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ABSTRACT. We have conducted a detailed study of the effect of membrane cholesterol content on the
initial hydrolytic activity of Crotalus durissus terrificusvenom phospholipase A2 (sPLA2) in large
unilamellar vesicles of cholesterol/dimyristaye-phosphatidylcholine (DMPC) and cholesterol/1-
palmitoyl-2-oleoylt-a-phosphatidylcholine (POPC) at 3C. The activity was monitored by using the
acrylodan-labeled intestinal fatty acid binding protein and HPLC. In contrast to conventional approaches,
we have used small cholesterol concentration incremer@s3(-1.0 mol %) over a wide concentration
range (e.g., 1354 mol % cholesterol). In both membrane systems examined, the initial hydrolytic activity

of SPLA2 is found to change with cholesterol content in an alternating manner. The activity reaches a
local minimum when the membrane cholesterol content is at or near the critical cholesterol mole fractions
(e.g.,14.3,15.4, 20.0, 22.2, 25.0, 33.3, 40.0, and 50.0 mol % cholesterol) predicted for cholesterol regularly
distributed in either hexagonal or centered rectangular superlattices. According to the sterol regular
distribution model [Chong, P. L.-G. (1998roc. Natl. Acad. Sci. U.S.A. 910069-10073; Liu et al.
(1997)Biophys. J. 722243-2254], the extent of lipid superlattices is maximal at the critical cholesterol
mole fractions, at which the membrane free volume is minimal. Thus, our present data can be taken to
indicate that the initial hydrolytic activity of SPLA2 is governed by the extent of cholesterol superlattice.
These data provide the first functional evidence for the formation of cholesterol superlattices in both
saturated (e.g., DMPC) and unsaturated (e.g., POPC) liquid-crystalline phospholipid bilayers. The data
also illustrate the functional importance of cholesterol superlattice and demonstrate a new type of regulation
of sPLA2. Furthermore, upon binding to cholesterol/POPC large unilamellar vesicles, the intrinsic
fluorescence intensity of SPLA2 shows an alternating variation with cholesterol content, exhibiting a
minimum at the critical cholesterol mole fractions. This result suggests that either the number of sPLA2
bound to lipid vesicles or the conformation of membrane-bound sPLA2 or both vary with the extent of
the cholesterol superlattice in the plane of the membrane.

Secretory phospholipase;AsPLA2; EC 3.1.1.4.~13— pholipid molecule in the catalytic site to form an E*S
15 kDa) is a group of extracellular water-soluble enzymes complex 6). The catalytic site of SPLA2 is-14 A away
which catalyze the hydrolysis of then2 fatty acid ester of  from the bilayer surface7). E*S is subsequently converted
phospholipids to lysophospholipids and free fatty acids. The to E*P, which is the enzyme bound to the bilayer with the
activity of sPLA2 is C&'-dependent. The amino acid hydrolyzed lipid products (i.e., free fatty acids and lyso-
sequences and secondary and X-ray crystal structures ofphospholipids) in the catalytic site. The enzyme E*P then
many sPLA2s have been determined (reviewed inljef proceeds to release the products.

SPLAZ acts favorably with the aggregated form of phospho-  sp| A2 acts favorably with phospholipid bilayers which
lipid substrates, rather than the monomeric phospholids (  contain membrane defec®, @, and references therein). For
4). One current paradigm for how sPLA2 works is (reviewed example, bee venom sPLA2 binding is enhanced by mem-
in ref 5) that SPLAZ in the aqueous phase (E) first binds t0 prane defects induced lyalcohols L0). Ceramide induces
the surface of the phospholipid bilayer (S) to form an gefects in dipalmitoyl--o-phosphatidylcholine (DPPC) bi-
activated enzyme (E*). E* then binds a monomeric phos- |ayers and consequently activates cobra venom sPILAR (
Structural irregularities in the gel state of lipid bilayers

T This work was supported by grants from the American Heart

Association (951073 and S98761S). actiyate the binding of porcine pancre_atic SPLA2 to Ii_pi_d

* To whom correspondence should be addressed. Phone: 215-707-vesicles {2—14). Lateral phase separation of phospholipid
41§i-b';?ex\3/ia2ﬂti's7.oz\g ﬁ:?fé EG'rgg;';lnggodqg]g‘ém;;%%g;ﬁhalene substrates and reaction products in the membrane modulates
(acrylodan)-labeléd intestinal fatty acid binding protein; DMPC, pancreat'(_: S_PLA21(5)' There exists aIS(_) a strong correlation
dimyristoyl--a-phosphatidylcholine; DPPC, dipalmitoyte-phos- between lipid lateral microheterogeneity and the burst phase

phatidylcholine; DOPC, dioleoyl-a-phosphatidyicholine; POPC, 1-paim-  of SPLA2 activity ©). Note that both structural irregularities

itoyl-2-oleoyl.-a-phosphatidyicholine; LUV, large unilamellar vesicles; 54 the interfacial boundaries between separated lipid phases
MLV, multilamellar vesicles; Pyr-PC, 1-palmitoyl-2-(10-pyrenyl)- . .
decanoylsn-glycerol-3-phosphatidylcholine; sSPLA2, secretory phos- (Microheterogeneity) are able to create membrane defects.

pholipase A. Thus, all of these studies suggested that membrane defects
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play an important role in the catalytic activity and membrane LA2) was obtained from Sigma. The concentration of SPLA2
binding of sPLA2. was determined by the Lowry metho@6j using bovine

Membrane defects (or membrane free volume) have serum albumin as the standard.
recently been shown to vary with cholesterol content in an  Vesicle PreparationAppropriate amounts of cholesterol
alternating manner in phospholipid bilayet$¢18). Specif- ~ and phospholipids were first mixed in chloroform. The
ically, membrane defects exhibit a local minimum at the Mixture was then dried under nitrogen in microtubes (Per-
critical cholesterol mole fractions (e.g., 14.3, 15.4, 20.0, 22.2, fector Scientific, Atascadero, CA) and placed under high
25.0, 33.3, 40.0, and 50.0 mol %), at which cholesterol vacuum overnight. The dried mixtures were suspended in
molecules are predicted to be regularly distributed into either 0.1 M Tris buffer (pH 7.4) containing 0.02% NaNThe
hexagonal 19) or centered rectangula@) superlattices. ~ dispersion was vortexed for 3 min at temperatures @3
According to the sterol regular distribution model9), for DMPC and 24°C for POPC) well above the main phase
regularly and irregularly distributed lipid areas coexist in a transition temperatures of the matrix phospholipids. The
given sterol-containing membrane, but the ratio of these two resulting multilamellar vesicles were cooled t6@ for 30
distributions reaches a local maximum at the critical sterol Min and then incubated at 4L for 30 min for vesicles
mole fractions 21). On the basis of these new findings and containing DMPC, or cooled te-20 °C for 30 min and then
concepts, we have previou5|y hypothesizm 0_8, 19, 22) incubated at 24C for 30 min for vesicles Containing POPC.
that membrane properties, especially those being influencedThis cooling/heating cycle was repeated two more times.
by membrane defects (or membrane free volume), areFinally the samples were stored under nitrogen at room
modulated by sterol content in an alternating manner. This temperature{24 °C) for ~7 days prior to extrusion. The
hypothesis has recently proven to be correct in the partition- cooling/heating cycles and long incubation provide a means
ing of an antifungal drug, nystatin, into lipid membragg)( of evenly distributing membrane components among lipid

In the present study, we have tested the above hypothesiénult""’Iyers e_ln(_:l attaining an equili_brium dis_tribution of
on the hydrolytic activity of SPLA2. A role for the membrane Molécules within each monolayer (discussed inl@f To
cholesterol content in the activity of sPLA2 would be form large ur'1|lamellar.ve3|cles_ (LUV).’ we extruded mulu-
expected because the binding of SPLA2 to lipid bilayers is /amellar vesicles 10 times using a lipid extruder (Lipex,

influenced by membrane defects, which are known to vary Yancouver, Canada)2y) through two stacked 0.gm
with cholesterol content due to changes in the extent of polycarbonate membranes at the same temperatures as those

cholesterol superlattice, as mentioned earlier. To test thisused for vortexing..LUVs were incupatgd at room temper-
hypothesis, we have examined the membrane cholesterofture for~4 days prior to activity or binding measurements.
concentration dependence of the initial hydrolytic activity After extrusion, the cholesterol/phospholipid molar ratios in
of Crotalus durissus terrificusenom sPLA2 at 37C in vesicles (LUVs) remained virtually unchanged, as determined
large unilamellar vesicles composed of cholesterol/dimyris- by the Bartlett methodX4) and th? cholesterol oxidase assay
toyl-L-a-phosphatidylcholine (DMPC) or cholesterol/1- (28.) (Wang a_nd _Chong, unpublished results). For all of the
palmitoyl-2-oleoylt -o-phosphatidylcholine (POPC). Both activity and binding measurements (see below), the temper-

ADIFAB (6-acryloyl-2-dimethylaminonaphthalene (acrylo- atu[]e of thﬁ'sample was kept ﬁt $f70ﬁ°c ,tl’y a circulating
dan)-labeled intestinal fatty acid binding protein) and HPLC bath. At this temperature, all of the bilayer membranes
(high-performance liquid chromatography) have been used €x@mined were in the liquid-crystalline state.

to monitor the hydrolytic activity of SPLA2. In contrastto ~ SPLA2 Actiity Measurements The initial hydrolytic
conventional approaches, we have used smdll3—1.0 mol activity of SPLA2 was measured by two different methods.

%) cholesterol concentration increments over a wide con- N the first method, a water-soluble acrylodated intestinal
centration range (e.g., £%4 mol % cholesterol). In both fatty acid binding protein (ADIFAB) was used as a free fatty

membrane systems examined, the initial hydrolytic activity 2cid fluorescence indicato2g). Free fatty acids released
of SPLA2 is found to change with cholesterol content in a fom lipid vesicles by sPLA2 hydrolysis are taken up by

well-defined alternating manner in accordance with the sterol ADIFAB; this gives rise to a shift in the emission maximum
regular distribution model1@—20). of ADIFAB fluorescence from 432 to 505 nn29). The

resulting decrease in the peak height at 432 nm is propor-
MATERIALS AND METHODS tional to the amount of fatty acid hydrolyzed by sPLAZD(

30). Specifically, a reaction solution was prepared by adding

Materials. Cholesterol (Sigma, St. Louis) was recrystal- 50 4L of 0.34 M CaC} and 5uL of ADIFAB (500 units/

lized from ethanol. The concentration of cholesterol stock mL in 0.1 M Tris buffer, pH 7.4) into a fluorescence cuvette
solution (in chloroform) was calculated from weight deter- containing 1.65 mL of LUVs in 0.02% NaMnd 0.1 M Tris
minations. DMPC and POPC were purchased from Avanti buffer (pH 7.4). The mixture was incubated at %7 for 15
Polar Lipids (Alabaster, AL) and used as such. The concen-min. To initiate the hydrolysis reaction, we injected 410
trations of phospholipid stock solutions (in chloroform) were of sPLA2 (0.8 mg/mL in 0.1 M Tris buffer, pH 7.4, and 10
determined by the method of Bartlet24). Fatty acid mM CacCl) into the reaction solution. The final phospholipid
standards such as myristic acid and oleic acid were obtainedand C&" concentrations in the cuvette were &2 and 10
from Sigma. The acrylodan-labeled recombinant rat intestinal mM, respectively. Immediately after the injection, the
fatty acid binding protein (ADIFAB) was purchased from intensity of ADIFAB fluorescence at 432 nm was recorded
Molecular Probes (Eugene, OR), and its concentration wasover time using an 8-nm band-pass in the emission mono-
determined using an extinction coefficient at 365 nm equal chromator. The fluorescence intensity changes virtually
to 10600 Mt cm™ (in 0.1 M Tris buffer, pH 7.4) 25). linearly with time in the first minute (data not shown). The
Crotalus durissus terrificuvenom phospholipase AsP- slope of the fluorescence intensity change in the first minute
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upon addition of SPLA2 was taken as the initial hydrolytic and 13% water using a flow rate of 2 mL/min (Beckman,
rate of phospholipids by sPLA2. This apparent initial model 324). The eluted products were detected by absorbance
hydrolytic activity, in terms of fluorescence intensity change at 254 nm. In the present study, the HPLC method was
at 432 nm/s, was then converted to the amount of fatty acid employed only for the sPLA2 activity measurements with
hydrolyzed per second using a standard curve. The standaratholesterol/DMPC bilayers as the substrate. The first absor-
curve was constructed by measuring the changes of ADIFAB bance peak appeared at a retention time-@6 min. This
fluorescence intensity at 432 nm in the presence of varying peak corresponded to the myristic acid resulting from sPLA2-
amounts of standard fatty acids, namely, myristic acid (for induced hydrolysis of DMPC, as verified by a separated
cholesterol/DMPC bilayer substrate) or oleic acid (for HPLC run using an external myristic acid standard. The
cholesterol/POPC bilayers). All of the ADIFAB fluorescence second major peak appeared at a retention time3# min,
measurements were made, while stirring, on a SLM 8000C which corresponded to the internal standard palmitic acid.
fluorometer (Urbana, IL) using excitation at 378 nm with a The amount of myristic acid«g) hydrolyzed by sPLA2Y()
2 nm band-pass in the excitation monochromator. Blank was calculated from the peak heighit§) by the equatiory
readings from vesicles in the absence of ADIFAB were = (Hi¢/Hsz)(micrograms of standard palmitic acid injected
negligible. into HPLC)Mw/M,). Hie andHs, are the peak heights at the
Note that, in this measurement, as well as in other activity 16 and 32 min retention times, respectively, afidandM,
and binding measurements throughout this work, we haveare the molecular weights of myristic and palmitic acids,
focused on the events that take place in the first minute respectively.

because only the initial events can be linked meaningfully  Binding of SPLA2 to Bilayer Substrafehe binding study
to cholesterol regular distribution. After the hydrolytic was performed using a solution Containing@of sPLA2,
reaction proceeds for a prolonged time, the exact lipid 10 mM CaC}, and 0.1 M Tris buffer (pH 7.4). To this
composition in the bilayer membrane is not known. Mem- sojution, preincubated at 37 for 15 min, was added an
brane lipid composition is important in the present study aliquot of cholesterol/POPC LUVs. After sPLA2 was mixed
because it determines the extent of lipid superlattié 18, with lipid vesicles at 37C for 1 min, the emission spectrum
19, 23, 31-34). It should also be mentioned that no latency of sPLA2 intrinsic fluorescence (band-pass8 nm) was
phase (ref35 and references therein) was observed in the recorded, while stirring, using excitation at 280 nm (band-
time period examined (up to 4 h, data not shown). This pass= 2 nm). Background readings without SPLA2 were
observation is consistent with a previous findirgg)(that  subtracted from sample readings. The decrease of the intrinsic
Crotalus durissus terrificusPLA2 does not display a latency  fluorescence intensity of SPLA2 at 340 nm upon binding to
phase in cholesterol/dioleoyter-phosphatidylcholine (DOPC)  |ipid vesicles is designated @&~ (= F, — F), whereF and
LUVs (cholesterol/DOPG= Y/;) at 37°C (up to 20 min).  F, are the fluorescence intensities of SPLA2 at 340 nm with
Serum albumin was not used in this StUdy in order to exclude and without bi|ayer substrate, respectiveﬁywas corrected
inhibition (36) or stimulation 87, 38) of the SPLAZ activity  for volume changesAF/F, represents the percent decrease
by the reaction products. This is because albumin might of sPLA2 fluorescence intensity upon binding to lipid
interfere with the ADIFAB assay due to the buffering pilayers as a result of changes in quantum yield; ti,
capacity of albumin for fatty acids2g). F, is a measure of the extent of SPLA2 binding.

The activity of SPLA2 was also measured by HPLC. First,
a solution of 1.7 mL of LUV dispersion containing 58:&1 RESULTS AND DISCUSSION
phospholipid, 10 mM CagGJ 0.02% NaN, and 0.1 M Tris _
buffer (pH 7.4) was incubated with stirring in a screw-capped ~ The results with regard to the effect of membrane
tube at 37°C for 15 min. To this reaction mixture was added cholesterol content on the initial hydrolytic activity of SPLA2
100uL of 0.8 mg/mL sPLA2 (in the same buffer) to initiate  in cholesterol/DMPC LUVs, as monitored by the ADIFAB
the hydrolysis reaction. After the reaction proceeded for 1 assay, are presented in Figure 1A. As shown in Figure 1A,
min, the reaction was stopped by the addition of 2000f there is a general decrease in hyd_rolytlc activity when the
saturated EGTA (in deionized water). The reaction mixture membrane cholesterol content is increased from 13 to 54
was then mixed with 2@L of 0.467 mM standard palmitic mol %. This general trend can be attributed to the cholesterol
acid in methanol, followed by the addition of 8 mL of condensing effect on liquid-crystalline phospholipid acyl
chloroform to extract both the fatty acids hydrolyzed by chains 40, 41) and to the decreased substrate availability
SPLA2 and the internal standard palmitic acid. The bottom (i-€., the decrease in the percent of DMPC). This general
organic layer was collected and dried under nitrogen. To trend has previously been observed by others (e.g42ef
make the fatty acids more readily detectable by absorption, in studies using large cholesterol concentration increments
we esterified the free fatty acids. Specifically, the free fatty (€.9., 10 mol %).
acids were reacted with 28L of 10 mg/mL 2-bromo-2 In contrast to previous studies, we have used here small
acetonaphthone (in acetone) and @b of 10 mg/mL cholesterol concentration increments(3—1.0 mol %) and
triethylamine (in acetone) in a boiling water bath for 15 min found that the sPLA2 activity does not change monotonically
(39). Then, 35uL of 2 mg/mL acetic acid in acetone was with cholesterol. Instead, the activity exhibits dips at 14.3,
added to the reaction mixture and heated at A0Gor an 15.6, 20.0, 22.6, 24.3, 28.0, 33.3, 40.5, 46.0, and 49.5 mol
additional 5 min. The reaction mixture was evaporated to % cholesterol (indicated by arrows at bottom of Figure 1A).
dryness with nitrogen and then redissolved in 2Q0 of These dip positions, except for 28.0 and 46.0 mol %, are at
acetonitrile. A 3QuL aliquot of the solution was subsequently or close to the critical cholesterol mole fractions (i.e., 14.3,
injected into a HPLC column (Waters, reversed-phase C1815.4, 20.0, 22.2, 25.0, 33.3, 40.0, and 50.0 mol %) predicted
uBondapak, 256« 4.6 mm) and eluted with 87% acetonitrile  for cholesterol being regularly distributed into hexagonal or
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0.3 changes in enzyme activity, rather than cholesterol-induced
A changes in fatty acid partition coefficient, we have also
determined the cholesterol concentration dependence of the

0.2 initial activity of SPLA2 by the HPLC method. This method
determines the total fatty acid hydrolyzed by sPLA2. As
04 1 shown in Figure 1B, the initial hydrolytic activity of SPLA2
determined by the HPLC method also exhibits an alternating
£ MOAM A A AoA A variation with cholesterol content. In this case, the activity
% g-g ] dips appear at 19.6, 21.9, 25.0, 26.0, 33.0, 40.5, 45.5, and
T B 49.5 mol % cholesterol in DMPC LUVs at 3. Within
2 60l the experimental errors{10% in the activity measurements
i and~0.5 mol % in the cholesterol concentration determina-
2 40 tions (18)), these dip positions, except for 26.0 and 45.5 mol
% % (discussed before), agree with=t 0.9995) the theoreti-
£ 201 cally predicted critical cholesterol mole fractions (20.0, 22.2,
% AAM A AR 25.0, 33.3, 40.0, and 50.0 mol %4820, 23). This result
3 00 is consistent with that obtained from the ADIFAB experiment
= 057 c (Figure 1A). Together, our data (Figure 1A,B) show that the
0.4 { initial hydrolytic activity of sPLA2 in liquid-crystalline
03 | cholesterol/DMPC LUVs can be modulated in an alternating
) manner by membrane cholesterol content. The activity is
0.2 - minimal at cholesterol concentrations at which the extent of
01 cholgsterol superlattice in the plane of the membrane is
oo A MA ¢ A ¢ | A /% 4\ . maximal @8, 19, 21, 23).

Figure 1C shows that the alternating variation of SPLA2
10 14 18 22 26 30 34 38 42 46 50 54 58 activity (monitored by the ADIFAB assay) with cholesterol
mol% cholesterol content also occurs in cholesterol/POPC LUVs afG71In

FiGure 1. Effects of membrane cholesterol content on the initial this case, the authentic activity dips appear at 15.0, 17.5,

rate of sPLA2-catalyzed hydrolysis of (A) DMPC in cholesterol/ 196 21.9 253 285 33.0. 40.3. 46.0. and 50.0 mol %
DMPC LUVs as monitored by the ADIFAB assay, (B) DMPC in R S R '
cholesterol/DMPC LUVs as monitored by the HPLC method, and cholesterol. Within the experimental errors, all of these mole

(C) POPC in cholesterol/POPC LUVs as monitored by the ADIFAB  fractions, except for 17.5, 28.5, and 46.0 mol %, are
assay. Temperature 37 °C. Vesicle pore size= ~800 nm. The consistent with { = 0.9998) the critical cholesterol mole

molar ratio of SPLA2 to PC was-1/18:1/19. The arrows at the  fractions (e.g., 15.4, 20.0, 22.2, 25.0, 33.3, 40.0, and 50.0
bottom indicate the positions of the hydrolytic activity minimum. 6 04 predicted for maximal superlattice formation. The
The vertical bars represent the standard deviations obtained from . . , L .
three independently prepared samples. The arrows and vertical bar?oss'bk_a physical ongin of the unexpected activity d'PS has
in Figure 2B bear the same meaning. been discussed earlier. For the purpose of eXplOflng the
regulatory role of cholesterol superlattice, it is immaterial
centered rectangular superlatticé8-(20, 23). A plot of the how two or three unexpected activity dips actually occur.
theoretically predicted critical cholesterol mole fractions What is important is the finding that an activity dip is always
versus the activity dip positions (excluding 28.0 and 46.0 observed at or near the theoretically predicted critical
mol % dips) gives an excellent correlation coefficientof cholesterol mole fractions (Figure 1).
0.9995. These data provide compelling functional evidence The biphasic variation of sSPLA2 activity in the vicinity
that cholesterol can be regularly distributed into superlatticesof critical cholesterol mole fractions (Figure 1) can be
in liquid-crystalline DMPC bilayers. Note that several lines understood by virtue of the sterol regular distribution model
of strong and consistent semifunctiona@3) and spectro-  (19). The model states that the membrane free volume varies
scopic (6, 18—20, 43) evidence for sterol regular distribution  with sterol content in an alternating manner, with the smallest
in liquid-crystalline bilayers have previously been reported. membrane free volume present at critical sterol mole fractions
The activity dips at 28.0 and 46.0 mol % are not those where the extent of superlattices is maximbab-{19, 23).
theoretically predicted; their appearance may result from the The binding and the hydrolytic activity of sPLA2 depend
coexistence of two or more types of superlattic2t 32). on membrane defects (or membrane free volume), as
These putative complex lateral organizations may arise from mentioned earlier. Thus, the observation that SPLA2 activity
compositional heterogeneity in lipid vesicles. Itis likely that, is minimal at critical sterol mole fractions (Figure 1) can be
in certain sample preparations, not all of the vesicles containunderstood in terms of changes in membrane defects (or
the same amounts of cholesterol. It is also likely that there membrane free volume) via changes in the extent of lipid
exists some heterogeneity between superlattices in the innesuperlattices. It is important to mention that, at present, there
and outer monolayers. is no alternative explanation for the observed results. Our
While the ADIFAB assay provides the most sensitive and data cannot be attributed to the formation of crystals of
a continuous measurement of sSPLA2 activR29)( this assay  cholesterol monohydrate because recent X-ray diffraction
measures the free fatty acid concentration in the aqueousstudies showed that cholesterol crystals do not occur in POPC
phase, which depends on the membrane/water partitionuntil 67 mol % cholesterol 44), which is beyond the
coefficient of fatty acid. To demonstrate that the alternating concentration range examined in our present study. Our data
pattern shown in Figure 1A is due to cholesterol-induced cannot be interpreted as the result of the formation of
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cholesterol-rich microdomains either. First, there are no
theoretical grounds for why cholesterol-rich microdomains
should occur at the critical cholesterol mole fractions (e.g.,
14.3, 15.4, 20.0, 22.2, 25.0, 33.3, 40.0, and 50.0 mol %
cholesterol). Second, if sterol-rich microdomains formed at
the critical sterol mole fractions, we should have observed a
decrease in steady-state anisotropy of dehydroergosterol
fluorescence at the critical mole fractions due to self-energy
transfer. On the contrary, our previous work8) showed

an increase in dehydroergosterol anisotropy at the critical

fluorescence intensity (a.u.)

sterol mole fractions. Our data cannot be interpreted as the 0 30 370 390 350 340 350 360 370 380 390 400
result of the vesicle type either because similar sPLA2 wavelength (nm)
activity dips were observed near the critical mole fractions
in cholesterol/DMPC multilamellar vesicles (MLVs) (data 014
not shown). Further, MLVs are known to have a much more 0.12 B
heterogeneous size distribution than LUVs; yet, we can detect 0.10 |
sPLA2 activity dips at critical mole fractions in both types
of vesicles. This indicates that the homogeneity of the vesicle L 0.08 1
size is not essential for the alternating variation of sPLA2 < 0.06 |
activity with cholesterol content. 0.04 |
Recall that a similar biphasic variation of the initial
hydrolytic activity of Crotalus durissus terrificusszenom 0.02
sPLA2 with the mole fraction of a bulky lipid, namely, 000 — A A K
1-palmitoyl-2-(10-pyrenyl)decanogr-glycerol-3-phosphati- 16 17 18 19 20 21 22 23 24 25 26 27 28
dylcholine (Pyr-PC), has previously been observed at 66.7 mol% cholesterol

mol % Pyr-PC in DMPC LUVs (diameter400 nm) at 37 FiGure 2: (A) Corrected emission spectra of sPLA2 intrinsic
°C (16). The value 66.7 mol % is one of the critical Pyr-PC fluorescence in buffer alonerj and in the presence of cholesterol/
mole fractions at which lipids are regularly distributed into POPC LUVs at 37C (v, 21.5 mol % cholesterof), 22.2 mol %;

. . . and®, 23.0 mol %). (B) Effect of membrane cholesterol content
hexagonal superlattices in Pyr-PC/DMPC mixtur23 @2). on the percent decrease of sSPLA2 intrinsic fluorescence intensity

From Figure 1 and the previous data obtained from Pyr-PC/ (AF/F,) upon binding to cholesterol/POPC LUVs (pore siz&00
DMPC bilayers 16), it can be concluded that the hydrolytic nm) at 37°C. The molar ratio of SPLA2 to POPC wasl1/50.

activity of SPLA2 is modulated by the fractional concentra- Fluorespence was recorded immediately _after sPLA2 and vesicles
tion of bulky lipids according to the physical principles of Were mixed and incubated at 3C for 1 min.
lipid superlattice formation 22, 45). Using the same  predicted for maximal superlattice formatioh8( 19, 23).
rationale, the hydrolytic activity of SPLA2 would be predicted These data suggest that the number of sPLA2 bound to
to also vary with phosphatidylethanolamine (PE) content in cholesterol/POPC LUVs may be reduced to a local minimum
an alternating manner in PE/phosphatidylcholine (PC) mix- at the critical cholesterol mole fractions. Conceivably, the
tures, because evidence for the formation of the headgroupfewer sPLA2 molecules bind to lipid bilayers, the less the
superlattice has recently been reported in the PE/PC mixturesPLA2 hydrolytic activity is. Furthermore, at the critical
(33). cholesterol mole fractions, membrane defects have been
To test whether the alternating variation of SPLA2 activity shown to exhibit a local minimuml{, 18). Thus, taken
with cholesterol results from changes in sSPLA2 binding to together, our studies support the previous finding that sSPLA2
membranes, we have examined the effect of membranebinding is in favor of membrane defec 9, and references
cholesterol content on the intrinsic fluorescence intensity of therein).
SPLA2. The intrinsic fluorescence intensity of sPLA2 Alternatively, it is possible that the conformation of SPLA2
decreases when it is bound to lipid bilayers, as illustrated in varies with the extent of cholesterol superlattice. SPLA2 may
Figure 2A; therefore, the magnitude of the intensity decreasehave less conformational change upon binding to bilayers
reflects the extent of SPLA2 binding to bilayers. The striking at the critical cholesterol mole fractions than at the noncritical
result is that the decrease of the sPLA2 fluorescence intensitycholesterol mole fractions, as a result of membrane free
is significantly less when bound to vesicles at the critical volume variations. This explanation is supported by the
cholesterol mole fractions (e.g., 22.2 mol % in Figure 2A emission spectra of SPLA2 fluorescence (Figure 2A). In the
(O)), as compared to that at the noncritical cholesterol mole absence of vesicle¥(in Figure 2A), the emission maximum
fractions (e.g., 21.5¢) and 23.0 mol %®) in Figure 2A). appears at 333 nm. Once bound to vesicles at the critical
Figure 2B displays the cholesterol concentration dependencecholesterol mole fractions (e.g., 22.2 mol % cholesterol in
of the percent decrease of SPLA2 fluorescence intensity atPOPC LUVs;O in Figure 2A), SPLA2 exhibits an emission
340 nm AF/F,, defined in Materials and Methods) upon maximum at 334 nm. When bound to vesicles at the
binding to cholesterol/POPC LUVs for 1 min at 3. AF/ noncritical cholesterol mole fractions (e.g., 21v5 &nd 23.0
F, varies with cholesterol in an alternating manner in the (®) mol % in Figure 2A), the emission maximum undergoes
concentration range of &6 mol %, showing local a further red shift to 336 nm. A difference in the emission
minimums at 19.6, 22.2, and 25.0 mol % cholesterol (Figure maximum of protein intrinsic fluorescence is usually indica-
2B). These mole fractions are at or very close to the critical tive of protein conformational change. However, further
cholesterol mole fractions (i.e., 20.0, 22.2, and 25.0 mol %) studies using more sophisticated techniques are required to
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quantitatively evaluate the cholesterol concentration depen-choline (Wang, Brown, Sugar, and Chong, unpublished
dence of sPLA2 conformation. At present, it can be results) and in cholesterol/POPC/1-palmitoyl-2-oleoyd-
tentatively concluded that either the number of sSPLA2 bound phosphatidylethanolamin@) multicomponent lipid bilay-
to lipid vesicles or the conformation of membrane-bound ers. Thus, clearly, evidence for cholesterol superlattice
sPLAZ2 or both vary with the extent of cholesterol superlattice formation is not limited to membranes comprised of one type
in the plane of the membrane. of phospholipid. With regard to the limitation for cholesterol
In any case, the present results have some importantsuperlattice formation, we have found one, that is, the
biophysical implications. First, the SPLA2 used in this study position of the double bonds in the fatty acyl chain of the
contains mainly component B of crotoxin from the South matrix phospholipid §0). If the double bond is located
American rattlesnak€rotalus durissus terrificusCompo- between C2 and C9, then the spectroscopic evidence for
nent B is a single polypeptide chain with its amino acid sterol superlattice is abolishe80). However, phospholipids
sequence similar to those of PLA2 from mammalian pancreaswith double bonds between C2 and C9 are in small amounts
and snake venom4y, 48). Regardless of the binding inanimal cell membranes except for nerve, sperm, and retinal
mechanism49), many of these PLA2s have been demon- membranes. Thus, the multicomponent studies suggested that
strated to act favorably when membrane defects in bilayer cholesterol may still be regularly distributed in cholesterol/
substrate are abundant (r& and references therein). sphingomyelin/phosphatidylcholine-rich microdomains (sepa-
Therefore, the physical principles revealed in this study are rated from intrinsic membrane proteins) in some, but not
likely to be applicable to many other PLA2s such as 85 kDa all, biological membranes.

cytosolic phospholipase A2, which plays a pivotal role in  with this presumption in mind, we propose that the
the biosynthesis of the eicosanoids. Second, lipid vesiclespiphasic variation of oleic acid release from POPC at the
are widely used as the substrates of membrane surface actingritical cholesterol mole fractions (Figure 1C) might have
enzymes such as sPLA2 and protein kinase C. The presenfmportant implications in the signaling pathways. POPC, the
results point out that, when using cholesterol-containing lipid most abundant phosphatidylcholine in mammalian cells,
bilayers as the substrate of SPLA2 (or other surface actingcontains a cis double bond between C-9 and C-10 in the
enzymes), there is a need to use vesicles that have beesn2 acyl chain (oleate), which is susceptible to SPLA2
thoroughly mixed and subject to a long incubation, as hydrolysis. Long-chairtis-unsaturated fatty acids such as
described in this paper. The relationship between enzymeoleic acid are known to inhibit degranulation of cytotoxic T
activities and cholesterol lateral organization can be assessetymphocytes (CTL) $1) and the antigen-stimulated rise in
meaningfully only when the lateral distribution of cholesterol CTL intracellular calcium levels52) as well as CTL-
reaches a thermal equilibrium. Third, the present results pointmediated cytolysis §3). Cis-unsaturated fatty acids also
out that, when examining the effect of membrane cholesterol inhibit tyrosine phosphorylation, a step essential for T cell
on sPLAZ, there is a need to use small cholesterol concentragctivation 64). These inhibitory effects can be detected
tion increments over a wide concentration range. In most (if within seconds of fatty acid treatment, a time scale similar
not all) previous studies on membrane cholesterol, large to that used in the determination of the initial hydrolytic rate
cholesterol concentration increments were used. In this caseof POPC by sPLA2 (Figure 1C). Furthermomis-unsatur-
a monotonic change in membrane properties with increasingated fatty acids stimulate protein kinase C activh,(56).
cholesterol content was usually observed and the results wererhys, the alternating variation of the release rate of oleic
frequently attributed to the cholesterol-induced condensing acid with cholesterol (Figure 1C) implies that stimulation
effect on lipid acyl chains. In contrast to the conventional of protein kinase C and inhibition of degranulation of T cells
approaches, the present study used small cholesterol conmay also be modulated by cholesterol content in an alternat-
centration increments+0.3-1.0 mol %) over a wide range  ing manner in accordance with the principles of cholesterol
of cholesterol concentrations (e.g.,-134 mol %). In this  regular distribution 19). In summary, the finding that the
case, not only is the global cholesterol condensing effect activity of sPLA2 is modulated up or down by minute
revealed, but also the local biphasic activity change in the changes in cholesterol content in the vicinity of a critical
vicinity of critical cholesterol mole fractions is detected cholesterol mole fraction demonstrates a new type of
(Figure 1). regulation for sSPLA2 activities and provides a new perspec-
There are some data in support of the idea that cholesterolive for the functional importance of membrane cholesterol
superlattice may occur in biological membranes. For ex- content.
ample, in the normal human erythrocyte plasma membrane,
cholesterol content relative to phospholipids is~&0 mol REFERENCES
%, which is one of the critical cholesterol mole fractions
for the formation of centered rectangular superlatti@s. ( 1. Dennis, E. A. (1994). Biol. Chem. 26913057-13060.
However, to find evidence for the existence of cholesterol ~ 2- Wells, M. A. (1972)Biochemistry 111030-1041.
superlattice in real biological membranes is a difficult task ~ 3: Pieterson, W. A., Vidal, J. C., Volwerk, J. J., and De Haas,
due to the complexity of the membrane. An alternative G. H. (1974)Biochemistry 131455-1460. _
approach is to provide evidence for sterol superlattice 4'8%%%‘% Péigl"éﬁé%' '\Zﬂé;,'?l"zgs'%_blr’zgég"and Dennis, E. A.
formation in muIt_lcomponent I|p|d_b|layers vv_|th mtegr.al 5. Gelb, M. H., Jain, M., and Berg, O. G. (199BASEB J. 8
membrane proteins at the density found in biological 916-924.
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complished this goal, we have obtained spectroscopic or Biol. Chem. 2484023-4034.
semifunctional evidence for sterol regular distribution in 7 scott, D. L., White, S. P., Otwinowski, Z., Yuan, W., Gelb,
dehydroergosterol/cholesterol/sphingomyelin/phosphatidyl- M. H., and Sigler, P. B. (19903cience 2501541-1546.
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