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ABSTRACT. To determine the mechanism of calcium-dependent membrane binding of cytosolic phospho-
lipase A (cPLAy), we measured the interactions of cPLwith phospholipid monolayers and polymerizable
mixed liposomes containing various phospholipids. In the presence of calcium,,dPloved much
higher penetrating power than secretory human pancreatic Riwfard anionic and electrically neutral
phospholipid monolayers. cPlAalso showed ca. 30-fold higher binding affinity for nonpolymerized
2,3-bis[12-(lipoyloxy)dodecanoyBrglycero-1-phosphoglycerol (D-BLPG) liposomes than for polymerized
ones where the membrane penetration of protein is significantly restricted. Consistent with this difference
in membrane binding affinity, cPLAshowed 20-fold higher activity toward fluorogenic substrate®- 1-
(1-pyrenedecyl)-2-arachidonoghiglycero-3-phosphocholine, inserted in nonpolymerized D-BLPG lip-
osomes than the same substrate in polymerized D-BLPG liposomes. Furthermore,stlas&d much
highersn-2 acyl group specificity (arachidonate specificity) and headgroup specificity in nonpolymerized
D-BLPG liposomes than in polymerized D-BLPG liposomes. Finally, diacylglycerols, such as 1,2-dioleoyl-
snglycerol, selectively enhanced the membrane penetration, hydrophobic membrane binding, and interfacial
enzyme activity of cPLA Taken together, these results indicate the following: (1) calcium not only
brings cPLA to the membrane surface but also induces its membrane penetration. (2) This unique calcium-
dependent membrane penetration of cRPisfhecessary for its interfacial binding and substrate specificity.

(3) Diacylglycerols might work as a cellular activator of cPLBy enhancing its membrane penetration

and hydrophobic membrane binding.

Phospholipases APLA,; EC 3.1.1.4) are a large family and lipoxins), through the cyclooxygenase or lipoxygenase
of lipolytic enzymes that catalyze the hydrolysis of the fatty pathways3, 4). Arachidonic acid also functions as a cellular
acid ester at then-2 position of phospholipidsl({ 2). The regulator of other proteins including protein kinase & (
PLA,-catalyzed hydrolysis of some membrane phospholipids and phospholipase &), Mammalian cells contain various
liberates arachidonic acid, which can be converted to potentforms of PLAs including 14 kDa secretory PLLA7, 8), 85
inflammatory lipid mediators, collectively known as eicosan- kDa cytosolic PLA (cPLA,) (9, 10, and calcium-indepen-
oids (including prostaglandins, thromboxanes, leukotrienesdent PLA (11). Among these PL#s, cPLA has unique
specificity for the arachidonoyl moiety in the2 position
of phospholipids 12, 13 and is generally thought to play a
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! Abbreviations: BLPC, 1,2-bis[12-(lipoyloxy)dodecanoghglyc- . :
ero-3-phosphocholine; BLPG, 1,2-bis[12-(lipoyloxy)dodecansyll- matory drugs. cPLAbinds to membranes in the presence

glycero-3-phosphoglycerol; BSA.; bovine serum albumin; cBLA of micromolar C&" via its C2 domain which contains
cytosolic phospholipaseADOG, 1,2-dioleoylsn-glycerol; D-BLPC, calcium and membrane binding sited?( 13. Also, phos-

2,3-bis[12-(lipoyloxy)dodecanoy®n-glycero-1-phosphocholine; D- ; ; ; : ; _
BLPG, 2.3-bis[12-(lipoyloxy)dodecanoyfinglycero-1-phosphoglyc- phorylation of certain residues including Ser-505 has been

erol; D-POPC, 2-palmitoyl-3-oleoygn-glycero-1-phosphocholine; D- _Shown to activate CPLZ‘_\in (_39”3 (15, 1. Besides thiS_
POPG, 2-palmitoyl-3-oleoysnglycero-1-phosphoglycerol; EDTA, information, however, little is known about the catalytic

ethylenediaminetetraacetic acid; EGTA, ethyleneglycolfbatino- i _hindi

ethyl ether)N,N,N',N'-tetraacetic acid; HEPES\-(2)hydroxyethyl]- mecfr:an!sm ?nd thes.@adelllaendent memt;\ranehb:hq(ljng
piperazineN'-(2-ethanesulfonic acid); hpPlAhuman pancreatic PLA mechanism of cPLA Since all PLAs act on phospholipids
PLA;, phospholipase A POPC, 1-palmitoyl-2-oleoysn-glycero-3- in membranes or in other aggregated forms, the reaction cycle
phosphocholine; POPG, 1-palmitoyl-2-olegytglycero-3-phospho-  includes the interfacial binding which is distinct from the

glycerol; PyAPC, 10-(1-pyrenedecyl)-2-acysnglycero-3-phospho- P - - :

choline; PyArPC, 10-(1-pyrenedecyl)-2-arachidonoghglycero-3- binding of a phosphqllpld m‘?'ecu'e to the active sitg)(
phosphocholine; PyArPE, @-(1-pyrenedecyl)-2-arachidonogh Recent structurefunction studies on several secretory BEA
glycero-3-phosphoethanolamine; PyArPG,04d-pyrenedecyl)-2-  (18—21) have shown that the interfacial binding of these
arachidonoyknglycero-3-phosphoglycerol, PyOPCCk1-pyrenedecyl)-  p| A5 is driven by electrostatic and hydrophobic interactions
2-oleoylsn-glycero-3-phosphocholine; PyPPC Ck¢l-pyrenedecyl)- - f s h hobi . f
2-palmitoylsnrglycero-3-phosphocholine: CISAPC, 1-stearoyl-2- ~ Mediated by surface cationic and hydrophobic residues o

[*C]arachidonoyksn-glycero-3-phosphocholine. proteins and relative importance of these interactions varies
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with the type of PLA. Most of mammalian secretory PL# Tris buffer, pH 8.0, 0.15 M KCI, and 30% glycerol. cPLA
cannot effectively penetrate into compactly packed electri- showed a single band with an apparent molecular mass of
cally neutral membranes and hydrolyze thetf, (22, 23. 100 kDa on a SDSpolyacrylamide electrophoresis gel.
A recently determined crystal structure of the C2 domain of Human pancreatic PLA(hpPLA,) was expressed ifts-
cPLA; revealed a group of hydrophobic residues which might cherichia coliand purified as describe@®T). PLA, from
be involved in membrane penetration, thereby suggesting thatthe venom ofAgkistrodon piseiorus piscioruswas purified
cPLA,; might have a unique interfacial binding mode which as described20). Protein concentrations were determined
involves a significant degree of membrane penetratiaih ( by bicinchoninic acid method (Pierce, Rockford, IL).
To determine how cPLAInteracts with membranes and how Phospholipid synthesisl,2-Bis[12-(lipoyloxy)dodecanoyl]-
its interfacial binding mode affects its interfacial catalytic sn-glycero-3-phosphocholine (BLPC) and -phosphoglycerol
properties including arachidonate specificity, we measured (BLPG) were synthesized as described elsewHsg (2,3-
the interactions of human recombinant cRBLWith phos- Bis[12-(lipoyloxy)dodecanoylkn-glycero-1-phosphocho-
pholipid monolayers and polymerizable mixed liposomes line (D-BLPC) and -glycerol (D-BLPG) were synthesized
containing various phospholipids. In this report, we describe by the same protocol except thati-glycerophosphocholine
results from these studies showing that cRlbas a unique  (Biochemisches Labor, Bern, Switzerland) was used as a
ability to penetrate into the phospholipid bilayer which is in  starting material instead ofiaisoform. 2-Oleoyl-3-palmi-
turn necessary for its interfacial catalysis and arachidonatetoyl-sn-glycero-1-phosphocholine (D-POPC) was synthesized
specificity. from 1-palmitoyl+ac-glycero-3-phosphocholine (Sigma) as
described 29). 2-Oleoyl-3-palmitoylsn-glycero-1-phos-
MATERIALS AND METHODS phoglycerol (D-POPG) was prepared from D-POPC by
Materials. 1,2-Dioleoylsn-glycerol (DOG), 1-palmitoyl- phospholipase-D-catalyzed transphosphatidylation as de-
2-oleoylsnglycero-3-phosphocholine (POPC) and 1-palmi- scribed 80). Purity of all b-phospholipids was verified by
toyl-2-oleoylsnglycero-3-phosphoglycerol (POPG) were measuring their specific rotation using corresponding
purchased from Avanti Polar Lipids (Alabaster, AL). Fatty phospholipids as standards. Ok¢1-Pyrenedecyl)-2-arachi-
acid-free bovine serum albumin (BSA) was from Bayer Inc. donoylsnglycero-3-phosphocholine (PyArPC) was prepared
(Kankakee, IL). 1-Stearoyl-Z4Clarachidonoykn-glycero- from 10-(1-pyreno)decanoic acid by a five-step synthesis as
3-phosphocholine YC]SAPC) (specific activity, 55 mCi/  described elsewhere3l). 1-O-(1-Pyrenedecyl)-2-arachi-
mmol) and 9,109H]DOG were from Amersham (Arlington  donoylsn-glycero-3-phosphoethanolamine (PyArPE) and
Heights, IL) and American Radiolabeled Chemical Co. (St. -phosphoglycerol (PyArPG) were prepared from PyArPC by
Louis, MO), respectively. phospholipase-D-catalyzed transphosphatidylation.
Enzymes.Recombinant human cytosolic PLACPLA,) Preparation of LiposomesLarge unilamellar liposomes
was expressed in Sf-9 insect cells using a baculovirus were prepared by multiple extrusion of lipid dispersion
expression vector generously provided by Dr. Brian Kennedy through 100 nm polycarbonate filter in a Liposofast mi-
of Merck Frosst Co.45) and purified as described previously croextruder (Avestin, Ottawa, Ontario). Sucrose-loaded
(25, 26 with some modifications. For protein expression, liposomes were prepared as descril#l.( Liposomes were
cells were grown to Z 1P cells/mL in 700 mL suspension  either used immediately within several hours after preparation
cultures and infected with high titer recombinant baculovirus or polymerized as describe@3). Extrusion of lipid inserts
at the multiplicity of infection of 10. The cells were then (e.g., DOG) during polymerization was less than 5% of total
incubated for 3 days at 27C. For harvesting, cells were inserts when measured with radiolabeled inserts. Phospho-
centrifuged at 1009 for 10 min and resuspended in 35 mL lipid concentrations were determined by phosphate analysis
of extraction buffer containing 20 mM Tris-HCI, pH 7.5, (33).
0.1 M KCI, 1 mM EDTA, 20% (v/v) glycerol, 1Q«g/mL Monolayer MeasurementsSurface pressurer] of solu-
leupeptin, and 1 mM phenylmethanesulfonyl fluoride. Sus- tion in a circular Teflon trough was measured using a du
pension was homogenized in a hand-held homogenizerNouy ring attached to a computer-controlled Cahn elec-
chilled on ice. The extract was centrifuged at 10068y trobalance (model C-32) as described previoug§, 39.
1 h at 4°C. The supernatant was loaded onto a HiLoad The trough (4 cm diameter 1 cm deep) has a 0.5 cm deep
16/10 Q Sepharose column (Pharmacia). After extensivewell for magnetic stir bar and a small hole drilled at an angle
washing with buffer A (20 mM Tris-HCI, pH 8.0, 0.1 M through the wall to allow an addition of protein solution.
KCI, 1 mM EGTA, 1 mM EDTA, and 5% glycerol), the  Five to 10 microliters of phospholipid solution in ethanol/
column was eluted with 100 mL of linear salt gradient to 1 hexane [1:9 (v/v)] or chloroform was spread onto 10 mL of
M KCI in buffer A. Active cPLA; fractions were pooled, subphase (10 mM HEPES, pH 8.0, 0.1 M KCI, and 0.5 mM
adjustedd® 2 M KCI and loaded onto a 10 mL Poros 20 PE CaC}h or 0.5 mM EGTA) to form a monolayer with a given
column (Boehringer Mannheim) with a flow rate of 4 mL/ initial surface pressurerf). The subphase was continuously
min. A linear salt gradient from 2t0 M KCI in buffer A stirred at 60 rpm with a magnetic stirrer. Once the surface
(total volume, 60 mL) was applied. Active cPLAactions pressure reading of monolayer had been stabilized (after ca.
were concentrated in an Ultrafree-15 centrifugal filter device 5 min), the protein solution (typically 50L) was injected
(Millipore) and applied to a HiLoad 16/60 Superdex 200 HR to the subphase and the change in surface pressmjenas
column (Pharmacia) equilibrated with 20 mM Tris-HCI, pH measured as a function of time at room temperature.
8.0, containing 0.15 M KCI. The column was eluted with Typically, the Az value reached a maximum after 20 min.
the same buffer at the flow rate of 0.4 mL/min. cPlpgeak At a givenu, of phospholipid monolayer, the maximatr
emerged at ca. 60 mL of elution volume. Active fractions value depended on the protein concentration in the subphase
were concentrated as above and stored2 °C in 20 mM and reached a saturation when the protein concentration was
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above a certain value (e.g.uf/mL of cPLA; and 1.5ug/ 15 T T
mL of hpPLA; at 1, = 5 dyn/cm). Protein concentrations
in the subphase were therefore maintained above those values 1
to ensure that observettr values represent maximal ones
at givenu, values.

Kinetic Measurements.The kinetic measurement and
analysis of the hydrolysis of polymerized mixed liposomes
by secretory PLAwas described in detail elsewheds{
21). The activity of cPLA was measured at 3T using as
a substrate mixed liposomes of PyAPC/D-BLPG (1:99 in sk ) i
mol ratio). The assay mixture contained 20 mM HEPES,
pH 8.0, 5uM liposomes, 1 mM CaG] and 10uM BSA 3
(added in this particular order). Reaction was initiated by
adding an aliquot of enzyme to the final concentration of
ca. 20 nM. The progress of hydrolysis was monitored as an 0 L L
increase in fluorescence emission at 380 rfgsd using 0 3 10 15
Hitachi F4500 fluorescence spectrometer with excitation Time (min)
wavelength set at 345 nm. Spectral bandwidth was set at 5FiGUrRe 1: Progress curves of penetration of PliAto the D-POPG
nm for both excitation and emission. Kinetics of vesicle monolayer. Subphase contained 10 mM HEPES, pH 8.0, and 0.1

; M KCI. The enzyme concentration in the subphase wag:@/BnL
hydrolysis by cPLA has been shown to be complex due to for both enzymes and the initial surface pressurg ¢f D-POPG

rapid enzyme inactivation during catalyss5). To avoid monolayer was 10 dyn/cm. Curve 1, cPLiA the presence of 0.5
this complication, relative activity of cPLAoward various mM C&*; curve 2, cPLA in the presence of 0.5 mM EGTA,; curve
mixed liposome substrates was determined from the initial 3, human pancreatic PLAIn the presence of 0.5 mM EGTA.
rate of hydrolysis. The initial rate was determined from an Although C&" has a condensing effect on anionic monolayers, this
initial linear portion of progress curve which varied with the 7ect could be fully screened by 0.1 M KCl used in this study.
enzyme concentration and the nature of substrate. Within
the range of enzyme concentration usee-%6 nM), the
initial rate was directly proportional to cPL,Aoncentration.
The fluorescence intensity of a reaction product)-{1- RESULTS
pyrenedecyl)-2-hydroxgnglycero-3-phosphocholine, which

was measured in the same assay mixture minus enzyme, gave Monolayer Penetration. To see if the penetration of

AT (dyn/cm)

dently to a site on the interface composea ghospholipids
with dissociation constant d€g.

a linear response to its concentration in the rangédnM cPLA; into the membrane is involved in its interfacial
(total lipid concentration of 0:45 uM) (data not shown).  binding, we measured the interactions of cRBiwth various
Thus, the initial rate was converted to specific activityn@l/ phospholipid monolayers and compared its properties with
min/mg) using this linear correlation curve. those of secretory hpPLA Lipid monolayers have proven

Binding of cPLA and hpPLA to Sucrose-Loaded Lipo- {0 be a sensitive tool for measuring lipighrotein interactions
somes For binding measurements, 100 of polymerized (37, 33. In this system, the penetration of a protein into a
or nonpolymerized sucrose-loaded D-BLPG liposomes were Phospholipid monolayer at the aiwater interface can be
incubated with 16160 nM of cPLA (30—300 nM of sensitively monitored at constant area or at constant surface
hpPLAy) in 10 mM HEPES buffer, pH 7.5, containing 0.1  Pressure. In these studies, a phospholipid monolayer of a
M KCI and 0.5 mM CaGl for 20 min at 25°C and then given initial surface pressure) was spread at constant area
pelleted at 100009 and at 25°C for 30 min. Controls and the change in surface pressuxe was monitored after
contained the same mixtures minus liposomes. After cen- the injection of the protein into the subphase. All monolayer
trifugation, aliquots of supernatants from both controls and Measurements were performed witfisomers of phospho-
binding mixtures were assayed for PLActivity using as  lipids to prevent the hydrolysis of phospholipids by FLA
substrates'fC]SAPC/DOG liposomes (2:1 in molar ratio) ~during measurements. To ensure that neither gPhér
for cPLA; (36) and 1-hexadecanoyl-2-(1-pyrenedecanoyl)- hpPLAQ distinguishe®- .andL—|somers of phospholipids, the
snglycero-3-phosphoglycerol/BLPG (1:99) polymerized mixed following control experiments were performed. For cRLA
liposomes for hpPLA(27). Concentration of bound enzyme ~ Which has negligible activity toward L-POPC and L-POPG
(IE]») was calculated from the difference in PLActivity monolayers (L.L., and W.C., unpublished observation), the
between controls and binding mixtures. Parameteand  Penetration of the enzyme into these phospholipid mono-
K4 were determined by nonlinear least-squares analysis oflayers could be measured without detectable hydrolysis. For

the [E], versus total enzyme concentration Eplot using ~ hPPLAg, on the other hand, the penetration of the enzyme
a standard binding equation: into both isomers of POPC and POPG was measured in the

absence of calcium. In all these cases, both cPaAd
1 hpPLA; showed essentially identical penetration patterns into
[El, = S{[Elr + Ky + [PL]y/n - both isomers of phospholipids (data not shown), indicating
that their penetration does not depend on the chirality of
\/[([E]T + Ky + [PLI{/n)? — 4[E]; [PLI/N]} (1) phospholipid monolayers. To see the differences between
cPLA; and hpPLA, we first compared their penetration into
where [PL} represents total phospholipid concentration. The the D-POPG monolayer at a given. Figure 1 shows the
above equation assumes that each enzyme binds indepertime course of the penetration of cPLAnd hpPLA into
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FIGURE 2: Penetration of cPLA(circles) and human pancreatic FIGURE 3: Effects of DOG on the penetration of cPLAcircles)
PLA, (triangles) into the D-POPG (open symbols) and D-POPC and human pancreatic PLAtriangles) into the D-POPG mono-
(filled symbols) monolayer as a function of initial surface pressure layers. Subphase contained 10 mM HEPES, pH 8.0, 0.1 M KCl,
of monolayers. Subphase contained 10 mM HEPES, pH 8.0, 0.1and 0.5 mM CaGl(for cPLA;) or 0.5 mM EGTA (for hpPLA).
M KCI, and 0.5 mM Cadl (for cPLA) or 0.5 mM EGTA (for The monolayer contained either D-POPG (open symbols) or
hpPLAy). Also shown is the penetration of cPLAnto D-POPG D-POPG/DOG (95:5in mOl_rath) (filled Symbo'S) Solid lines were
monolayer with 0.5 mM EGTA in the subphasl)( Solid lines obtained by linear regression of experimental data.
were obtained by the linear regression of experimental data.

neutral D-POPC monolayer, which indicates that hydropho-
the D-POPG monolayer at, = 10 dyn/cm. From curves 1  bic interactions make significant contributions to ?Ga
and 2, it is evident that Ca has a large effect on the dependent interfacial binding of cPLA This finding also
monolayer penetration of cPLA In the absence of G4 suggests that the role of &€ais not only to bring cPLA to
the magnitude of cPLApenetration was comparable to that membrane surfaces but also to enhance its membrane
of hpPLA,; and the kinetics of penetration showed a complex penetration and hydrophobic interfacial binding.
pattern. In the presence of 0.5 mM®acPLA; showed a In general, theAsr value is inversely proportional to the
much higher degree of penetrationA ~ 12 dyn/cm) the 7, value and the extrapolation of ther vs 7, plot yields
kinetics of which followed a monophasic increase. Although the critical surface pressurerd which specifies an upper
0.5 mM C&" is higher than required for cellular activation |imit of 7z, of the monolayer that a protein can penetrate into
of cPLA,, this concentration was used to facilitate the binding (38). Figure 2 shows that the effect of €aon the
of enzyme to monolayers. Lower €aconcentrations (e.g.,  penetration of cPLA becomes less pronounced with the
5—50 uM) resulted in essentially the same degreeAof increase ofr,, indicating that C&" greatly enhances the
but at slower rates (data not shown). 2Chad no significant penetrating power of cPLAINto loosely packed membranes
effect on the monolayer penetration of hpRPLAThus, these  but not into compactly packed ones. As a resumjtyalues
data indicate that Ca specifically enhances the rate of for cPLA, and D-POPG monolayer are 27 dyn/cm in the
membrane binding of cPLAas well as its membrane presence of Ca and 25 dyn/cm without G4, respectively.
penetrating ability. Then, we measured the penetration of Since the estimated surface pressure of biological membranes
cPLA; and hpPLA into anionic D-POPG and electrically is ca. 31 dyn/cm 39—-42), cPLA, might not be able to
neutral D-POPC monolayers as a function of their initial penetrate into compactly packed biological membranes to
surface pressure. As shown in Figure 22CGdependent  perform its interfacial catalysis. To see if any lipid cofactors
penetration of cPLAgenerally resulted in highexz values could help cPLA overcome this potential problem, we
than the penetration of hpPLAat a givenm,. Again, the measured the effect of DOG on the monolayer penetration
penetration of cPLAinto the D-POPG monolayer in the of cPLA,. Diacylglycerols including DOG have been shown
absence of G4 was comparable to that of hpPLA The to increase the activity of cPLAor vesicle substrates, but
phospholipid composition of monolayer had different effects the mechanism of activation is not fully understo86,(43.
on the penetration of cPLAand hpPLA. hpPLA showed We reasoned that diacylglycerols might be able to enhance
essentially no penetration into the D-POPC monolayer, the penetration of cPLAby acting as a spacer between
implying that the initial electrostatic adsorption of protein phospholipids based on its unique structure lacking a bulky
to the monolayer surface is essential for the subsequent partiaphospholipid headgroup. As shown in Figure 3, the addition
monolayer penetration of protein. This notion is consistent of 5 mol % of DOG into D-POPG monolayer dramatically
with our previous structurefunction studies on bovine increased the membrane penetrating power of cPLPhe
pancreatic PLA (18, 19 which showed that electrostatic comparison ofAx vs 71, plots in the presence and absence
interactions are a driving force for its membrane binding and of DOG revealed the shift ofi. value from 27 dyn/cm to
that its minor hydrophobic interactions are mediated by a 37 dyn/cm. A similar result was obtained for D-POPC
partial membrane penetration of surface hydrophobic resi- monolayer (increase in. value from 21 to 28 dyn/cm; data
dues. In contrast to hpPLACPLA; in the presence of Ca not shown). However, DOG did not have any effect on
showed only modestly reducédr values for the electrically  either the penetration of hpPLAFigure 3) or the penetration
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100 T T T In addition, similarn values for polymerized and nonpo-
lymerized liposomes revealed that the polymerization of
liposomes did not change the liposome binding mode of
cPLA,. From these data, the contribution of hydrophobic
interactions to the free energy of binding of cPLfo
nonpolymerized liposomes can be estimated using the
equationAAG® = RTIn(Kq for nonpolymerized liposomes/
Kgq for polymerized liposomes). Under standard conditions
with the concentration of free phospholipid set at 1 M, this
corresponds to ca-2.0 kcal/mol at 25°C. Note that this
value only represents a lower estimate since the polymeri-
zation would not completely block the penetration and
hydrophobic interactions. These results thus indicate that
the membrane penetration of cPLAnakes a significant

[E], (nM)

0 1 L ' contribution to its interfacial binding. The importance of
0 40 80 120 160 hydrophobic interactions in the interfacial binding of cPLA
[E]; (@M) is further supported by the effect of DOG on the vesicle

Ficure 4: Binding of cPLA to sucrose-loaded liposomes. Lipo-  binding affinity of cPLA. As shown in Figure 4 and Table
somes were polymerized D-BLPG), polymerized D-BLPG/DOG 1, cPLA; bound nonpolymerized BLPG vesicles containing

(99:1) (1), nonpolymerized D-BLPG &) and nonpolymerized 0 i i _
D-BLPG/DOG (99:1) 4). Total lipid concentrations were kept at 5 mol % DOG ca. three times more tightly than nonpolym

100 uM. The binding mixture contained 10 mM HEPES buffer, e.”ze,‘?' BLPG vesicles alqng. In contrast, DOG had no
pH 7.5, 0.1 M KCI, and 0.5 mM CaglEach data represents an  Significant effect on the binding of cPLAo polymerized
average of at least three independent measurements. Solid lineBLPG vesicles. In conjunction with our monolayer data, it

indicate theoretical curves constructed using eq 1 witnd Kq is thus evident that DOG increases the membrane affinity

values determined from the nonlinear least-squares analysis. Se : : ;
under Materials and Methods for the determination of free and ?f chLﬁ\szy_ enhan.cmg 'Fsh memgrane p(?:r}etrlrlcltlon ind
bound enzyme concentrations. ydrophobic interactions with membranes. Finally, vesicle

polymerization had essentially no effect on the vesicle
of cPLA; in the absence of Ghin the subphase (data not binding affinity of hpPLA (Table 1), again indicating that
shown). Thus, DOG selectively enhances thé"@pend- hydrpphoblc interactions are not important in the mterqual
ent membrane penetration of cP4,Ahereby enabling it to ~ Pinding of hpPLA. This also argues against the possibility
penetrate into compactly packed membranes. This enhancedhat lower affinity of cPLA for polymerized liposomes was
penetration would in turn increase hydrophobic interactions due to anomalous physical properties of polymerized lipo-
between cPLA and membranes. SOmes.

Binding to Nonpolymerizegersus Polymerized Liposomes Interfacial Actiity of cPLA in Polymerizable Mixed
To evaluate the importance of the membrane penetration ofLiposomes. To understand how the unique interfacial
cPLA, and consequent hydrophobic interactions in its binding mode of cPLA affects its interfacial catalysis, we
interfacial binding, we measured the equilibrium binding of measured the hydrolysis of cPLAsubstrates inserted in
cPLA; to sucrose-loaded polymerized and nonpolymerized nonpolymerized and polymerized D-BLPG liposomes. cP-
D-BLPG liposomes. We previously showed that the po- LA, has both PLA activity and lysophospholipase activity,
lymerization of BLPG molecules in liposomes prevented their and as a result, it hydrolyzes bagh1 andsn2 acyl esters
out-of-surface and lateral movemef8)| and thereby greatly  if 1,2-diacyl-sn-glycero-3-phospholipids are used as a sub-
reduced the penetration of PLAnto the hydrophobic core  strate ¢4). PyAPC which has a nonhydrolyzable ether
of lipid bilayers 9). Since BLPG molecules in nonpolym- linkage atsnl position was thus used as a fluorogenic
erized liposomes are hydrolyzed by PL&8), we synthe- substrate for exclusively evaluating PLActivity of cPLA,.
sized a nonhydrolyzable D-BLPG isomer and prepared its We have demonstrated the advantages of the kinetic system
nonpolymerized and polymerized liposomes. Binding iso- using BLPG-containing polymerized mixed liposomes in
therms for cPLA are shown in Figure 4 and the binding structure-function studies of secretory PLA18—21) and
parameters calculated from the nonlinear least-squaresthe determination of substrate specifici®7( 49. In this
analysis of data using Eq 1 are summarized in Tabl€gl.  kinetic system, products of PLAwydrolysis, fatty acid and
values showed that cPLAound nonpolymerized D-BLPG  lysophospholipid, are rapidly extracted from the liposome
liposomes ca. 30 times more tightly than polymerized ones. surfaces by BSA which results in a large fluorescence

Table 1: Binding of cPLA and hpPLA to Sucrose-Loaded Polymerized and NonPolymerized D-BLPG Liposomes

cPLA; hpPLA
liposomes Kg (nM) n Kq (NM) n
nonpolymerized D-BLPG 7313 1100+ 90 17+5 300+ 50
polymerized D-BLPG 206 60 950+ 80 15+ 3 230+ 40
nonpolymerized D-BLPG/DOG 2205 1100+ 100 ND ND
polymerized D-BLPG/DOG 17680 1000+ 100 ND ND

aSee Materials and Methods for experimental conditions and methods to calculate binding constants. Vialaed if represent (best-fit
values= standard errors) determined from nonlinear least-squares analyses of data. ND, not determined.
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1200 T T Table 2: Relative Activity of cPLAtoward Various
z ] Pyrene-Labeled Substrates in Polymerized and Nonpolymerized
'S D-BLPG Liposome%
= 1000 R
z sn2 acyl in nonpolymerized in polymerized
§ substrates group mixed liposomes mixed liposomes
= .
= 800 7 PyPPC palmitoyl 8 2
~ PyOPC oleoyl 8 2
E PyArPC  arachidonoy! 100 5
S 600 . PyArPE  arachidonoyl 170 7
D PyArPG  arachidonoyl 730 8
<
8 aRelative activities were calculated as percentage of the specific
£ 400 7 activity for PyArPC/D-BLPG nonpolymerized liposomes (2:00.5
2 umol/min/mg). Specific activity was determined as described in the
= 2 3 4 Materials and Methods.
= 200 - —
=
1 1
0 500 1000 1500 Substrate Specificity of cPLAn Polymerizable Mixed

Liposomes. Two types of substrate specificitgn2 acyl

E & Ti  cPLACatalyzed hydrolysis of 1 mol % group specificity and headgroup specificity, were determined
IGURE O: Ime course or C Catalyze yarolysis o mol Y ; : : ;
PyArPC and PyOPC substrates inserted in nonpolymerized and" nonpolymerized and polymerized liposomes. When the

polymerized D-BLPG liposomes. Curve 1. PyArPC/D-BLPG non- S+2 acyl group specificity was measured in nonpolymerized
polymerized mixed liposomes. Curve 2. PyOPC/D-BLPG nonpo- mixed liposome system, cPLAexhibited about 12-fold

lymerized mixed liposomes. Curve 3. PyArPC/D-BLPG polymer- higher activity toward PyArPC than toward PyOPC and

ized dmli_xed Iiposoprqets.l C#rveh4i_ Pa’OPC/D'tB'-tPG polymerized pyppC, which is comparable to reported arachidonate
mixed liposomes. |otal pnosphnolipid concentrations WepdVB T . . . .
Assay mixtures contained 20 mM HEPES, pH 8.0, 1 mM GaCl specificity of cPLA determined in other kinetic systends2(

and 10uM BSA. Reactions were initiated by adding enzyme (20 46—48). In polymerized mixed Iipospme system, however,
nM final concentration) to the mixtures. cPLA; hydrolyzed PyArPC only 2.5 times faster than PyOPC

and PyPPC. Thus, cPLAxhibited the pronounced arachi-
emission intensity of pyrene moiety. In control experiments, donate specificity only when its membrane penetration was
it was shown that 1 mol % of O-(1-pyrenedecyl)-2-  allowed. Then, the activity of cPLAwas measured toward
hydroxy-snglycero-3-phosphocholine inserted in polym- PyArPC and its PE (PyArPE) and PG (PyArPG) derivatives
erized (or nonpolymerized) BLPG was rapidly removed from in nonpolymerized and polymerized D-BLPG liposomes. As
the liposome surfaces by BSA and that a secretory PLA listed in Table 2, cPLAshowed significant preference~{4
from A. p. piscborusand hpPLA readily hydrolyzed 1 mol 7-fold) for anionic PG headgroup over electrically neutral
% PyAPC inserted in polymerized (or nonpolymerized) ones in nonpolymerized mixed liposomes: between PC and
BLPG under a standard kinetic condition described in the PE, PE was hydrolyzed ca. two times faster. As is true for
Materials and Methods section (data not shown). Further- the sn2 acyl specificity, cPLA had much reduced overall
more, both hpPLA and A. p. piscborus PLA, showed activity and headgroup specificity for pyrene-labeled sub-
comparable activities toward PyArPC in polymerized and Strates inserted in polymerized D-BLPG liposomes. This
nonpolymerized liposomes (data not shown), again demon-2gain shows that the substrate specificity of cRlisAfully
strating the lack of anomalous structural changes of lipo- expressed only when the enzyme is allowed to penetrate into
somes due to polymerization, which would have resulted in membranes. Taken all together, these results indicate that
slower extraction of PyAPC from the membrane surface by the hydrolysis of phospholipids by cPkAnvolves the
PLA; or slower removal of product from the membrane penetration of enzyme into the b|Iay_er an(_Jl that the substrate
surface by BSA. Having established the feasibility of SPecificity of cPLA depends on this unique property of
PyAPC/BLPG mixed liposomes as a PLéssay system, we CPLA..
then measured the activity of cPLfoward nonpolymerized
and polymerized PyAPC/BLPG liposomes. The hydrolysis DISCUSSION

curves illustrated in Figure 5 demonstrate that cPbas All data presented herein, the monolayer penetration data
much higher activity toward PyArPC in nonpolymerized n particular, show that interfacial binding of cPL#volves
mixed liposomes than toward the same substrate in polym-3 |arger degree of membrane penetration and hence a larger
erized mixed liposomes. As described in the Materials and degree of hydrophobic interactions than that of secretory
Methods, relative activity of cPLAtoward different sub-  hpPLA,. It should be noted that concentrations of mono-
strates was determined by comparing initial rates of hydroly- Jayer-bound proteins were not determined in these studies
sis. As summarized in Table 2, cPhAvas 20-fold less  due to experimental difficulties involved in the radiolabeling
active toward PyArPC in polymerized mixed liposomes than of the protein and counting of the monolayer-bound protein.
toward the same substrate in nonpolymerized mixed lipo- Therefore, data presented herein could not provide quantita-
somes. This difference compares well with 30-fold differ- tive information about the area (or surface pressure) change
ence in binding affinity for nonpolymerized and polymerized per bound molecule. As a result, our surface pressure
D-BLPG liposomes. Thus, these data clearly indicate that measurements could not distinguish whether a larger surface
the membrane penetration of cPLi& an essential step not  pressure change for cPLAhan for hpPLA under a given
only in its interfacial binding but also in its interfacial condition is due to a larger population of monolayer-bound
catalysis and interactions with substrates. cPLA; molecules or due to a larger degree of penetration

Time (s)
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phospholipid molecule into the active site (Figure 6, model
B). Our results from kinetics of liposome hydrolysis,

® equilibrium liposome binding, and monolayer penetration all
“:‘ point to this model. First of all, cPLAdemonstrates its
unique arachidonate specificity and headgroup selectivity for
6 its liposome substrates only if the penetration of cRimAo
6 the liposomes is allowed. When the penetration is restricted
% by the polymerization of liposomes, cPLAhows not only

b w
GEnwne
i
et
e

5

reduced arachidonate specificity but also much less overall
activity. Second, cPLAhas reduced binding affinity for
polymerized liposomes, the degree of which is comparable

Ficure 6: Hypothetical models of the membrane binding of t_o the decrea_lse in activity toward p(_)lymerlzed mixed
hpPLA, and CPLA. hpPLA, and other secretory Pl bind to Ilposomgs. Finally, cPLA has much higher membrane
membrane surface mainly by electrostatic interactions and only a penetrating power than secretory hpRLénder the same
part of phosphol[pid substrate molecule migr.a'.[es into the active condition.

site, which explains the lack a2 acyl specificity. In contrast, Due to the lack of tertiary structural information about

cPLA, can bind a larger portion of the substrate including four cis L . .
double bonds in thgnzparachidonoyl group. To achiegve this  CPLAy, itis difficult to explain how exactly cPLAachieves

binding, cPLA can either bind to the membrane surface as many the membrane penetration. A recent study on thé*Ca
secretory PLA do and extract a substrate into its active site (model dependent membrane binding of independently expressed C2
A)_or penetrate into the membrane to capture the substrate mole(;ulqjomain of cPLA provides some insights into the membrane
in its active site (model B). Note that model B does not necessarily binding mechanism of cPLA54). This study showed that
assume that the active site of the enzyme also penetrates into th%he binding of - . .
phospholipid bilayer. g of two calcium ions to the C2 domain resulted
in conformational changes and the membrane anchoring of
per bound cPLA molecule. Due to this limitation, all  the protein. Our monolayer data yielded similar but more
monolayer penetration measurements were performed in thedetailed information about the role of calcium ions in
presence of saturating concentrations of cPaAd hpPLA interfacial binding of cPLA; promoting the surface adsorp-
in the subphase. That is, eactir value represents the tion and enhancing the penetration power of cRLAhus,
maximal value for either enzyme at a givepvalue. The it appears that calcium ions not only bring cPLAo
measurements were designed this way to ensure thatithe  membrane surfaces presumably by forming a cPL@at—
versusr, plot reflects the intrinsic penetrating power of the phospholipid complex55, 56 but also induce conforma-
protein as a function of monolayer packing density. Thus, tional changes of cPLAto expose its hydrophobic residues,
the observed differences between cBLland hpPLA are which are then inserted into the hydrocarbon region of the
due more likely to the higher penetrating power of mono- membrane. Although these studies do not present any direct
layer-bound cPLAthan to the larger population of mono- evidence for C&-induced conformational changes, it is a
layer-bound cPLA In that many secretory PLA, including most likely mechanism for C&-induced membrane penetra-
mammalian pancreatic PL8, bind to the membrane surface tion of cPLA,. For instance, it is less likely that €asimply
mainly by electrostatic interactions without significant enhances the membrane binding of cBlwich is always
membrane penetratiol§, 20, 2}, this finding represents  in a membrane-penetrating conformation in solution because
the first experimental demonstration that cRll¥as a unique  cPLA; with exposed hydrophobic surfaces will then ag-
interfacial binding mechanism which is correlated with its gregate and precipitate in the absence of membranes due to
unigue interfacial enzymatic properties including arachido- hydrophobic effect. A similar model has been proposed for
nate specificity. All known secretory PLA& show no the membrane binding of a conventional protein kinase C
significant sn2 acyl specificity. Structures of several (i.e., protein kinase @) which shares traits with cPLA57).
secretory PLA—inhibitor complexes showd@—53) that only A main difference is, however, that protein kinasenGs
about nine carbons in then2 acyl chain are bound to the capable of penetrating into compactly packed monolayers
active site, and this provides an explanation for a lack of (i.e., 7, = 30 dyn/cm) under comparable conditions, which
sn2 acyl group specificity of secretory PL#& Because of is correlated with its ability to penetrate into biological
larger molecular size, cPLAs likely, although not neces- membranes and its physiological activity. Although this
sarily, to have a larger active-site cavity than secretory difference suggests that cPL&ight not be able to penetrate
PLA,s. Thus, if cPLA binds to the membrane in the same into biological membranes even in the presence affCa
manner as many secretory PjsAdo (Figure 6, model A), should be noted that the surface pressure of biological
the arachidonate specificity of cPLAnight derive primarily membranes was estimated using erythrocyte membraggs (
from its large active site that can fully accommodate a bulkier and model membranegd@-42). Since cPLA was shown
phospholipid molecule and interact favorably with gre2 to translocate from the cytosol to the nuclear enveld&@&p (
arachidonoyl group. Smaller phospholipids would have and endoplasmic reticulund9) in stimulated cells, the fact
lower binding affinity due to the lack of these interactions. thatz. for cPLA; is below 30 dyn/cm does not necessarily
This kind of binding mode, however, might not be energeti- mean that it cannot penetrate its target membranes to bind
cally favorable because it entails a large degree of out-of- and hydrolyze arachidonoyl-containing phospholipids. Itis
plane migration of a bulky phospholipid. Alternatively, possible that these membranes have lower packing density
cPLA; could penetrate into the membrane to bring its active than erythrocyte cell membranes. Also, the presence of a
site closer to (or within) the phospholipid bilayer, thereby bulky arachidonoyl-containing phospholipid itself could
facilitating the migration of an arachidonoyl-containing lower the local packing density of membranes. The latter
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possibility is supported by our finding that cPLAisplayed 12. Clark, J. D., Lin, L.-L., Kriz, R. W., Ramesha, C. S., Sultzman,

high specificity for 1 mol % PyArPC inserted in large lééAibliglysAll Y., Milona, N., and Knopf, J. L. (1991Fell
nonpolymerlzed D-BLPG liposomes th? surface pressure of 13. Sﬁarp, J. D., White, D. L., Chiou, X. G., Gooden, T., Gamboa,
which should be comparable to that of biological membranes. G. C., McClure, D., Burgett, S.. Hoskin, J., Skatrud, P. L.,
Finally, diacylglycerol might act as a cellular activator of Sportsman, J. R., Becker, G. W., Kang, L. H., Roberts, E. F.,
cPLA; in addition to C&" and phosphorylation, based on and Kramer, R. M. (1991). Biol. Chem. 26614850-53.

the selective enhancing effect of DOG on the membrane 14.Lin, L.-L., Lin, A. Y., and Knopf, J. L. (1992Proc. Natl.
penetration and hydrophobic interfacial binding of cBLA Acad. Sci. U.S.A. §5147-51.

s . - A 15. Lin, L. L., Wartmann, M., Lin, A. Y., Knopf, J. L., Seth, A.,
Many protein kinases C including protein kinasexGrave and Davis, R. J. (199336l 72 269-78.

a specific binding site for diacylglycerols, whose bindingto 15 4e Carvalho, M. G.. McCormack. A. L.. Olson, E., Ghomash-
these enzymes leads to their activation presumably by greatly  chij, F., Gelb, M. H., Yates, J. R. r., and Leslie, C. C. (1996)
enhancing hydrophobic membrargrotein interactions 57, J. Biol. Chem 271, 6987-97.

60—62). As expected from the ability of protein kinaseoC- 17. Gelb, M. H., Jain, M. K., Hanel, A. M., and Berg, O. G. (1995)
to penetrate into compactly packed membranes by itself, _ Annu. Re. Biochem 64, 653-88.

however, diacylglycerols do not directly affect the membrane 18'2[)6”;6%’ Wu, S.-K., and Cho, W. (1995)Biol. Chem. 270

penetration of proteinss{, 60, 6). For cPLA, diacyl- 19. Lee, B.-1., Yoon, E. T., and Cho, W. (199Bjochemistry 35
glycerols do not appear to bind to a specific site in cRLA 4231-40.
but rather increase its hydrophobic interactions with mem- 20. Han, S.-K., Yoon, E. T., Scott, D. L., Sigler, P. B., and Cho,
branes by improving its membrane penetration. Although W. (1997)J. Biol. Chem. 2723573-82.
DOG was shown to induce phase separation on membrane 21. Snitko, Y., Koduri, R., Han, S.-K., Othman, R., Baker, S. F.,
surfaces, this requires a high concentration, typically above M.O"rk‘]" B.J., Vg"tO“éZD- Cs.éGer, M. H., and Cho, W. (1997)
20 mol % 63, 64. Furthermore, Das and Rand showed Biochemistry 3614325-33.
: A 1 22. Ransac, S., Aarsman, A. J., van den Bosch, H., Gancet, C.,

the}t cglmum stab|l|.2(.as the_ lamellar bilayer structure of DOG/ de Haas, G. H., and Verger, R. (198)r. J. Biochem. 204
anionic phospholipid mixtures64). Thus, at a lower 793-7.
concentration of DOG used in these studies (i.e., 5 mol %), 23.Han, S.-K., Yoon, E. T., and Cho, W. (1998pchem. J. 331
DOG would act as a spacer between phospholipids to spread 3537 .
their polar headgroups, which would in turn help cBLA 24. Perisic, O., Fong, S., Lynch, D. E., Bycroft, M., and Williams,

trate into the membrane. The role of diacylglycerol as R. L. (1998)J. Biol. Chem 273 1596-604. .
pene . o o 25. Street, I. P., Lin, H. K., Laliberte, F., Ghomashchi, F., Wang,
a cellular activator of cPLAIN human amnionic WISH ceI_Is Z., Perrier, H., Tremblay, N. M., Huang, Z., Weech, P. K.,
has been recently suggesté8)( In conclusion, these studies and Gelb, M. H. (1993Biochemistry 325935-40.
show that cPLA has a unique ability to penetrate into  26. Kim, Y., Lichtenbergova, L., Snitko, Y., and Cho, W. (1997)
membranes which is essential for its catalytic actions and __ Anal. Biochem. 250109-16. o
substrate specificity. These studies also highlight the 27-Han S-K. Lee, B.-l. and Cho, W. (19%ipchim. Biophys.

; . . : . Acta 1346 185-92.
importance of physical properties of membranes in regulation 8. Wu, S.-K., and Cho, W. (199Bjiochemistry 3213902-08

of cPLA; activities and thereby suggest that lipid cofactors 59 shen 7. Wu. S.-K.. and Cho. W. (19%@)ochemistry 33
that affect the membrane surface properties, most notably 11598-607.
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31. Cho, W., Wu, S.-K., Yoon, E. T., and Lichtenbergova, L.
ACKNOWLEDGMENT (1998) inMethods in Molecular Biology: Lipase and Phos-

pholipase ProtocolgDoolittle, M. H., and Reue, K., Eds.)
We thank Yana Snitko for liposome binding studies of Humana Press, Totowa, NJ (In press).

32. Wu, S.-K., and Cho, W. (1994 nal. Biochem. 221152—
hpPLA,. 59

33. Kates, M. (1986]echniques of Lipidologynd ed., Elsevier,
REFERENCES Amsterdam.

34. Mukhopadhyay, S., and Cho, W. (1998ipchim. Biophys.
Acta 1279 58—62.
35. Bayburt, T., and Gelb, M. H. (199Bjochemistry 363216—

1. Dennis, E. A. (1994). Biol. Chem 269, 13057-60.
2. Murakami, M., Nakatani, Y., Atsumi, G., Inoue, K., and Kudo,
I. (1997) Crit. Rev. Immunol 17, 225-83. 31

3. Needleman, P., Turk, J., Jakschik, B. A., Morrison, A. R., and : :
Lefkowith, J. B. (1986)Annu Rev. Biochem 55, 69-102. 36&38?)%?222;535"2;%2'1 25 n, M- K. and Gelb, M. H.

4. Smith, W. L., Garavito, R. M., and DeWitt, D. L. (1996) 37. Gaines, J., G. L. (196@&)soluble Monolayers at LiquidGas

Biol. Chem 271, 33157-60. Interfaces Interscience, New York.
5. McPhail, L. C., Clayton, C. C., and Snyderman, R. (1984) 38. Verger, R., and Pattus, F. (19&%Hem. Phys. Lipids 3089

Science 224622—25. 297,
6. Hwang, S. C., Jhon, D. Y, Bae, Y. S, Kim, J. H., and Rhee, 39, pemel, R. A., Geurts van Kessel, W. S. M., Zwaal, R. F. A,
S. G. (1996). Biol. Chem 271, 18342-9. Roelofsen, B., and van Deenen, L. L. M. (197Bipchim.
7. Tischfield, J. A. (1997). Biol. Chem 272, 1724750. Biophys. Acta 40697—107.
8. Scott, D. L., and Sigler, P. B. (199A¢v. Protein Chem. 45 40. Blume, A. (1979Biochim. Biophys. Acta 55B2—44.
53—-88. 41. Moreau, H., Pieroni, G., Jolivet-Reynaud, C., Alouf, J. E., and
9. Leslie, C. C. (1997). Biol. Chem 272, 16709-12. Verger, R. (1988Biochemistry 272319-23.
10. Kramer, R. M., and Sharp, J. D. (1998BS Lett. 41049— 42. Seelig, A. (1987Biochim. Biophys. Acta 89996—204.
53. 43. Leslie, C. C., and Channon, J. Y. (19%ipchim. Biophys.
11. Balsinde, J., and Dennis, E. A. (199%)Biol. Chem 272, Acta 1045 261-70.

16069-72. 44. Leslie, C. C. (1991). Biol. Chem. 26611366-71.



14136 Biochemistry, Vol. 37, No. 40, 1998

45. Snitko, Y., Yoon, E. T., and Cho, W. (199jochem. J. 321
737-41.

46. Diez, E., Luois-Flamberg, P., Hall, R. H., and Mayer, R. J.
(1992)J. Biol. Chem. 26,718342-48.

47. Hanel, A. M., Schuttel, S., and Gelb, M. H. (198dchem-
istry 32, 5949-58.

48. Hanel, A. M., and Gelb, M. H. (199Bjiochemistry 347807
18.

49. Scott, D. L., White, S. P., Otwinowski, Z., Gelb, M. H., and
Sigler, P. B. (19905cience 2501541-46.

50. Scaott, D. L., Otwinowski, Z., Gelb, M. H., and Sigler, P. B.
(1990) Science 2501563-66.

51. Scott, D. L., White, S. P., Browning, J. L., Rosa, J. J., Gelb,
M. H., and Sigler, P. B. (1991$cience 2541007-10.

52. White, S. T., Scott, D. L., Otwinowski, Z., Gelb, M. H., and
Sigler, P. B. (19905cience 2501560-63.

53. Thunnissen, M. M., Ab, E., Kalk, K. H., Drenth, J., Dijkstra,
B. W., Kuipers, O. P., Dijjkman, R., de Haas, G. H., and
Verheij, H. M. (1990)Nature 347 689-91.

54. Nalefski, E. A., Slazas, M. M., and Falke, J. J. (1997)
Biochemistry 3612011-8.

55. Swairjo, M. A., Concha, N. O., Kaetzel, M. A., Dedman, J.
R., and Seaton, B. A. (199%at. Struct. Biol. 2968-74.

Lichtenbergova et al.

56. Bazzi, M. D., and Nelsestuen, G. L. (19®ipchemistry 30
971-9.

57. Medkova, M., and Cho, W. (1998)jochemistry 374892
900.

58. Glover, S., de Carvalho, M. S., Bayburt, T., Jonas, M., Chi,
E., Leslie, C. C., and Gelb, M. H. (1993) Biol. Chem 270,
15359-67.

59. Schievella, A. R., Regier, M. K., Smith, W. L., and Lin, L. L.
(1995)J. Biol. Chem 270, 30749-54.

60. Bazzi, M. D., and Nelsestuen, G. L. (19&8pchemistry 27
6776-6783.

61. Souvignet, C., Pelosin, J. M., Daniel, S., Chambaz, E. M.,
Ransac, S., and Verger, R. (1991 Biol. Chem 266, 40—4.

62. Zhang, G., Kazanietz, M. G., Blumberg, P. M., and Hurley,
J. H. (1995)Cell 81, 917-24.

63. Cunningham, B. A., Tsujita, T., and Brockman, H. L. (1989)
Biochemistry 2832—40.

64. Das, S., and Rand, R. P. (19&ipchemistry 252882-9.

65. Balboa, M. A., Balsinde, J., and Dennis, E. A. (1998iol.
Chem 273 7684-90.

BI980888S



