) at 37°C in presence of soluble, native

chromatography showed the following typical relative (M) or delipidated 4) fractions of lysosomes. Each data point shown
composition: phosphatidylethanolamine plus phos- isthe mean oftriplicate incubations of three independent experiments
phatidylglycerol, 40.0%; total acidic phospholipids (n=9), with less than 4% variation.

(phosphatidylinositol plus phosphatidylserine), 24.2%;

lysophospholipids, 15.7%; sphingomyelin, 13.8%; and as enzyme source. These experiments were made with
phosphatidylcholine, 6.5%. This composition, which vesicles for which the increase in phosphatidylinositol
is quite different from that of the lysosomal or peri- was compensated by a commensurate decrease in sph-
cellular membraneBode et al., 1976was considered  ingomyelin content, and the results are showhig 1

to reflect the content of the lysosomal matrix. Delip- The most striking observation was that the activities
idation allowed to remove 99.1% of these phospho- were quite low in the absence of phosphatidylinositol
lipids, while about 34% of proteins were precipitatedin in the vesicles for both the native and the delipidated
this process. Phospholipase Al activity (measured to- soluble fractions of lysosomes, but markedly increased
wards phosphatidylcholine) was recovered in the aque- when this content was brought to 9 mol% or more. A
ous phase with a yield of approx. 73% and an enrich- plateau was observed for the native extracts when the
ment of approx. 1.6 on a protein basis compared to the contentin phosphatidylinositol reached about 18 mol%

non-delipidated extract. of total phospholipids, which is close to the value ob-
served for acidic phospholipids in the lysosomal ma-
2.2. Influence of phosphatidylinositol and kinetic trix (see above) and in biological membranes. For the
characterization of phospholipase Al activity in delipidated fraction, activity rose continuously when
native and in delipidated soluble lysosomal the phosphatidylinositol content of the vesicles was
fraction brought from 10 to 27 mol%, but a plateau was there-

after reached at a value about twice that of the native
Since acidic phospholipids represent a major com- extract. The percentage of phosphatidylinositol needed
ponent of the phospholipids present in the lysosomal for half-maximal activation for native and delipidated
matrix and biological membranes, we examined the in- fractions was 8.2 and 15.0%, respectively. The kinetic
fluence of variation of the phosphatidylinositol content parameters of these activities were studied thereafter.
of the vesicles on the activity of phospholipase Al us- The data describing the velocity of the enzyme reac-
ing phosphatidylcholine as substrate and comparing thetions for both the native and the delipidated fractions
native and the delipidated, soluble lysosomal fraction of lysosomes could be fitted to an hyperbolic equation
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releasedk mg protein min—1)

Lipid vesicles contained 27 mol% phosphatidylinositol with respect
to total phospholipids. Kinetic parameters were estimated by non-
linear regression analysis using the damping Gauss—Newton’s itera-
tions method. The matrix of normal equations gives the values of the
parameters and the inverse matrix their standard deviations.
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Fig. 2. Effect of the nature of the substrate (phosphatidylcholine
of the Michaelis-Menten type, and the corresponding Vvs. phosphatidylethanolamine) on the activity of phospholi-
Kinetic parameters\,ﬁmx, Km) are given inTable 2 pase A?. present in soluble _native fractic_)ns_ of _Iyso;omes as
Delipidation caused approximately a two-fold increase a function of the content in phosphatidylinositol included

p . . pp y in liposomes composed of Chol:PC:SM:Pl or composed of
of both kinetic parameters as compared to that observedchol:pe:sM:PI. The ordinate indicates the amount of labeled
with the native enzyme. Thus, the delipidated enzyme lysophospholipids (LPL; lysophosphatidylcholin@)(or lysophos-
had a lower affinity, but a higher capacity to hydrolyse Pphatidylethanolamine &) released (nmol mg proteint min~*) at

phosphatidylcholine included in these vesicles. 37°C fromv-3-phosphatidylcholine-1-palmitoyl-2-[#*C]linoleoyl
or L-3-phosphatidylethanolamine-1-palmitoyl-2-}4€]linoleoyl

included in liposomes (140Ci/mmol). Each data point shown is
2.3. Modulating effect of membrane lipids on the mean of triplicate incubations of three independent experiments

native lysosomal phospholipase Al activity (n=9), with less than 6% variation.

Because lysosomal phospholipase Al is able to rec- ical membrane properties on the effect of negative
ognize and hydrolyze both phosphatidylcholine and charge on the activity of lysosomal phospholipase Al
phosphatidylethanolamine, we addressed, using na-towards phosphatidylcholine by examining the influ-
tive enzymes, the question as to whether the de- ence of cholesterol, phosphatidylethanolamine, and the
pendency of an acidic phospholipid for optimal ac- nature of the acidic lipids.
tivity was observed to the same extent for both
phospholipids. As shown irrig. 2, following the 2.3.1. Effect of cholesterol
hydrolysis of L-3-phosphatidylcholine-1-palmitoyl- Fig. 3(left panel) shows that the presence of choles-
2-[1-14Cloleoyl or L-3-phosphatidylethanolamine-1- terol modified the activity of phospholipase A1 when
palmitoyl-2-[114CJoleoyl, an increased activity of tested in vesicles containing less than 18 mol% of
phospholipase Al upon an increase of the vesicles phosphatidylinositol. In the absence of cholesterol,
content in phosphatidylinositol was observed indepen- the activity remained higher at lower phosphatidyli-
dently of the nature of the substrate. The absolute nositol contents than in the presence of cholesterol.
level of activity, however, was lower towards phos- The dependency of the activity upon a variation of
phatidylethanolamine as compared to phosphatidyl- phosphatidylinositol was however maintained with a
choline. In subsequent experiments, it was checked thatmarked rise in activity for phosphatidylinositol con-
phosphatidylcholine hydrolysis was independent of the centrations ranging between 4.5 and 9.0mol% (of
nature of the fatty acid chain in position 2 (oleoyl in- total phospholipids). Since the presence of choles-
stead of linoleoyl) and of the type of liposomes used terol is known to affect the fluidity of the membrane
(SUV or LUV) (data not shown). (Yeagle et al.,, 1990; Mitchell and Litman, 1998

Focusing on phosphatidylcholine as substrate and we determined this parameter in both types of vesi-
on native soluble fractions of lysosomes as enzyme cles. The fluorescence polarization value of DPH
source, we then explored the influence of biophys- as a function of the phosphatidylinositol content in-
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Fig. 3. Left panel: effect of cholesterol on the activity of phospholipase Al present in soluble fractions of lysosomes te@ards
phosphatidylcholine-1-palmitoyl-2-[14C]oleoyl (140p.Ci/mmol) included in liposomes composed of Chol:PC:SM:PI or PC:SM:PI, as a func-
tion of their content in phosphatidylinositol. The final phosphatidylcholine concentration in the incubation mixture was set constant at 1.82 mM.
Vesicles containing a fixed amount of cholestel) (molar ratio phospholipid to cholesterol of 2:1); vesicles containing no cholestgxdrl e

ordinate indicated the amount of labeled lysophosphatidylcholine (LPC) released (nmol mgprotiein') at 37°C. Each data point shown is

the mean of triplicate incubations of three independent experimest8)( with less than 10% variation. Right panel: fluorescence polarization

of 1,6-diphenyl-1,3,5-hexatriene (DPH) probe incorporated in the bilayer of lipid vesicles containing increasing amounts of phosphatidylinosit
and a fixed amount of cholesterd@Y or no cholesterol{l). Each data point shown is the mean of triplicate, with less than 4% variation (S.D.
values have not been shown for the sake of clarity).

cluded in cholesterol-containing and cholesterol-free phatidylinositol content, however, did not affect the

vesicles is shown irFig. 3 (right panel). As antici- fluidity of the bilayers, since the polarization value

pated, cholesterol markedly increased the rigidity of remained essentially constant for both cholesterol-
the bilayers, since the corresponding fluorescence po-containing and cholesterol-free vesicles during the
larization value was considerably increased as com- variations in phosphatidylinositol content explored

pared to cholesterol-free vesicles. A variation in phos- (4.5-27 mol%).
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Fig. 4. Left panel: effect of phosphatidylethanolamine on the activity of phospholipase Al present in soluble fractions of lysosomes towards
L-3-phosphatidylcholine-1-palmitoyl-2-[¥*C]oleoyl included in liposomes composed of Chol:PC:SM:PI:PE or Chol:PC:SM:PI as a function

of their content in phosphatidylinositol. The final phosphatidylcholine concentration in the incubation mixture was set constant at 1.82 mM. The
amount of phosphatidylethanolamine was fixed to @b d@r 27% (A). The ordinate indicates the amount of labeled lysophosphatidylcholine
(LPC) released (nmol mg proteihmin—1) at 37°C. Results are meah S.D. of triplicate incubations of three independent experimer#j.

Right panel: variation of the effective chemical shift anisotropiy) in 31P NMR of large multi-lamellar vesicles as a function of temperature.

The different curves correspond to liposomes containingBpadr 27% () of phosphatidylethanolamine. Each sample was successively
examined at increasing temperatures and recordings were made-bbeat each temperature investigatedof values were calculated as
indicated in Sectiod. Each data point shown is the mean of three experiments, with less than 10% variation (S.D. values are not shown for the

sake of clarity).
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2.3.2. Effect of phosphatidylethanolamine

Fig. 4 (left panel) shows that a partial replace-
ment of sphingomyelin by phosphatidylethanolamine
did not change the phospholipase Al activity (mea-
sured towards phosphatidylcholine) whatever the
phosphatidylinositol content over the whole range
investigated (2.3-27 mol% of total phospholipids).
Since phosphatidylethanolamine is known to induce
changes in membrane organizatiogilgius, 1986,
we examined by?'P NMR the organization of the
lipids in MLV containing a fixed amount of phos-
phatidylethanolamine (27 mol% of total phospho-
lipids) in comparison with phosphatidylethanolamine-
free vesicles. Thé'P NMR spectra showed the char-
acteristic line shape of multilamellar phospholipids
with a maximum at high field and a shoulder at
low field (Seelig, 1978 Since the shoulder at low
field was not well-defined, the effective chemical shift
anisotropy Ac was deduced by measuring the dif-
ference between the high field maximum chemical
shift and the isotropic shift which corresponds to one-
third of the Ao value Geelig, 1978 Fig. 4 (right
panel) summarizes the results of tider variation
as a function of temperature for the two types of
vesicles (0 or 27 mol% phosphatidylethanolamine).

significant effect on membrane fluidity (data not
shown).

2.3.3. Importance of the nature of the
negatively-charged lipids

Fig. 5(left panel) shows that not only the proportion
but also the nature of the acidic lipids included in the bi-
layer had a significant influence on phospholipase Al.
Phosphatidic acid caused a much steeper rise, which
maintained itself up to a content of approx. 36 mol%
of the total phospholipids, than what was observed
with phosphatidylinositol and phosphatidylserine. A
plateau was then reached at a value about twice that
observed with phosphatidylinositol or phosphatidylser-
ine. To verify the importance of the negative charge for
lysosomal phospholipase activity, we run parallel ex-
periments with phosphatidylglycerol or phosphatidyl-
propanol. The activity was strictly similar to that found
with phosphatidylinositol or phosphatidylserine (data
not shown). In sharp contrast, inclusion of ganglioside
GM1 only increased sluggishly the activity of phospho-
lipase Al, which reached values higher than that of neu-
tral liposomes only when its amount exceeded 27 mol%
of total phospholipids. The activity of phospholipase
Alin vesicles containing 36 mol% GM1 was still lower

No effect was seen. In subsequent experiments, wethan that seen for vesicles containing the same content
also observed that phosphatidylethanolamine had no of phosphatidylinositol or phosphatidylserine, and was
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Fig. 5. Left panel: effect of negatively-charged lipids on the activity of phospholipase Al present in soluble fractions of lysosomes towards
L-3-phosphatidylcholine-1-palmitoyl-2-[#*CJoleoy! included in liposomes composed of Chol:PC:SM:PI, Chol:PC:SM:PS, Chol:PC:SM:PA

or Chol:PC:SM:GM1 as a function of their content in negatively-charged lipid; phosphatidylind@jtgdliosphatidylserinew), phosphatidic

acid gk ), ganglioside GM1 @). The final phosphatidylcholine concentration in the incubation mixture was set constant at 1.82mM. The
ordinate indicates the amount of labeled lysophosphatidylcholine (LPC) released (nmol mgpnoiiein') at 37°C. Each data point shown is

the mean of triplicate incubations of three independent experimert8)( with less than 10% variation. Right panel: electrophoretic mobility

of liposomes containing increasing amounts of negatively-charged lipid; phosphatidylinBBjtphpsphatidylserinew), phosphatidic acicXk

), ganglioside GM1@) measured by capillary electrophoresis (12 kV; 30 min). The abscissa shows the percentage of negatively-charged lipid
present in liposomes. The left ordinate shows the actual mobility, and the right ordinate the corresponding surface potential of each liposome
preparation. Each data point shown is the mean of triplicate, with less than 6% variation (S.D. values have not been shown for the sake of clarity).
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actually similar to that observed for vesicles containing the membrane to be active. Interface recognition re-
only approx. 20 mol% of these acidic phospholipids. gion is, therefore, likely to be an essential deter-
Ganglioside GM1 contents higher than 36 mol% were minant in its activity and kinetic properties. In the
notinvestigated since biological membranes never con- present study, we have investigated in detail the re-
tain such a large proportion of gangliosid€xuatolo, spective roles of three types of lipids (cholesterol,
1987. In parallel, we measured the electrophoretic mo- phosphatidylethanolamine, and acidic lipids) known to
bility of the vesicles used to assay for phospholipase A1 modify the physico-chemical properties of bilayers.
activity with the aim to determine their surface poten- Phospholipase Al activity has been examined
tial. The surface potential of all vesicles containing an mainly with respect to phosphatidylcholine hydroly-
acidic phospholipid (phosphatidic acid, phosphatidyli- sis since this phospholipid is the major constituent of
nositol, and phosphatidylserine) was very similar and cellular membranesBpde et al., 1976 Our experi-
decreased when the percentage of acidic phospholipidments have been designed to mimic the composition
increased from 9 to 18 mol% but remained almost con- and physico-chemical properties of biological mem-
stant thereafter (with a slight rise, however, for vesicles branes Robinson and Waite, 193®n one hand and
containing 55mol% phosphatidylinositol). In GM1- the enzymatic environment present in lysosomes on
containing vesicles, the mobility was also negatively the other. For this purpose, we used substrate-vesicles
related to the amount of ganglioside present, but the containing the major types of lipids found in bio-
surface potential was always higher (i.e., less negative) logical membranes (cholesterol, phosphatidylcholine,
than that of vesicles containing a similar molar propor- sphingomyelin, phosphatidylethanolamine and one
tion of acidic phospholipids. The calculations allow- negatively-charged phospholipid), and as enzyme
ing to derive the surface potential from electrophoretic source a total soluble fraction of lysosomes to remain
mobility values depend on both the viscosity of the as closely as possible to the mixture of the various en-
medium and the size of the particles. These two pa- zymes and co-factors naturally present in lysosomes
rameters were determined for all the liposome prepara- (Kunze et al., 1988 One advantage of this approach
tions studied using the Oswald capillary approach and is to avoid artefacts due to phospholipases purifica-
direct determination of vesicles size by quasi-elastic tion like selection of one isoenzyme, modification of
scattering spectroscopy using unimodal analysis and enzyme structure by lysosomal proteases or glycosi-
31p NMR spectroscopy. No difference in viscosity was dases, alteration of enzymatic activity by ethylene gly-
seen, and no significant effect of the nature and con- col required to improve the stability of the purified
tent of acidic lipid on the average sizes of the different enzyme Hostetler et al., 1982; Robinson and Waite,
vesicles was noted (data not shown). 1983; Loffler and Kunze, 1989The use of such solu-
ble fractions of lysosomes has successfully allowed to
study the mechanism of various forms of drug-induced
3. Discussion phospholipidosis, since a close correlation has been
demonstrated between the capacity of the drugs to in-
Lysosomes play animportant role in the metabolism hibit phospholipase Al activity in vitro and their ca-
of both endogenous and exogenous phospholipids thatpacity to induce a lysosomal phospholipidosis in cell
gain access to them by the processes of autophagyculture models as well as in vivd.glimann-Rauch,
and phagocytosis, respectively. Phospholipase Al- 1979; Laurent et al., 1982; Kacew, 1987; Schneider
catalyzed deacylationisthe preferred reactioninitiating et al., 1997; Mingeot-Leclercq and Tulkens, 1999;
diacylphosphoglyceride catabolism in rat liver lyso- Montenez etal., 1999The drawback in our approach,
some, since neither phospholipase C nor phospholipasehowever, is that it does not allow to study specific
D seem to act appreciably er3-phosphatidylcholine-  interactions between substrate and enzyme. We nev-
1-palmitoyl-2-oleoyl Laurentetal., 1982; Kunze etal., ertheless have been able to characterize many perti-
1982. Because phospholipids are most often organized nent aspects of the enzymatic model used. Thus, we
in the form of bilayers or micelles, phospholipase Al (i) established which endogenous lipids are present in
has to act at or close to an hydrophobic/hydrophilic the native soluble fractions of lysosomes, (ii) exam-
interface Dennis, 1983 and must probably bind to  ined on a comparative fashion the influence exerted by
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one specific acidic phospholipid, phosphatidylinositol,
on the activity of both the native and the delipidated
fractions of lysosomes, and (iii) compared the activ-
ity of phospholipase Al towards two major zwitteri-

onic phospholipids, namely phosphatidylcholine and
phosphatidylethanolamine, which only differ by their
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large density of negative charges will allow a more ef-
ficient anchoring of the enzyme on the bilayer surface,
making the role of membrane fluidity less noticeable.
A second and perhaps the most interesting fea-
ture of the present work is to give insights about the
role of the membrane potential and/or the nature of

polar head group. These studies not only confirmed the negatively-charged lipids in lysosomal phospholi-
that delipidation did not grossly affect the regulation pase Al activity. The influence of the surface-negative
of phospholipase Al activity by negatively-charged charge on the activity of phospholipases has already

phospholipidsKunze et al., 1988also unambiguously

been described not only for phospholipase Al activity

demonstrated that phosphatidylcholine is a preferred (acting on phosphatidylcholine in mixed micelles con-
substrate compared to phosphatidylethanolamine, astaining dicetylphosphate and stearylamif®binson

observed with a purified enzymid@stetler et al., 1982;
Robinson and Waite, 1983This preferential hydrol-
ysis of phosphatidylcholine could result from the dif-
ferences in its orientation at the interface, compared
to phosphatidylethanolamine, in the size of their re-
spective polar groups, and/or from an enhanced diffu-
sion of products from the enzym#é/aite, 1985; Kucera
etal., 1988.

A first major observation made in this study is
that the increase of phosphatidylcholine hydrolysis by
phospholipase Al activity due to negatively-charged
lipids included in the vesicles is not influenced by

and Waite, 198f but also for several other enzymes
acting at a lipid—water interface, such as the pancreatic
phospholipase A2\plwerk et al., 198% the human
non-pancreatic secretory phospholipase Kihkaid

et al., 1997, the glucocerebrosidas®gccaro et al.,
1990, and the glucosylceramidas¥accaro et al.,
1997; Wilkening et al., 1998; Ciaffoni et al., 2001
We show here that this effect of the negative charge is
not simply the consequence of a decrease in the sphin-
gomyelin content of the vesicles when the acidic phos-
pholipid is increased (since these two phospholipids
are most often exchanged from one another when the

phosphatidylethanolamine and is largely independent charge of the membrane has to be varied in order to
of the presence of cholesterol. This may result from maintain constant cholesterol:phospholipid ratio). This
two properties of membranes which we analyzed here isin clear contrast with what is observed for sPLA2 and
and may be critical with respect to the access of lipoprotein lipasel(obo and Wilton, 1997; Koumanov
enzyme-lipid substrates, namely the organization of et al., 1998, and identifies the mode of membrane
the lipids in the bilayer and its fluidity. With respect recognition by lysosomal phospholipases Al as clearly
to phosphatidylethanolamine, when this lipid is in- distinct from that of SPLA2. Because the membrane-

cluded in the liposomes at 27 mol%, a value which is
within the physiological range, the lamellar phospho-
lipid organization is not altered (for hexagonal phase

surface potential is sensitive to differences in the aver-
age conformation of phospholipid head groups relative
to the membrane-normal, we would expect this poten-

to appear, the proportion of phosphatidylethanolamine tial to be modified according to the type of phospho-

needs, indeed, to be large3ilvius, 198§). Concern-

lipid included in the vesiclesSeelig et al., 1987 The

ing the cholesterol, we noted that its effect consists variations in acidic lipids composition that we made
essentially in making the enzyme activity more sus- did not change the vesicle size or the lipid organiza-
ceptible to the stimulating effect exerted by an increase tion. We may, therefore, reasonably assume that the
in the phosphatidylinositol content of the vesicles. Our changes in activity observed are related to the pres-
fluorescence polarization studies show that cholesterolence of the acidic lipids themselves and to changes
decreases the membrane fluidity. We may, therefore, in the surface potential. The membrane potential val-
suggest that fluid bilayers provide a more appropriate ues we observed for vesicles containing acidic phos-
interface at low phosphatidylinositol content thanrigid pholipids are in accordance with those obtained by the
ones, perhaps by allowing the active site of the enzyme determination of the distribution of methylene blue be-
to more easily access individual molecules of substrate. tween negatively-charged phospholipid membrane and
This effect may, however, be important only at low the bulk aqueous phasélgkagaki et al., 1981Ku-
phosphatidylinositol contents. At higher contents, the ate and Mingeot-Leclercq, unpublished data) as well
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Fig. 6. Correlation between the activity of phospholipase Al and
the surface charge of the various liposome preparations used: phos-
phatidylinositol @), phosphatidylserinew)), phosphatidic acick ),

and ganglioside GM1@).

as from the prediction of the Gouy Chapman theory of
the diffuse double layeMcLaughlin, 1977. The lower
surface charge associated with the inclusion of the GM1
ganglioside, in comparison with the acid phospholipids
and at equimolar concentrations, probably results from
the fact that the head group of the ganglioside, when
extended maximally, protrudes up to 2nm above the
bilayer surface with its negative charge moving unre-
stricted at approx. 1 nm of this surfadesg¢ et al., 1980;
Delmelle et al., 1980; McDaniel et al., 1984vhich is
much farther away than for acidic phospholipids. Ac-
tually, within the range of concentrations investigated,
GM1 ganglioside exerts a somewhat inhibitory effect
on the activity of lysosomal phospholipase Al, com-
pared to acidic phospholipids. This phenomenon had
been observed previously for pancreatic phospholipase
A2 (Bianco et al., 198p An alternative explanation,
however, could be the formation of domaimdaggio

et al., 1988; Bianco et al., 198%hich could exclude
phosphatidylcholine Tillack et al., 1982; Masserini
and Freire, 1986and, therefore, separate the substrate
from the negative charges necessary for enzyme activ-
ity (Romero et al., 1987 Finally, gangliosides may
simply have a steric effect by virtue of their large

oligosaccharide head group, decreasing thereby the ac-

J. Piret et al. / Chemistry and Physics of Lipids 133 (2005) 1-15

This was ascertained by the observation that at least two
other negatively-charged phospholipids (phosphatidyl-
glycerol and phosphatidylpropanol) increased the lyso-
somal phospholipase activity towards phosphatidyl-
choline exactly as is observed for phosphatidylinositol.
The fact that phosphatidic acid is a much more effective
activator than the other acidic phospholipids can also be
interpreted as an evidence for the role of the negative
charges. Phosphatidic acid, indeed, has two negative
charges, and could, therefore, more easily anchor the
enzyme close to its substrate, explaining its higher po-
tency to activate phospholipase activifyo€anne and
Teissie, 199 Moreover, phosphatidic acid is proba-
bly more accessible from the agqueous phase and more
susceptible to pack itself around phosphatidylcholine.
This may not be the case for phosphatidylinositol or
phosphatidylserine, the polar heads of which are more
bulky.

In conclusion, the present study shows that the phos-
pholipase Al activity observed in soluble extracts from
purified lysosomes shares with other phospholipases,
the intriguing property of changing its activity as a re-
sult of the presence of non-substrate lipiEsifg et al.,
2003. This effect, which depends on the properties of
the membrane-surface and on the specific character-
istics of the individual lipid components, may play a
crucial role in the activities of the corresponding en-
zymes in vivo. Taken together, the results suggest that
the bilayer surface charge, and probably also the phos-
pholipids packing are important modulators of lysoso-
mal phospholipase Al. Purification and site-mediated
mutagenesis studies could be useful to identify the
aminoacid residues that are responsible for membrane
binding and interfacial activation of phospholipase Al.
Allthese studies could also be helpful to understand the
lipidic alterations of membranes observed in various
pathological situations.
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