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ABSTRACT. Although many isoforms of secretory phospholipaseg9PLAy) are known to be secreted

by various inflammatory cells, and are present in plasma, their role in lipoprotein metabolism is unknown.
We studied the in vitro hydrolysis of lipoprotein phospholipids by group lla and group V sRiaA
structurally related enzymes with differing phospholipid specificities. The group V sRla& about 30

times more efficient than the group Ila enzyme in the hydrolysis of lipoprotein phosphatidylcholine (PC),
and both enzymes were more active on high density liporotein (HDL) than on low density lipoprotein
(LDL). The lower activity on LDL appears to be due to the higher sphingomyelin (SPH) concentration in
this lipoprotein. PC hydrolysis in lipoproteins was stimulated significantly by enzymatic depletion of
their SPH. The hydrolysis of PC in liposomes was inhibited by the incorporation of SPH, and this inhibition
was reversed by treatment with sphingomyelinase. The incorporation of ceramide, on the other hand,
stimulated the sPLAactivity significantly. Unlike most sPLA which show no fatty acid preference,
group V sPLA released disproportionately more linoleate, and less arachidonate from lipoproteins. These
studies show that group V sPkLAs physiologically more important than group lla enzyme in lipoprotein
metabolism, that the sPLActivities are regulated by sphingomyelin and ceramide, and that the pathological
effects of SPLA may not be mediated through stimulation of eicosanoid synthesis.

Several types of low molecular weight{4 kDa) phos- metabolism of acute phase lipoproteins. Furthermore, trans-
pholipases A (sPLA)! are known to be secreted by genic mice overexpressing the group lla sBLghow a
mammalian tissuesl( 2). These secretory PLA(SPLA,) dramatic increase in atherosclerosts 7). This sPLA is

have, in common, a large number of disulfide linkages, a also present in the atherosclerotic lesions, apparently on the
requirement for millimolar concentrations of €aand an surface of the macrophage8).( The mechanisms for the
apparent nonselectivity for the acyl group at #me2 of the  increased atherosclerosis in these animals are not clear,
phosphoglycerides. Although human plasma normally con- ajthough the possibilities include a decrease in HDL levels
tains very little PLA activity, significant amounts of the  (9) an increase in the oxidation of low density liporoteins
enzyme(s) are secreted into plasma in response to infection(| pL) (7), and a change in the surface properties of LDL
inflammation, or traumal 3). Previous studies reported that  |eading to their increased retention in artery0) One

the plasma concentration of group lla PLéan increase by confounding property of the group lla sPkAhowever,
100-fold during the acute phasé)although the effects of ynich conflicts with the above results, is its apparent inability
this enzyme on plasma I_|poprote|ns are not well understood. ;; ot on phosphatidylcholine (PC), the major phospholipid
T_he studle_s of.Pruzans.kl et @)(sh_owed that the acute phase of cell membranes and lipoproteins. The steric and electro-
high density lipoprotein (HDL) is a better substrate than g nroperties of the active site of this enzyme and its
normal HDL for the group lla enzyme, suggesting a possible interfacial properties appear to be unfavorable for the

role for the enzyme in the inflammatory response and in the hydrolysis of PC 11). The more recently discovered group
V sPLA,, which is structurally similar to group lla enzyme,
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recombinant group lla and group V sPién isolated plasma  substrate, the specific activity of the group Ila sRlwas
lipoproteins. The results presented here show that the groupabout 40 times higher than that of the group V enzyme (0.66
V sPLA; is up to 30 times more efficient than the group lla vs 0.015 pmol st ug™?, respectively, for group Ila and group
enzyme in the hydrolysis of lipoprotein PC. Since this V).
enzyme is known to be secreted by macropha@@s if may Preparation of Plasma LDL and HDLFresh plasma,
play an important role in the metabolism of lipoproteins in prepared from nonfasting normal volunteers, was purchased
arterial tissues, and in the progression of atheroscleroticfrom a commercial source (LifeSource, Chicago). LDL and
lesions. HDL were isolated by sequential ultracentrifugation between
Sphingomyelin (SPH) is the most abundant phospholipid the densities of 1.019 and 1.063 g/mL for LDL, and between
in plasma lipoproteins, next to PC. Previous studies from 1.063 and 1.21 g/mL for HDL. The lipoproteins were
our laboratory showed that SPH is a physiological inhibitor dialyzed against Tris-HCI buffer, pH 7.4, containing 1 mM
of lecithin-cholesterol acyltransferase (LCAT) activity in the EDTA, filtered through a 0.2«tm filter, and stored in the
lipoproteins, possibly because of competition with PC in dark at 4°C. Protein concentrations were determined by the
binding to the active siteld). It also appears to inhibit the  modified method of Lowry et al2b).

interfacial binding of the enzyme to the lipoproteids), A Preparation of LiposomesLiposome substrates were
similar inhibition of group Ila PLA in erythrocyte mem- prepared by extrusion through a 100-nm polycarbonate
branes 16), as well as lipoprotein lipase in emulsioris?), membrane (Mini-Extruder, Avanti Polar Lipids) according

was later reported by others. SPH has also been shown tao the method of MacDonald et ak§), at 42 °C for
inhibit phospholipase @41, possibly by inhibiting the  liposomes containing PC plus SPH or ceramide, and at 37
penetration of the enzyme into the lipid interfads)( On °C for liposomes containing only PC. SPH-containing
the basis of these observations, and its structural similarity liposomes were also prepared using 164C[18:2 PC
to PC, we postulated that SPH may be a physiological (60 000 dpm and 1000 nmol) ane-@000 nmol of egg SPH
inhibitor of phospholipase A activities, especially those in 1 mL of Tris-HCI buffer, pH 7.4. The labeled liposomes
involving PC (L4, 19). Since the sPLAactivities are believed  containing ceramide were similarly prepared by substituting
to be involved in the inflammatory responses, it would be 0—200 nmol of brain ceramide for SPH.
of interest to know whether SPH plays an antiinflammatory  For the preparation of liposomes with lipoprotein PC, the
role by inhibiting these phospholipase activities in the total lipids of LDL and HDL lipids (10 mg of protein) were
lipoproteins. In this study, we provide evidence for the first extracted by the Bligh and Dyer procedur), and
inhibitory effect of lipoprotein SPH on group V sPLA separated by TLC, using the solvent system of chloroform/
which appears to be more relevant in lipoprotein metabolism methanol/water (65:25:4, by vol). The spot corresponding
than the group lla enzyme. The SPH content of the to PC was scraped and extracted by chloroform/methanol/
lipoprotein was found to be negatively correlated with the water (1:1: 0.5, by vol), and the PC concentration was
hydrolysis of PC by sPLA and the incorporation of SPH  determined by estimation of lipid phosphorug) in an
into liposomes reversibly inhibited the hydrolysis of PC. aliquot. The PC was incorporated into liposomes by extrusion
Although previous studies showed that there is no acyl group through a 100-nm membrane after mixing with 10 mol %
specificity for most sPLAs (20, 21), we found that the  14:0-14:0 phosphatidylglycerol (PG). Liposomes containing
release of linoleate (18:2) is favored over the release of synthetic 16:6-20:4 PC and 16:018:2 PC in different ratios
arachidonate (20:4) from the lipoprotein PC by the group V were similarly prepared by lipid extrusion at 3T, after
SPLA. mixing with 10 mol % (final concentration) of 14:014:0
PG.

MATERIAL AND METHODS PLA, Actizity on Isolated Lipoproteind.DL or HDL (0.25

Materials. Egg SPH, 16:6-18:2 PC, 16:6-20:4 PC, 14: mg of protein) were incubated with group lla or V sPLA
0—14:0 phosphatidylglycerol (PG), brain ceramide, and C2 (65 Q) in a total volume of 1 mL of Tris-HCI buffer, pH
and C6 ceramides were all obtained from Avanti Polar Lipids 7.4, containing 10 mM Caghnd 0.01% BSA, fol h at 37
(Alabaster, AL). 17:0 FA, SPHase C froBtaphylococcus  °C. The reactions with liposome substrates were carried out
aureus (297 units/mg), Naja mocambique mocambique under the same conditions excepting that 1600f group
venom PLA (1540 units/mg), and bovine serum albumin V sPLA; was used for liposomes containing 300 nmol PC,
were obtained from Sigma-Aldrich Inc (St. Louis, MO). and the incubation time was 2 h. The reaction was stopped
Pyrenoyl PG substrate (1-hexadecanoyl-2(1-pyrnedecanoyl)-by addition of 2.5 mL of methanol, and the total lipids were
sn-glycero-3-phosphoglycerol) was purchased from Molec- extracted by the Bligh and Dyer procedu¥). The lipid
ular Probes (Eugene, OR). All solvents (HPLC grade) were extracts were separated on silica gel TLC with a two-step
purchased from Allegiance (McGaw Park, IL)Y-16:0-2 procedure to separate both neutral and polar lipids. First, the
[1-14C] 18:2 PC was obtained from American Radiolabeled plate was developed halfway (10 cm) in chloroform/
Chemicals. BFmethanol was purchased from Alltech (Deer- methanol/water (65:25:4, v/v) to separate the phospholipids.
field, IL). Recombinant human sPLAgroup lla @2), and The plate was then briefly dried in air and developed in the
group V 23) sPLA, were prepared as described previously. solvent system of hexane/diethyl ether/acetic acid (70:30:2,
The enzyme activities were assayed using anionic poly- v/v) to separate the neutral lipids. The spots corresponding
merized mixed liposome substrat@dl), The specific activi- to lyso PC, PC, PE, SPH, and free fatty acids (FFA) were
ties of the enzymes were respectively 4.4 andr®l of detected by brief exposure to iodine vapor and scraped into
PE hydrolyzed min* mg for group lla and group V sPLA glass tubes. The phospholipids were then estimated by lipid
The enzymes were also assayed using a common fluorescenphosphorus estimation using the modified Bartlett procedure
substrate, 2-pyrene decanoyl PG, in micellar form. With this (28). When radioactive PC (2-acyl labeled) was used as
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Table 1: Hydrolysis of Lipoprotein Phospholipids by sPEA

LDL HDL
PE PC PE PC
molar fractional molar fractional molar fractional
rate® rates rate rate rate® rate molar raté fractional raté
sPLA lla 4.2+1.7 4.0+ 1.8 31.6+12.1 1.5+ 0.7 34+ 24 4.7+ 3.5 45.0+ 18.4 0.9+ 0.4

(n=3)
sPLAV 179+ 6.5 25,5+ 11.3* 1017+ 242** 41.4+£8.6*" 21.24+15.2 43.3£32.7 1102+ 447** 51.6+ 16.8**
(h=7)

aRecombinant group lla and group V sPLA2 (G§) were incubated with human plasma LDL or HDL (0.25 mg of proteim)Xd in the
presence of 10 mM G4, and the decrease in PC and PE was determined by TLC separation and lipid phosphorus determination. The values shown
are meant SD of three experimentsp 0.05; **p< 0.01 compared to sPLAla. ® nmol of phospholipid hydrolyzed# (mg of protein)™.c %
of the phospholipid hydrolyzed/h.

substrate, the radioactivity in the FFA and PC spots was To correct for the possible differences in the accessibility
determined in a liquid scintillation counter. The enzyme of individual PC species in native lipoproteins, we normal-
activity was expressed as the percentage of PC or PEized the specificity values with those obtained witlaja
hydrolyzed (fractional rate) or nmol of PC or PE hydrolyzed PLA,, which is known to be nonselective for the PC species.
per hour (molar rate). The relative specificity of sSPLAwas calculated as:

Sphingomyelinase C (SPHase C) Treatm®&tiere indi-
cated, SPHase C (0.5 U/mL) was added at the same time as (specificity of sSPLA — specificity ofNajaPLA)) — 1
PLA; to the lipoprotein or liposome preparations in a total
volume of 1 mL of Tris-HCI buffer, pH 7.4, containing 10  PC species with positive values are preferred substrates for
mM CaCh, 0.01% BSA, and 0.8 mM MngGlfor 1 h,at 37  the sPLA in native lipoproteins, while those with negative
°C. The SPHase was found to hydrolyze only SPH in the values are relatively poor substrates for the enzyme.
lipoproteins as well as liposomes, as reported earlidy. ( Fatty Acid SpecificityLDL, HDL (0.5 mg of protein), or
Nevertheless, a control containing only SPHase (without PC liposomes were incubated, as described above, A€ 37
PLA;) was included in all experiments to confirm the lack with group V PLA, (1601g) or Naja m. mocambigugenom
of phosphoglyceride hydrolysis by the SPHase. PLA; (0.2 U/mL) in a total volume of 1 mL of Tris-HCl

Specificity toward Molecular Species of PAL or HDL buffer, pH 7.4, containing 10 mM Ca£0.01% BSA, for 2
(0.5 mg of protein) was incubated at 3T for 2 h with h. Total lipids were extracted by Bligh and Dyer procedure
either group V PLA (160 ug) or Naja m. mocambique  (27), and separated on silica gel TLC plates with the two-
venom PLA (0.2 U/mL) in a total volume of 1 mL of Tris-  step solvent system as described above. Spots corresponding
HCI buffer, pH 7.4, containing 10 mM Cag10.01% BSA. to FFA were scraped and transmethylated with/Biethanol,
Total lipids were extracted, and applied to silica gel TLC and analyzed by capillary gas liquid chromatography as
plates. The lipids were separated with the two-step develop-described previously2Q). The concentration of the individual
ment procedure as described above. Spots corresponding t&A released was determined with the help of an internal
PC were scraped, and extracted with chloroform/methanol/standard (17:0). Since thBlaja PLA; is known to be
water @7), and an aliquot was used for the determination of nonselective for the acyl groups at tse-2 position of PC,
lipid phosphorus 28). The PC was then incorporated into the specificity of group V enzyme was determined by
liposomes, and incubated with the phospholipaseaé comparing the fatty acids released by the two RluAder
described above. The molecular species of PC were separate@imilar conditions.
by reverse phase HPLC, using a C-18 column with the Statistics. Results are expressed as me#nstandard
solvent system of methanol/acetonitrile/water (60: 39: 1, deviation (SD). Differences between group means were
v/v) at a flow rate of 0.8 mL/min. The temperature of the compared by using the paired or unpaired Studertést
column was maintained at 3@ with the help of a column (VassarStats).
heater. The PC species were detected with a light scatteringR
detector (ELSD, Mark Ill, Alltech Associates), and the ESULTS

percentages of individual species were determined with Hydrolysis of LDL and HDL Phosphoglycerides by Group
EZChrom program (Scientific Software, Inc, San Ramon, |3 and V sPLA. We first determined the activity of group
CA). lla and V sPLA to hydrolyze the two major phosphogly-
The decrease in total PC after hydrolysis with either sSPLA cerides (PC and PE) of the native lipoproteins. LDL and
or Naja PLA, was determined from the decrease in lipid HDL, isolated from normal human plasma, were incubated
phosphorus. The decrease in the concentration of individualwith either recombinant group lla or group V sPifor 1 h
PC species was calculated from the HPLC data, and wasat 37°C and pH 7.4 in the presence of 10 mM2CaThe
expressed as percent of the hydrolyzed PC. The specificitytotal lipids were extracted®{), and the decrease in PC and
of sPLA; for the individual molecular species of PC was PE was determined by the estimation of lipid phosphorus

then calculated as: after TLC separation, as described in the Methods. At equal
protein concentrations (6bg), the group V enzyme was
% of the given PC species in total PC hydrolyzed found to be up to 30 times more active than the group Ila

% of its initial concentration ~ enzyme in the hydrolysis of lipoprotein PC (molar rate)
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Ficure 1: Negative correlation of PC hydrolysis in lipoproteins N
with their SPH/PC ratio. The percentage of PC hydrolyzed in %‘
various LDL and HDL preparations by group V sPL@ h, 65ug 5
of enzyme) was plotted against the SPH/PC ratio of the lipoprotein. 2 Yo7
O
(Table 1). In terms of the fractional rate (% of the lipoprotein Q; |
phospholipid hydrolyzed) the group lla enzyme wasb2 ® 20
times more active on PE than on PC in both LDL and HDL,
whereas the group V enzyme hydrolyzed PC more efficiently 0
than PE. These results are in variance with the recent study LDL HDL

of Pruzanski et al§) who reported that lipoprotein PCis @  ggyre2: Effect of SPHase treatment of lipoproteins on group V
good substrate for the group lla enzyme, but are consistentsPLA, activity. Group V sPLA was incubated with LDL or HDL
with the known specificities of the two enzymes in mem- (0.25 mg of protein) in the absence or presence of SPHase C from

branes 2, 12). It may be pointed out that the specific S: auretus(O.SfLFJ)/(r_l:wh) g“llh gt 37°C('1Tthe S_Pl—(|j/li)cl_rqtéo ?]”d tne
-~ : - percentage o ydrolyzed were determined by lipid phosphorus
activities of the two phospholipases are similar when assayedggiinations, following TLC separation, as described in text. Results

with anionic polymerized mixed liposomes. In fact, with the = shown are mea#: SD of five separate analyseg * 0.05, **p <
micellar PG, the group lla enzyme was 40 times more active 0.01 (control vs SPHase-treated)p < 0.05 (HDL vs LDL).
than the group V enzyme.

Our results also indicate that HDL is a better substrate Original flotation densities after the enzyme reaction. SPH
than LDL for group V enzyme, in accordance with the results depletion led to the activation of the PhActivity by 60%

of Pruzanski et alg) for the group lla enzyme. Although (P < 0.01) in LDL and by 20% g < 0.05) in HDL.
the results in Table 1 do not show this clearly because of Furthermore, the differences in PC hydrolysis between LDL

the variations in activities from different batches of lipo- and HDL disappeared in the presence of SPHase. The activity

proteins, LDL from a given plasma was consistently a poorer Of group lla enzyme was also stimulated by the treatment
substrate than the HDL from the same plasma. Since spHof lipoproteins with SPHase C. Since the activity of this

has been shown to be inhibitory to several lipolytic enzymes €nzyme is very low in the presence of the lipoprotein
(14, 16, 17, 30), and since the ratio of SPH/PC is higher in Substrates, we estimated the activity by incorporating labeled

LDL than in HDL, we next examined the relationship PC (16:0-[1#%C]-18:2 PC) into the lipoprotein, and deter-
between the SPH content of the lipoprotein substrate and™Mining the release of labeled fatty acid following incubation
the percent of PC hydrolyzed by the group V sBLAs with sPLA.. As shown in Figure 3, inclusion of SPHase C
shown in Figure 1, there was an inverse correlatior=( resulted in a 5-fold stimulation of group Ila enzyme activity
—0.88) between the SPH content of the lipoprotein and the @gainst LDL, and a 65% stimulation against HDL substrate.

percentage of PC hydrolyzed by this enzyme. Therefore, the Thus, the depletion of SPH had a more profound effect on

Effect of SPHase Treatment of the Lipoproteins on PLA th(_a _two I|poprote_|ns Is related to the amount of SPH
L L T originally present in them.

Activities. To determine if the group V sPLAactivity is ) )
affected by the SPH content of the lipoproteins, we included _ The effect of treatment of LDL with varying amounts of
in the reaction mixture, bacterial SPHase C, which specif- SPHase on group V enzyme activity is shown in Figure 4.
ically hydrolyzes SPH to ceramide and phosphorylcholine. We found that the progressive decrease of the SPH content
As shown in Figure 2, this treatment decreased the SPH/PcOf LDL is accompanied by a reciprocal increase in the
ratio by about 95% in LDL and HDL. There was no effect hydrolysis of both PC and PE by group V PLA
on other phospholipids or the neutral lipids of the lipopro-  Effect of SPH in Liposome3o determine the inhibitory
teins, as we reported in previous studiéd)( The density effect of SPH directly, we studied the effect of incorporation
of the lipoproteins was also not affected by the SPHase of SPH into PC liposomes on the hydrolysis of PC by group
treatment because the lipoproteins could be isolated at theirV PLA,. Liposomes containing 16:0-[C] 18:2 PC and
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Ficure 3: Effect of SPHase treatment of lipoproteins on group lla . 4
SPLA; activity. LDL or HDL preparations were first labeled with 20 - = = . '
16:0-[144C]-18:2 PC by incubating labeled PC (in ethanol, 1% total 00 02 04 06 08 10 12
volume) at 37°C for 30 min. Recombinant group lla sPLAG65 SPH/PC ratio (initial)

#Q) was then added and incubated in the absence or prese8Sce of

aureusSPHase (0.5 U/mL) for 2 h. The percentage of labeled PC FIGURe 5: Effect of SPH on PC hydrolysis in liposomes by group

hydrolyzed was determined from the labeled fatty acid released.V sPLA,. Liposomes containing 16:0-f#C]-18:2 PC (1umol/

The results shown are meaa SD of two experiments each mL) and increasing amounts of egg SPH were prepared by

performed in triplicate. membrane extrusion, as described in the text. The samples were
then incubated with sPLAalone or with sPLA and S. aureus

100 ?\ 180 SPHase C (0.5 U/mL) f02 h at 37°C. The amount of labeled

)

fatty acid liberated was determined after TLC separation, and was
SPH expressed as percentage of the control value (no SPH). The closed
circles show the PLAactivity in the presence of SPHase C and
the open circles the activity in the absence of SPHase C. The SPH/
PC ratios shown oraxis are the initial ratios in the samples (before
SPHase treatment). There was about a 40% decrease in SPH content
in all samples containing the SPHase C, compared to those without
SPHase C.

80

[=2]
o
T

140
was no change in the size of liposomes after SPHase
treatment, as reported earlig4j. It should be pointed out

that under these conditions only about 40% of the SPH was
hydrolyzed in all the samples. Thus, in the sample containing

SPH (% of Control)
PL hydrolysis (% of Control)

120

. the maximum amount of SPH, the SPHase treatment

\$ decreased the ratio from 1.0 to 0.57. However, this sample

) : 100 showed a 3-fold higher activity than the untreated sample

000 o010 020 030 040 050 containing a comparable amount of SPH. These results
SPHase (U/ml) suggest that the increase in PLActivity is not only due to

FIGURE 4: Effect of increasing concentration of SPHase C on the a depletion of SPH but also due to the formation of a
hydrolysis of LDL phospholipids by group V sPLALDL (0.5 mg stimulatory product, probably ceramide, which has previously
of protein) was incubated with 66g of recombinant group V. been reported to activate some phospholipa32s3Qd).

sPLA,, and the indicated concentration of SPHase C fraureus . . . .
for 1 h, and the hydrolysis of PE and PC was determined from the ~EffeCt Of Ceramide on PLAActivity. To investigate
decrease in lipid phosphorus, as described in the text. The enzymevhether the stimulation of sPLAactivity is due to the

is expressed as percent of activity in the absence of added SPHasendependent effects of the ceramide generated by the SPHase
C (control). treatment, we determined the activity of PLi liposomes

_ containing 16:0- [1%C]-18:2 PC and varying amounts of
varying amounts of egg SPH were prepared by the membranéyrain ceramide. The results in Figure 6 show that the
extrusion methodd1), and reacted with group V PLAas  incorporation of brain ceramide into PC liposomes increased
described in Methods. The results in Figure 5 show that SPHhe pC hydrolysis, in a dose-dependent manner. When 20
inhibited PC hydrolysis, in a concentration-dependent man- mo| % of ceramide was present in the liposomes, there was
ner. At the molar ratio of SPH/PC of 1.0, the hydrolysis of a 78% stimulation of PLA activity. Higher amounts of
PC was inhibited by over 60%. In these experiments, the ceramide were not tested because the liposomes appeared
amount of labeled PC was kept constant, and only the amountio undergo phase transition, similar to that reported for
of SPH was altered, and therefore, the lower activity was diacylglycerol 84), as indicated by the cloudiness of the
not due to a limitation of the substrate PC. We then studied solution, at>20 mol % of brain ceramide concentration.
whether the enzymatic degradation of SPH would reverse Interestingly, the stimulation obtained with 20 mol %
the inhibitory effect of SPH. As shown in Figure 5, the ceramide was higher than that found when the liposomes
SPHase C treatment not only reversed the inhibition of SPH, containing SPH/PC ratio of 1.0 were treated with SPHase
but actually stimulated the activity above the control (without (Figure 5). We calculate that these liposomes should also
SPH), especially at higher initial concentration of SPH. There contain 20 mol % ceramide, in addition to the 30 mol % of
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Liposomes containing 16:0-[C]-18:2 PC (1uxmol/mL) and 5
varying amounts of brain ceramide were incubatedZd with G
group V sPLA (160xg) and the enzyme activity was determined Z -0.20
from the release of labeled free fatty acids. The percentage increaseg
in activity over the control (no ceramide) was plotted againstthe &, ,,
mol % of brain ceramide in the liposomes. The values shown are ¢ '
mean+ SD of three separate experiments, each performed in %
duplicate. T 060
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FIGURE 8: Fatty acid specificity of group V sPLAN LDL. Group
=3 ~O~ C6 Ceramide V sPLA; (160 ug) or Naja m. mocambiqu®LA; (0.2 U) was
£ 400 | incubated with human plasma LDL (0.5 mg of protein) for 2 h,
S8 and the released fatty acids were analyzed by gas chromatography,
5 O as described in the text. In the upper panel, the percentage
£ 200 F composition of the released fatty acids by the two enzymes is
= shown. In the lower panel, the relative specificity of the group V
% o sPLA; is shown. The relative specificity of the enzyme for each
< 200 F fatty acid was calculated as (% of the fatty acid released in the
g presence of group V sPLA+ of the fatty acid released in the
o /O presence ofNaja PLA;) — 1. A value above zero shows the
100 @0 preference of group V sPLAfor the given fatty acid, whereas a
\./.\.\ e value below zero shows that the enzyme discriminates against it.
g Results shown are meah SD of four separate experimentf *
, l 0.05, **p < 0.005.
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These results suggest that the perturbation of the PC bilayer

Ficure 7: Effect of short chain ceramides on group V sBLA may be involved .|n the activation of .the sPLA/, as
activity. 16:0-[144C]-18:2 PC liposomes were prepared as described Suggested for the intracellular phospholipas; 83).

in the text, and incubated with group V sPLk the presence of ; e
various amounts of C-2 or C-6 ceramides which were added in Fatt)_/ Acid Specificity of Group V PLAAIlthough the o
DMSO (1% of total volume). The enzyme activities are expressed SPLA: isoforms have been shown to be generally nonspecific

as percentage of control activity (no ceramide). toward the fatty acid at then2 position of PC in synthetic
liposomes 20, 21), the studies of Chen and Denn5f on
unhydrolyzed SPH. Since the activity is higher in the synthetic substrates suggested that the group V. Rhay
presence of ceramide alone, when compared to ceratnide have some selectivity for 18:2. However, the specificity of
SPH, these results therefore suggest that SPH and ceramidéhe enzyme has not been investigated using natural substrates.
have opposing effects on the activity of sPLA Therefore, we studied the composition of fatty acids released

The effect of addition of short chain ceramides to the from the lipoprotein phospholipids by the group V enzyme
reaction mixture containing PC liposomes is shown in Figure and compared it to the fatty acids released Nogja m.
7. The exogenous C-6 ceramide stimulated the enzymemocambiqué’LA;. Since the snake venom PkAs known
activity by up to 5-fold, while the C-2 ceramide showed a to be nonselective for the acyl group at #re2 position of
slight inhibition at similar concentrations. We found that PC, the fatty acids released by it represent the composition
dioleoyl glycerol, at a concentration of 20 mol % also atsn2 position of plasma PC. As shown in Figure 8 (LDL)
stimulated the sPLAactivity by 100% (results not shown). and Figure 9 (HDL), group V PLAreleased more 18:2 and

Ceramide : PC molar ratio
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PC. After incubation of the lipoproteins with either group V sPLA
FIGURE 9: Fatty acid specificity of group V sPLAN HDL. Group or Naja PLA,, as described under Figure 8 and Figure 9, the total
V sPLA,; or Naja PLA, was incubated with human HDL (0.5 mg) lipids were extracted, and the molecular species composition of
for 2 h at 37°C, and the released fatty acids were analyzed by gas PC was analyzed by HPLC. The decrease in total PC during
chromatography as described in the text. The upper panel showsincubation was determined from the change in lipid phosphorus,
the percentage composition of the fatty acids released in the while the decrease in individual PCs was calculated from their
presence of the two enzymes. The lower panel shows the relativepercent composition and the total lipid phosphorus before and after
specificity of group V sPLA, which was calculated as described the reaction. The specificity of group V enzyme was calculated
under Figure 8 and in the text. Results shown are me&D of relative to that oNajaPLA, as described in the text. Positive values
four experiments. **p < 0.001 (paired t test). show the preference of the group V sPiiar the given PC species
whereas negatives values show that the PC species is a poor
substrate for group V sPLArelative toNaja PLA,. The values

20:3 FA compared tdNaja PLA; from both lipoproteins. shown are averages of two separate experiments.

Furthermore, the percentages of 20:4, 20:5, and 22:6 in the
released FA were significantly lower in the presence of PLA,. Therefore, the PCs containing arachidonate appear to
sPLA; than in the presence of the snake venom enzyme. be hydrolyzed at a lower rate than other PCs because of the
These results suggest that the role of group V spPinfght inherent property of the enzyme. The sBLshowed a
not be to provide arachidonate from the lipoproteins for decreased preference for 20:3 in liposomes, although in intact
eicosanoid biosynthesis. lipoproteins this fatty acid was released more efficiently
The molecular species of lipoprotein PC hydrolyzed by (Figures 8-10). Further evidence for the specificity was
the two phospholipases were next analyzed by HPLC, to obtained by using liposomes prepared with synthetic 16:0
confirm the apparent specificity of group V enzyme toward 20:4 PC and 16:618:2 PC at varying ratios. We found that
18:2 containing PC species. As shown in Figure 10, group the percent of arachidonate released by the group V enzyme
V s PLA, was less reactive with 16:20:4 PC and 18:0 was significantly lower than by that released by the snake
20:4 PC in both LDL and HDL. Moreover, it appeared to vVenom enzyme at all ratios of the two PCs (Figure 12). At
be more specific for PCs containing 18:1, 18:2, and 20:3 in €qual concentrations of 16:1.8:2 and 16:6-20:4 PCs, only
HDL, whereas only the specificity for 16:0.8:2, 18:06- 13% of the released fatty acid was 20:4, the rest being 18:2.
18:2, and 18:6-20:3 PC was higher in LDL. On the other hand, the percentage of 20:4 in the free fatty
To investigate whether the apparent lack of specificity for acids released by the snake venom enzyme was 40%. These
arachidonate is due to a lower accessibility of the group v "€Sults thus show that 16:@0:4 PC is not a preferred
SPLA, for the arachidonate-containing PC, we determined Substrate for the group V enzyme, at least in comparison to
the activity of PLA on liposomes reconstituted from the PC  the major PC species of plasma.
extracted from LDL and HDL. As shown in Figure 11, we
found that even in the absence of apoproteins, the group VDISCUSSION
PLA; preferentially hydrolyzed 18:2, and discriminated  Although several isoforms of phospholipases A have been
against 20:4, in comparison Maja m. mocambiqueenom identified in mammalian tissues, their potential role in the
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Ficure 11: Fatty acid specificity of group V sPLAnN liposomes
prepared from lipoprotein PO otal PC was prepared from LDL

or HDL, and incorporated into liposomes (with 10 mol % di-14:0
PG) by lipid extrusion. The liposomes were then incubated with
either group V sPLAor NajaPLA,, and the relative specificity of

the group V enzyme was calculated as described under Figure 8.
Results shown are meah SD of four experiments. f < 0.05,

**p < 005, **p < 0.001, (paired t test).
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Ficure 12: Fatty acid specificity of group V and Naja PLAn
synthetic PC mixtureLiposomes containing 16:018:2 PC and
16:0—20:4 PC in various ratios (and 10 mol % di-14:0 PG) were
prepared by lipid extrusion, and reacted with the two RLPhe

released free fatty acids were analyzed by gas chromatographyvf

and the percent of 20:4 released was plotted against the percent o
16:0-20:4 PC in the substrate. A lower value from the linear
straight line shows the preference of 1618:2 PC over 16:©

20:4 PC by the enzyme. Results shown are m¢a8D of two
separate experiments, each performed in triplicate.

metabolism of plasma lipoproteins has not received much
attention. There is indirect evidence that the hydrolysis of
lipoprotein phospholipids by the Pl.Aas profound effects

on the metabolism of the lipoproteins in vivo. Thus, the

Gesquiere et al.

degradation of LDL phosphoglycerides by snake venom
PLA; results in an accelerated disappearance of the lipopro-
tein from the plasma compartmen86j. Since this is
considered to be an anti-atherogenic effect, the extra corporal
degradation of LDL phospholipids by PLAhas been
proposed as a therapeutic approach for the treatment of
hypercholesterolemi&). On the other hand, the hydrolysis

of LDL phospholipids in the arterial tissue may be pro-
atherogenic, because the Pkodified LDL binds strongly

to proteoglycans 37), and is taken up avidly by the
macrophages, leading to the formation of foam cedg, (
39). Therefore, the characterization of the phospholipases
which can potentially hydrolyze the lipoprotein phospholipids
in the plasma compartment as well as in arterial tissue is of
great interest. The PLAthat has attracted most of the
attention in this regard is the group lla sPiAvhich is
secreted by a variety of cells, including platelets, hepatocytes,
and smooth muscle cells, especially in response to stimulation
by inflammatory cytokines( 2). Its concentration has been
reported to increase over 100-fold in acute phage gnd

its overexpression in transgenic mice results in a dramatic
increase in atherosclerotic lesior®.(However, several in
vitro studies show that while this enzyme can hydrolyze the
negatively charged phospholipids such as PG, it is ineffective
in the hydrolysis of the major phospholipid of the lipopro-
teins, namely, PCX 12). Recent studies by Pruzanski et al
(5) on the other hand, show that the lipoproteins, especially
the acute phase HDL, are good substrates for the group lla
sPLA,, and that their PC is hydrolyzed efficiently by it. The
results presented here, in contrast, show that the PC of human
plasma LDL and HDL is a poor substrate for the group lla
sPLA, whereas it is hydrolyzed effectively by the group V
enzyme. The reason for the discrepancy between the two
studies is not clear. As mentioned before, the specific activity
of group lla enzyme is much higher than that of group V
enzyme, when assayed with a micellar PG substrate. It is
also more stable than the group V enzyme during storage.
Therefore, the lack of activity against lipoproteins is not due
to lower specific activity. It is not known how much of the
increase in the sPLAactivity during inflammatory reactions

is due to group V enzyme. Because of the close structural
similarities between the group lla and group V enzymes,
and the cross-reactivity of the antibodies generally used for
their determination, it is necessary to reexamine the relative
concentrations of the two isoforms present in acute phase
plasma, as well as in arterial lesions. Since the study of
Pruzanski et alg) did not include the group V enzyme, it is
not possible to compare the relative activities of the two
enzymes. Since PC is hydrolyzed efficiently by the group V
enzyme, but not by the group lla enzyme, the activity of the
former may be more relevant for the metabolism of lipo-
proteins both in the plasma compartment and in arteries. One
ecent study reported that only group lla enzyme is found
n the sera of acute chest syndrome patients and certain
trauma victims 40). It should, however, be pointed out that
the macrophages express predominantly the group V sPLA
and this enzyme has been shown to stimulate the release of
arachidonic acid, as well as the production of eicosanoids
in these cellsX3). In contrast, the group lla sPLAloes not
elicit eicosanoid production in peritoneal macrophages
stimulated with LPS 41), suggesting that it may not be
involved in the metabolism of macrophages in vivo. Another
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recently discovered sPLAthe group X enzyme, has also to the PC liposomes, suggesting that the major effect of
been shown to be specific for PGJ), and to release ceramides is to modify the bilayer structure, and facilitate
arachidonate from the adherent celk3)( although its penetration of the enzyme. We also found that 1,2-dioleoyl
presence in plasma or in atherosclerotic lesions has not beemlycerol, which is structurally similar to long chain ceramide,
reported. stimulated the group V sPLAactivity significantly when

An important finding of the present study is the inhibition incorporated into PC liposomes (results not shown). The
of group V sPLA by SPH in the lipoproteins. Although SPH  stimulation of other phospholipases by diacylglycerol has
is the most abundant phospholipid in the lipoproteins next been reported earliel3Q, 48, 49), although its effect on
to PC, its physiological function in the lipoprotein metabo- secretory PLAhas not been reported. It is of interest to note
lism has not been established. While it does contribute to that the diacylglycerol has been shown to be most predomi-
the structural integrity of the lipoproteins, it is not essential nant glyceride in HDL, and is present on the surfas@),(
for the lipoprotein structure. However, the protection of the suggesting that it may stimulate the sPL#ctivity against
surface PC from hydrolysis by the various phospholipase HDL in vivo.
activities may be an important physiological function of this ~ Both group lla and group V sPLfhave been implicated
sphingophospholipid. In addition to the inhibition of group in the release of arachidonate and the formation of eicosanoids
V and group lla sPLA SPH has previously been shown to by various cells 13, 51). However, unlike the cytosolic
inhibit the activities of LCAT (5), lipoprotein lipase 17), PLA,, these enzymes do not cause a preferential release of
and hepatic lipase (P. V. Subbaiah, and J. Goyal, unpublishedarachidonate, and therefore their function in eicosanoid
results), all of which can hydrolyze the phosphoglycerides synthesis during the inflammatory response may be inciden-
of the lipoproteins, and destabilize their structure. Although tal. Most of the previous studies showed that the sPinA
the mechanism of inhibition of sPL,Ay SPH has not been general do not exhibit fatty acid specificity at ttse2
investigated, previous studies from our laboratory and othersposition of the phosphoglyceride® 21), and therefore the
(14, 15) suggested that it may act as a competitive inhibitor composition of the released fatty acids should reflect the acyl
of LCAT, because of its structural similarity to PC, and its group composition at then-2 position of plasma PC. The
lack of the easily hydrolyzable acyl ester linkage. In addition, results presented here show that the group V enzyme,
SPH may inhibit the binding of the phospholipases to the however, liberates less archidonate, and more linoleate than
lipoprotein substrates, and their penetration into the PC expected from the acyl group composition of lipoprotein PC.
monolayer, because of its condensing effects on monolayerlt is possible that this apparent specificity of the enzyme for
structure 15). Previous studies also showed that SPHase the linoleate is the function of the PC composition in the
treatment enhances the activation of sRlafd other other  lipoproteins, the effect of the apoproteins, or the topography
phospholipases in cell membranes and monolayets46). of the lipoprotein structure, where certain molecular species
It is important to note that the bulk of the cellular SPH is of PC are more accessible to the enzyme. However, the
located in the outer monolayer of the plasma membrd@e ( studies with synthetic PCs showed that 1618:2 PC is
indicating the potential physiological significance of SPH preferred over 16:020:4 PC by about 57-fold, when
as a protective agent against hydrolysis by the phospholipasepresented as equimolar mixture in the same liposome in the
which may be present in the surrounding medium. We absence of apoproteins, suggesting a true preference obsSPLA
previously showed that SPH inhibits lipid peroxidation in for this PC species. Using synthetic PC liposomes, Chen and
lipoproteins and PC bilayers, possibly by retarding the Dennis 85) have previously reported the fatty acid preference
propagation of the lipid peroxy radicaléq). The combined of the enzyme to be 18:2 16:0> 20:4. The apparent bias
effects of PLA inhibition and the inhibition of lipid against arachidonate release indicates that the pathological
peroxidation would make SPH an unique regulatory lipid effects of the enzyme may be less likely due to the direct
that maintains the integrity of cell membranes and lipopro- stimulation of eicosanoid synthesis, but more due to the
teins (L9). generation of lyso PC, which is known to have several

In addition to the inhibitory effect of SPH, our studies cytotoxic and chemotactic effects on aortic ceB@-{54),
show a stimulation of group V sPLAby the ceramides.  as well as independently stimulate the prostaglandin synthesis
When the SPH-containing liposomes were treated with (55). In addition, the FFA released by the enzyme may
bacterial SPHase C, there was not only a reversal of the SPHoromote LDL uptake by the macrophages by altering the
inhibition, but also a stimulation of the enzyme activity over surface charge of the lipoproteif@).
and above the control (which contained only PC). Further-
more, the inclusion of natural ceramide in the PC liposomes REFERENCES
significantly stimulated the enzyme activity, suggesting that 1 Tischfield, J. A. (1997). Biol. Chem. 27217247-17250.
the ceramide may decrease the packing density of the 2.Six, D. A., and Dennis, E. A. (200®iochim. Biophys Acta
liposomes, enabling the PLAO penetrate the monolayer 3 1N488 Il'_19' T H MM . Y
better. Studies by Huang et &2) showed that cobra venom - 2%‘6%5"5?326% Bl ﬁasingf‘a Ii4 @3_"93” ronroos, J. M.
PLA a(_:tIVIty was mhlbltEd. by C6 and CS ceramlde_s, but 4. g/adas), P., Browning?, J)f, Edelson,sJ., and Pruzanski, W. (1993)
was activated by a long chain (C16) ceramide, which induces J. Lipid Mediat. 8 1—30.
a lateral phase separation of the bilayer into gel and 5. Pruzanski, W., Stefanski, E., Debeer, F. C., Debeer, M. C.,
crystalline domains. Hashizume et a8J, on the other hand, Vadas, P., Ravandi, A., and Kuksis, A. (199B)Lipid. Res.

reported that C6 ceramide also stimulated the cytosolic,PLA 39, 2150-2160. . .
. e 6. Ivandic, B., Castellani, L. W., Wang, X. P., Qiao, J. H.,
(group IV PLA) in platelets, probably though modification Mehrabian, M., Navab, M., Fogelman, A. M., Grass, D. S.,

of the membrane structure. We found that C6 ceramide, but Swanson, M. E., de Beer, M. C., de Beer, F., and Lusis, A. J.
not C2 ceramide, activated the group V enzyme when added  (1999) Arterios, Thromb., Vasc. Biol. 191284-1290.



4920 Biochemistry, Vol. 41, No. 15, 2002

7.

10.
11.
12.
13.
14.
15.
16.
17.

18.

19.
20.
21.
22.

23.
24.
25.
26.

27.

28.
29.

30.
31.

32.

Leitinger, N., Watson, A. D., Hama, S. Y., Ivandic, B., Qiao,
J. H., Huber, J., Faull, K. F., Grass, D. S., Navab, M.,
Fogelman, A. M., de Beer, F. C., Lusis, A. J., and Berliner, J.
A. (1999) Arterioscl, Thromb., Vasc. Biol. 191291-1298.

. Menschikowski, M., Kasper, M., Lattke, P., Schiering, A.,

Schiefer, S., Stockinger, H., and Jaross, W. (1988jero-
sclerosis 118173—-181.

. Tietge, U. J., Maugeais, C., Cain, W., Grass, D., Glick, J. M.,

de Beer, F. C., and Rader, D. J. (20Q0)Biol. Chem. 275
10077-10084.

Hurt-Camejo, E., and Camejo, G. (19%&herosclerosis 132
1-8.

Kim, K. P., Han, S. K., Hong, M., and Cho, W. (2000)
Biochem. J. 348 Pt,3643-647.

Cho, W. (2000Biochim. Biophys. Acta 14888-58.

Balboa, M. A., Balsinde, J., Winstead, M. V., Tischfield, J.
A., and Dennis, E. A. (1996). Biol. Chem. 27132381
32384.

Subbaiah, P. V., and Liu, M. (1993) Biol. Chem. 2683
20156-20163.

Bolin, D. J., and Jonas, A. (1998)Biol. Chem. 27,119152-
19158.

Koumanov, K., Wolf, C., and Bereziat, G. (199Bipchem.

J. 326 227-233.

Lobo, L. I. B., and Wilton, D. C. (1997Biochim. Biophys.
Acta 1349 122-130.

Scarlata, S., Gupta, R., Garcia, P., Keach, H., Shah, S,
Kasireddy, C. R., Bittman, R., and Rebecchi, M. J. (1996)
Biochemistry 3514882-14888.

Subbaiah, P. V., and Sargis, R. M. (20049d. Hypotheses
57, 135-138.

Burdge, G. C., Creaney, A., Postle, A. D., and Wilton, D. C.
(1995) Int. J. Biochem. Cell Biol. 271027-1032.

Murakami, M., Nakatani, Y., Atsumi, G., Inoue, K., and Kudo,
I. (1997) Crit. Rey, Immunol. 17 225-283.

Snitko, Y., Koduri, R. S., Han, S. K., Othman, R., Baker, S.
F., Molini, B. J., Wilton, D. C., Gelb, M. H., and Cho, W.
(1997) Biochemistry 3614325-14333.

Han, S. K., Yoon, E. T., and Cho, W. (19%pchem. J. 331
353-357.

Cho, W., Wu, S. K., Yoon, E., and Lichtenbergova, L. (1999)
Methods Mol. Biol. 1097—17.

Markwell, M. A. K., Hass, S. M., Bieber, L. L., and Tolbert,
N. E. (1978)Anal. Biochem. 87206-210.

MacDonald, R. C., MacDonald, R. I., Menco, B. P., Takeshita,
K., Subbarao, N. K., and Hu, L. R. (199B)ochim. Biophys.
Acta 1061 297—-303.

Bligh, E. G., and Dyer, W. J. (195@gan. J. Biochem. Physiol.
37, 911-917.

Marinetti, G. V. (1962). Lipid Res. 31—20.

Subbaiah, P. V., Kaufman, D., and Bagdade, J. D. (1868)

J. Clin. Nutr. 58 360—-368.

Dawson, R. M., Hemington, N., and Irvine, R. F. (1985)
Biochem. J. 23061—-68.

Morioka, Y., Saiga, A., Yokota, Y., Suzuki, N., lIkeda, M.,
Ono, T., Nakano, K., Fujii, N., Ishizaki, J., Arita, H., and
Hanasaki, K. (2000Arch. Biochem. Biophys. 38B81—42.
Huang, H. W., Goldberg, E. M., and Zidovetzki, R. (1998)
Eur. Biophys. J. Biophys. Lett. 2361-366: 13.

33.

34.
35.

41.

42.

43.

44.

45,

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

Gesquiere et al.

Hashizume, T., Kitatani, K., Kageura, T., Hayama, M., Akiba,
S., and Sato, T. (199Biol. Pharm. Bull. 22 1275-1278.
Das, S., and Rand, R. P. (1983pchemistry 252882-2889.
Chen, Y. J., and Dennis, E. A. (199Bipchim. Biophys Acta
1394 57—-64.

. Labeque, R., Mullon, C. J. P., Ferreira, J. P. M., Lees, R. S,,

and Langer, R. (1993)roc. Natl. Acad. Sci. U.S.A. 98476~
3480.

. Hakala, J. K., Oorni, K., Pentikainen, M. O., Hurt-Camejo,

E., and Kovanen, P. T. (200&)terioscl., Thromb., Vasc. Biol.
21, 1053-1058.

. Aviram, M., and Maor, |. (1992Biochem. Biophys. Res.

Commun. 185465-472.

. Menschikowski, M., Lattke, P., Bergmann, S., and Jaross, W.

(1995) Anal. Cell Pathol. 9113-121.

.Aarsman, A. J., Neys, F. W., van der Helm, H. A., Kuypers,

F. A., and van den, B. H. (200@jiochim. Biophys. Acta 1502
257—-263.

Saiga, A., Morioka, Y., Ono, T., Nakano, K., Ishimoto, Y.,
Arita, H., and Hanasaki, K. (2001Biochim. Biophys. Acta
153Q 67—76.

Hanasaki, K., Ono, T., Saiga, A., Morioka, Y., lkeda, M.,
Kawamoto, K., Higashino, K., Nakano, K., Yamada, K.,
Ishizaki, J., and Arita, H. (1999). Biol. Chem. 27434203~
34211.

Bezzine, S., Carriere, F., Decaro, J., Verger, R., and Decaro,
A. (1998) Biochemistry 3711846-11855: 6.

Fourcade, O., Simon, M. F., Viode, C., Rugani, N., Leballe,
F., Ragab, A., Fournie, B., Sarda, L., and Chap, H. (1995)
Cell 80, 919-927.

Fanani, M. L., and Maggio, B. (199F)ol. Membr. Biol. 14
25-29.

Lange, Y., Swaisgood, M. H., Ramos, B. V., and Steck, T. L.
(1989)J. Biol. Chem. 2643786-3793.

Subbaiah, P. V., Subramanian, V. S., and Wang, K. (1999)
Biol. Chem. 27436409-36414.

Yamamoto, I., Mazumi, T., Handa, T., and Miyajima, K.
(1993) Biochim. Biophys. Acta 114293-297.

Goni, F. M., and Alonso, A. (199®rog. Lipid Res. 381—48.
Vieu, C., Jaspard, B., Barbaras, R., Manent, J., Chap, H., Perret,
B., and Collet, X. (1996). Lipid Res. 371153-1161.
Murakami, M., Kambe, T., Shimbara, S., Higashino, K.,
Hanasaki, K., Arita, H., Horiguchi, M., Arita, M., Arai, H.,
Inoue, K., and Kudo, I. (1999). Biol. Chem. 27431435~
31444,

Chen, Y., Morimoto, S., Kitano, S., Koh, E., Fukuo, K., Jiang,
B., Chen, S., Yasuda, O., Hirotani, A., and Ogihara, T. (1995)
Atherosclerosis 11,269—-76.

Quinn, M. T., Parthasarathy, S., and Steinberg, D. (1988).
Natl. Acad. Sci. U.S.A. 82805-2809.

Sugiyama, S., Kugiyama, K., Ohgushi, M., Fujimoto, K., and
Yasue, H. (1994Lirc. Res. 74565-575.

Rikitake, Y., Hirata, K., Kawashima, S., Takeuchi, S.,
Shimokawa, Y., Kojima, Y., Inoue, N., and Yokoyama, M.
(2001) Biochem. Biophys. Res. Commun. 28291-1297.

BI015757X



