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Phospholipid Binding and the Activation of Group IA Secreted Phospholipase A

Scott C. BoegemahRaymond A. Deem$and Edward A. Dennis*

Department of Chemistry and Biochemistry, Lbisity of California at San Diego, La Jolla, California 92093-0601, and
Department of Chemistry, Usersity of Dallas, Iwing, Texas 75062-4736

Receied October 28, 2003; Resed Manuscript Receéd January 14, 2004

ABSTRACT: Equilibrium dialysis was used to study the binding of two nonhydrolyzable, short chain
phospholipid analogues to the secreted group 1A phospholipag®18A;), which has been shown to
contain several phospholipid binding sites that dramatically affect activity. This study provides new insight
into how these activations occur. One analogue contained a phosphorylethanolamigSNPE}
headgroup, while the other contained a phosphorylcholine dENPC) headgroup. Using phospholipase

D, we incorporated tritium into each analogue. No binding of {SIRPE to PLA was observed under
submicellar conditions. Addition of submicellar amounts of Triton X-100 resulted in a linear nonsaturating
response to lipid concentration, suggestive of premicellar aggregation of tRE8IRRE with Triton X-100

and PLA. Binding of DiGSNPE when presented as

Triton X-100 mixed micelles saturated at 0.93 binding

sites per PLA with aKp of 38 uM. Addition of sphingomyelin, a potent activator of PLAydrolysis of
phosphorylethanolamine containing compounds, resulted in a 13-fold decreas&in ta.8uM. This

suggests that changes in the catalytic site binding

affinity contribute to “phosphatidylcholine activation”.

Binding of DICG:SNPC with 2.0 mM Triton X-100 showed positive cooperativity (Hill coefficient of 1.7),
which saturated at 2.0 binding sites per BLAo binding of either analogue was observed when the
catalytic site was alkylated with-bromophenacyl bromide. Singebromophenacyl bromide does not
physically block the phosphatidylcholine activator site, this indicates that the two phosphatidylcholine
binding sites interact. The binding studies show thatdSIIPC binds cooperatively to two sites on group

IA PLA,, while DICsSNPE binds to only one site.

The superfamily of phospholipase, APLA,)! enzymes
(1) catalyze the hydrolysis of phospholipids to yield lyso-
phospholipids and free fatty acids. Included in this super-
family are several secreted forms of low molecular weight,
Ca*-dependent enzymes, including groupsll, V, and IX
(2). These PLA's typically exhibit the greatest activity on
aggregated substrates such as micelles or vesi8)eFHis
secreted form of PLAis a water-soluble enzyme that has
evolved to function in the unique environment present at the
lipid—water interface.
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! Abbreviations: BSA, bovine serum albumin; BCA, bicinchoninic
acid; CMC, critical micelle concentration; DIOPC, 1,2-dibutylanoyl-
snglycero-3-phosphocholine; D¥OPC, 1,2-dihexanoyén-glycero-3-
phosphocholine; DigSNPC, 1-(hexylthio)-2-(hexanoylamino)-1,2-
dideoxysnglycero-3-phosphocholine; DESNPE, 1-(hexylthio)-2-
(hexanoylamino)-1,2-dideoxgr-glycero-3-phosphoethanolamine; BBPC,
1,2-bis(hexanoylthio)-1,2-dideoxsa-glycero-3-phosphocholine; D€
SPE, 1,2-bis(hexanoylthio)-1,2-dideogyglycero-3-phosphoethano-
lamine; DiGoSPC, 1,2-bis(decanoylthio)-1,2-dideosae-glycero-3-
phosphocholine; DTP, 44lithiodipyridine or 4-Aldrithiol; Gy,
inhibitor concentration at 50% activity; p-BPBy-bromophenacyl
bromide; PC, phosphorylcholine; PE, phosphorylethanolamine,PLA
phospholipase A(EC 3.1.1.4); PLD, phospholipase D (EC 3.1.4.4);
SPM, sphingomyelin; TLC, thin-layer chromatography; Tris, tris-
(hydroxymethyl)aminomethane.
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For the group IA PLA from cobra (Naja naja naja
venom, evidence has accumulated for the existence of
multiple distinct phospholipid-binding sites4)( Kinetic
studies have shown that the binding of phosphorylcholine
(PC) containing compounds substantially increases the activ-
ity toward phosphorylethanolamine (PE) containing sub-
strates when the enzyme is sequestered at an interface (
6). Roberts et al. ) have concluded that this activation
proceeds through specific interactions of the enzyme with
phospholipids and that at least two sites must be present in
the catalytically relevant structure, a catalytic site and an
activator site. PE containing compounds either do not bind
to the PC activator site or do not activate Plwhen bound.
Use of sphingomyelin (SPM), the most potent PC activator,
on PC substrates results in a modest activation, suggesting
that PC is capable of self-activatio8)( These data formed
the basis for the dual phospholipid mod@),(that is, two
phospholipid molecules are required for the enzyme to
achieve full activity and they bind to at least two different
binding sites on the enzymd)( The simplest model that
explains this phenomenon is that each monomer of enzyme
contains both sites. This is the monomer dual phospholipid
model.

However, cobra PLA also exhibits a tendency to ag-
gregate. Numerous studies have confirmed enzyme aggrega-
tion in the presence of monomeric lipid even at the low PLA
concentrations used in kinetic studi®-({3). This enzyme
and lipid induced aggregation suggested that aggregation of
the enzyme might be important for catalytic activity, PC
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activation, or interfacial activation. In this scenario, the Tritiated ethanolamine hydrochloride [HGCH,NH*HCI]
catalytic and activator sites would reside on different subunits and choline chloride [HOCKCH,N(C®H3)s-Cl] were pur-
of the aggregate. This is the dimer dual phospholipid model. chased from American Radiolabeled Chemicals (ARC). The
Despite successfully establishing a causal relationship be-remaining chemicals were at least certified A.C.S. grade and
tween lipid, enzyme, and aggregation, we have not estab-were purchased from Fisher. All deuterated NMR solvents
lished a functional role between enzyme activity and enzyme were from Cambridge Isotope Laboratories. Research Prod-

aggregation.
The complexity of the interaction of cobra PLAvith

ucts International manufactured Bio-Safe 2 counting cocktail.
Analytical thin-layer chromatography (TLC) was carried out

phospholipids has recently increased since site-directedon Analtech's Silica Gel GHLF 25Qum glass plates.
mutagenesis studies have identified three distinct regions onPreparative TLC was carried out on Analtech’s Uniplate

the enzyme that are involved in its activity, that is, the
catalytic site, the PC activator site, and an additional
interfacial activation site1(4).

Previous attempts to distinguish between the monomer an
dimer models have centered on linking PC activation and
enzyme aggregation. These studi®-13) have proven
inconclusive. In the current study, we employed a different
approach. We have explored the number and affinity of the
lipid binding sites on the enzyme using the classical method
of equilibrium dialysis 15). In many ways, PLAIs ideally
suited for equilibrium dialysis studies. It is well established
that PLA is very stable, alleviating the typical concerns
about enzyme denaturatioh6). Also the typical conditions
used in kinetic assays employ an ionic strength high enoug
to suppress the Donnan effedf7}. To carry out the studies,
we employed phospholipase D (PLD) frddtreptomyceto
radiolabel two nonhydrolyzable substrate analogues, whic
have been shown to be competitive inhibitors of cobra PLA
(18). These studies show that each monomer of PLA
contains all of the machinery required to produce all of the
observed kinetic characteristics of the enzyme and have
indicated that the aggregation of the enzyme is superfluous
to activity.

h

h

EXPERIMENTAL PROCEDURES

Materials. The equilibrium microvolume dialyzer (EMD-
101B), the acrylic 0.5 mL by eight chamber dialyzing
modules (EMDY,), and the dialysis membranes (EMD104,
6—8 kDa cutoff) were purchased from Hoefer Scientific

tapered silica gel G 25@m prescored glass plates. Flash
chromatography was performed with silica gel 60 (41,
Fisher).

g General MethodsTLC plates were generally visualized

by spraying with a molybdate spray that contained 2 M
sulfuric acid @0). Phospholipids turned light blue upon
heating. Further heating allowed visualization of other
compounds by charring. Racemic QISPC substrate was
purified as described previous|g)( The final concentration

of all lipids was determined by phosphate ass2y, 22.
The substrate and analogue stocks were stored in chloroform
at —20 °C. All glass test tubes were silanized prior to use
with Prosil-28, according to the manufacturer’s instructions.
Data were analyzed and fit to the various models with the
nonlinear regression package included in SigmaPlot from
SPSS Inc.

The buffer employed for both the equilibrium dialysis
experiments and the PLActivity assays was 25 mM Tris,
pH = 8.0, 10 mM Ca(J, and 0.1 M KCI. Lipids were
generally resuspended by vortexing, bath sonication (Bran-
sonic B-12 80 W, Branson Corporation, Danbury, CT)
performed for~1 min, and vortexing again. Enzyme and
lipid solutions were generally allowed at least 30 min to
equilibrate before use. The water used was always of Milli-Q
quality.

IH NMR spectra were obtained on an extensively modified
Varian 360 MHz NMR spectrometer or a GE QE-300 MHz
NMR spectrometer with chemical shifts recorded in parts
per million (ppm) from tetramethylsilane. FAB mass spectra
were obtained at the University of California Riverside mass

Instruments. Centriprep-3 concentrators were purchased fromspectrometry facility. Tritiated compounds were counted on

Amicon. The micro BCA protein assay reagent kit and the
BSA protein standard were purchased from Pierce. Cobra
venom (. naja najg was purchased from the Miami
Serpentarium. Cobra venom PLAvas purified by proce-
dures that yield a homogeneous enzyme free from othepr PLA
isozymes as described elsewhetr®, (19. Purified PLA was
stored at 4°C. The synthesis of the unlabeled substrate
analogues, 1-(hexylthio)-2-(hexanoylamino)-1,2-dideswy-
glycero-3-phosphocholine (DISNPC) and 1-(hexylthio)-
2-(hexanoylamino)-1,2-dideoxyr-glycero-3-phosphoetha-
nolamine (DiIGSNPE), has been described elsewhé®. (
DICsSNPE was also synthesized from QBNPC as de-
scribed below. Sphingomyelin (SPM) was obtained from
Avanti Polar Lipids. The thiol sensitive reagent ‘4,4
dithiopyridine (DTP) was purchased from Aldrich under the
trade name 4-Aldrithiol. Racemic DigSPC was a gift from
Dr. Neal Roehm of Eli Lilly Research Laboratories. The
inhibitor p-BPB (2,4-dibromoacetophenone) was purchased
from Aldrich. Triton X-100 was obtained from Calbiochem.
Prosil-28 was purchased from Thomas Scientific. PLD from
Streptomycespecies (type VII) was purchased from Sigma.

a 1600 TR Tri-Carb liquid scintillation analyzer from Packard
Instruments.

Preparative TLC.Preparative TLC plates were developed
in both the solvent to be used to run the plate and the solvent
used to elute the lipid from the plate before use. Before use
the plates were thoroughly dried at 80 for at leas 1 h in
a vacuum oven under reduced pressure. After the plate was
developed, the right side of the plate was snapped off along
a prescored line and sprayed to visualize the lipids. Etha-
nolamine compounds were visualized with ninhydrin, and
choline compounds were visualized with Dragenderff
Munier reagent. These sprays were made as previously
described 23). Using the right side of the plate as a guide,
we scraped the silica that contained product on the left side
of the TLC plate into a 15 mL sintered glass funnel of
medium porosity. The product was then eluted as indicated
in the synthesis sections, and the solvent was removed under
reduced pressure.

Synthesis of DiESNPE.The DiIGSNPE, the nonhydro-
lyzable substrate analogue, was synthesized fromSNEC
using PLD from Streptomycesby adapting a published
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procedureZ4). The PLD was resuspended in buffer (40 mM
C&*, 200 mM sodium acetate, pH 5.6) to a concentration
0.6 UjuL (as Sigma defines the unit,/AM h~%) and stored
at 0°C. DICsSNPC (2 mL, 57.7 mg, 13@mol) in chloroform

Biochemistry, Vol. 43, No. 13, 2008909

methanol/water (1:1:0.2). The solvent was removed, and the
residue was resuspended in chloroform. The chemical
recovery was 4.5 mg (1,2mol, 86%) by phosphate assay,
and the radioactive incorporation was 63 mCi/mmol (32%).

was taken to dryness in vacuo. To this was added freshly Tritium Incorporation into DIGSNPC:2H-DiCsSNPC was

made buffer (8 mL) containmp1 M ethanolamine hydro-

synthesized from unlabeled DIENPC by using PLD from

chloride (8 mmol). The lipid was resuspended by heating Streptomyceso exchange unlabeled choline with tritiated
and sonication. The reaction was initiated by adding PLD choline. Radioactive choline chloride (15 mL, 15 mCi, 1.28

(32uL, 19.2 U). The reaction was allowed to proceed for 2

umol) in ethanol was concentrated on a SpeedVac to less

h at room temperature with moderate stirring. The reaction than 1 mL. DiGSNPC (615uL, 17.73 mg, 39umol) in

was halted by quick freezing in liquidJNand the water was

chloroform was placed in a 10 mm 75 mm test tube, and

removed by lyophilization. The residue was dissolved in a the chloroform was removed undeg.N'he labeled choline

minimum amount of chloroform/methanol/water (65:25:4)

was transferred into the tube containing the EBAPC, and

and applied to a preparative TLC plate. The plate was the mixture was taken to dryness to yield a light yellow ail.
developed in chloroform/methanol/water (65:25:4). The To remove trace amounts of ethanol, the residue was

product was eluted off the silica in chloroform/methanol/

resuspended in 3QeL of tert-butyl alcohol and dried down

water (1:1:0.2). The product was further purified on a flash again. To the dried residue was added gL6of buffer (40

silica gel column equilibrated with chloroform/methanol (65:

mM C&*, 200 mM sodium acetate, pH 5.6) containing

10). After the sample was loaded, the column was washed119 mM unlabeled choline chloridéert-Butyl alcohol (50

with chloroform/methanol/water (65:25:0.25), and the prod-

uct was eluted with chloroform/methanol/water (65:25:1).

uL, HPLC grade) was added as cosolvent. The tube was
sealed with a rubber septum. After the lipid was resuspended

The product was dried and resuspended in chloroform andby heating and sonication, the reaction was initiated by
a minimal amount of methanol. The final product was put addition of 20uL of PLD (7.2 U) in buffer; additional 20

through a 0.2em nylon-66 filter to remove particulate matter
and stored at-20 °C. The purified yield was 40 mg (75%).
TheR: was 0.57 in chloroform/methanol/water (65:25:4). For
NMR, the exchangeable protons were removed using-CD
OD. 'H NMR (CDCI/CD30OD 1:1): 6 0.906 (q, 6H), 1.333
(m, 10H), 1.588 (m, 4H), 2.214 (dt, 2H), 2.566 (t, 2H), 2.704
(dg, 2H), 3.140 (br m, 2H), 3.964.13 (m, 5H). HRMS
(FAB, MH™): nmVz 413.2236; calculated for @H3gN,OsPS
413.2239.

Tritium Incorporation into DiIGSNPE 2H-DiCeSNPE was
synthesized from unlabeled DJSNPE by using PLD from
Streptomycedo exchange unlabeled ethanolamine with

uL aliquots of PLD were added at 1.5 and 3 h. The reaction
was allowed to proceed, tightly sealed, at room temperature
for 5.5 h. The initial reaction conditions were 104 mM [RiC
SNPC, 100 mM choline, and 13% (v/¥#rt-butyl alcohol

(50 uL) in 335 uL buffer. The reaction was halted by quick
freezing in liquid N, and the solvents were removed on the
SpeedVac. The residue was dissolved in a minimeh00

uL) of methanol/water (10:1) and applied to a preparative
TLC plate. The plate was developed in chloroform/methanol/
water (65:25:4). The product was eluted off the silica in
chloroform/methanol/water/NdDH (15:15:2:4). The solvent
was removed, and the residue was resuspended in chloro-

radiolabeled ethanolamine. Radioactive ethanolamine hy-form. The final product was filtered through a @wéh nylon-

drochloride (5 mL, 5 mCi, 0.13umol) in water was
concentrated on a SpeedVac to less than 1 mL;SNPE
(940 uL, 5.3 mg, 13umol) in chloroform was placed in a

66 filter to remove colloidal silica and then stored-a20
°C. The chemical recovery was 16.7 mg (@ 0l, 94%)
by phosphate assay, and the radioactive incorporation was

10 mmx 75 mm test tube, and the chloroform was removed 118 mCi/mmol (57%).

under N. The dried compound was protected from oxygen

Protein DeterminationThe protein concentrations were

by storing it under vacuum until used. The labeled ethano- determined by a micro Lowry procedure or a micro BCA

lamine was transferred into the tube containing the PIiC

assay. The micro Lowry assay was based on a modification

SNPE, and the mixture was taken to dryness. To the driedof the original Lowry assay2b, 26. Determined protein

residue was added 104 of buffer (40 mM C&*, 200 mM
sodium acetate, pH 5.6) containing 119 mM unlabeled
ethanolamine hydrochloridetert-Butyl alcohol (25 ulL,

values for PLA were adjusted by multiplying by the
correction factor (PLA = protein x 0.66) for PLA with
BSA standards26). The micro BCA assay was performed

HPLC grade) was added as cosolvent. Control experimentsessentially as described by Pierce. The micro BCA correction

showed thattert-butyl alcohol is not a substrate for the

factor for PLA, using BSA standards was determined to be

exchange reaction catalyzed by PLD. The tube was sealed0.69+ 0.03 by using a corrected Lowry assay as reference.
with a rubber septum. After resuspending the lipid by heating PLA; Activity Assay.PLA;, activity was determined by
and sonication, the reaction was initiated by addition of 20 employing an adaptation of the thio assay previously reported

uL of PLD (6 U) in buffer. The reaction was allowed to

(27, 28, except as noted briefly below. DTP (A of 69

proceed tightly sealed at room temperature for 4 h. The final mM in ethanol) was placed in a quartz cuvette (2 mm0

reaction conditions were 104 mM DiSNPE, 100 mM
ethanolamine, and 17% (v/ggrt-butyl alcohol (25u«L) in
125ulL of buffer. The reaction was halted by quick freezing

mm), followed by 40QuL of the racemic substrate solution
(0.5 mM DiC;¢SPC in 25 mM Tris, pH= 8.0, 0.1 M KCl,
10 mM C&", 2.25 mM Triton X-100). The cuvette was

in liquid N, and the solvents were removed on a SpeedVac. placed in the temperature controlled cell holder of the Uvikon

The residue was dissolved in a minimurmy1(00 uL) of

9310 UV~vis spectrophotometer, allowed to equilibrate for

methanol/water (10:1) and applied to a preparative TLC plate. 3 min at 30°C, and then balanced against a blank containing
The plate was developed in chloroform/methanol/water (65: water. The background rate was recorded for 1 min and later

25:4). The product was eluted off the silica in chloroform/

subtracted from the observed enzymatic rate. The reaction
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was initiated by addition of kL of enzyme (25 mM Tris, AL " i‘ T
pH = 8.0, 0.1 M KCI, 10 mM C&', 2.0 mM Triton X-100), 050 F
and the solution was briefly but vigorously mixed. The I
enzyme concentration varied. The rate was followed for at
I .« . i 1
0_00 ..... . ...................... ? ................
-0.25 - .

o

)

«a
T
1

least 1 min at 324 nm by monitoring the chromophore
4-thiopyridone 29). Activity was calculated on the basis of
the extinction coefficient of 17 100 M cm ! measured for
4-thiopyridone under similar assay conditions, as determined
previously @7).

Inhibition of PLA with p-Bromophenacyl Bromid&he

BOUND DiCgSNPE / PLA3
(umol / pmol protein)

inhibition of PLA; by reaction with p-BPB was adapted from -0.50 . . T
previous proceduresl8, 30. Cobra PLA (7.57 mg) was T T e
combined with buffer (final concentratios 25 mM Tris, FREE [DICGSNPE] (uM)

pH = 8.0, 0.1 mM Triton X-100) in a beaker, and the mixture Fioure 1: Lack of binding of PLA to DICSNPE up to 240:M
. : s .
was stirred gently at room temperature. A stock of p-BPB The standard dialysis buffer was used without additives. The,PLA

(16 mM) was made up fresh in absolute EtOH, vortexed, concentration was 38M. The dotted line represents the 0 binding
and used immediately. The reaction was started by addinglevel. The free DiIGSNPE axis is a log scale to better visualize the

325uL of the p-BPB stock to the enzyme solution to yield low concentration range data.
0.4 mM p-BPB and 2.5% EtOH, bringing the total volume
up to 13 mL. The solution immediately took on a pale yellow
hue, which quickly faded. Inhibition of PLAwas followed

by the thio assay. After 3 h, the PL/Aad no measurable
activity. The buffer and excess p-BPB were removed by
repeated concentration in a Centriprep-3 concentrator and L nl
subsequent dilution with water, according to the manufactur- B-_F (1)
ers instructions. The concentration of the final BLstock Er Kptle

was determined by the micro BCA assay; BlL#&covery i ) . .
was 99%. whereKp is the dissociation constam, is the number of

identical independent sites per enzyme molecule, Enid

qu_JiIibr?um Dialysis.A typical experimer_1t was run with the total enzyme concentration. The second model assumes
two dialyzing modules; each module contained eight separatemu|tip|e interacting sitesy, where the binding of ligand to

chambt_ers._At Igast one chambe_r was reserved for_ Proteinge first site alters the binding affinity at the other sites. This
determination via the BCA protein assay and contained no g basically the Hill formalism and is given by eq 2
d 1

substrate analogue. The dialysis membranes were washe

Two binding models were tested. The first model assumes
that there are one or more identical independent sites on the
enzyme. This is the basic MicheatiMenten binding model
and is given by eq 13Q),

thoroughly in water and allowed to equilibrate with buffer L mL
(25 mM Tris, pH= 8.0, 10 mM Cad(J, and 0.1 M KClI) for B F 2)
at least 2 h. The dialysis apparatus was assembled essentially E; Kp* + L*

according to the manufacturer’s instructions, except no grease

was used on the O-rings. Each chamber was filled using awherea is the Hill coefficient. This equation assumes that
gas-tight Hamilton syringe. Experiments were started with there are no intermediates, that is, there are only two enzyme
equal amounts of ligand plus any additives on both sides of states, either all binding sites are empty or all are occupied.
the membrane with enzyme added to only one side. The If this assumption is truex. = m. The data were fit to these
chambers were sealed with Scotch tape and allowed tomodels using the nonlinear regression algorithms supplied
equilibrate at room temperature for 48 h. The time needed with the Sigmaplot graphing software (SPSS Inc.). The
for equilibration was determined by running a time course Ccoefficient of determinationR?) of the fit and theP values

and was always less than 48 h. Three aliquots (id368ach) for the determined parameters were obtained from this
were removed from each chamber at the end of the Software. Only parameters with values of less than 0.05
experiment, thoroughly mixed with scintillation fluid (Bio- Were considered significant.

Safe 2, 6 mL) and then counted. Data points are generally

the average of the triplicate samplings per chamber with the RESULTS
errors representing the standard error of the mean (sem). Data DiCsSNPE Binding to PLAunder Submicellar Conditions.
points near saturation were often run in duplicate. Each Binding was first studied in a submicellar physical state in
complete experiment was repeated at least once. All datawhich only PLA and a short chain substrate analogue ¢DiC
shown are from representative experiments. The total ligand SNPE) were present. The DJENPE analogue contains an
concentration in the enzyme chamber)(was directly sn-1 thioether, arsn-2 amide, and a phosphorylethanolamine
calculated from the cpm in that chamber and the specific headgroup. As shown in Figure 1, essentially no binding was
activity of the radiolabeled ligand. The free ligand concentra- observed up to concentrations of 240 DICsSNPE with
tion (Lg), which is the same in both chambers, was derived 3.8 uM PLA,. The increasing error as the free ligand
from the cpm measured in the chamber that did not contain concentration increases is typical of equilibrium dialysis
the enzyme. The ligand bound to the enzyrhg) (vas the experiments. This is because at highboth Lt andLr are
difference between the total and free ligand, thatlis= very large relative tdg and thus there is a larger error due
Lt — Lr to the subtraction of two large numbers. Controls verified
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Ficure 2: Binding of DIGSNPE to PLA in the presence of  Figure 3: Saturation isotherm for the binding of DIENPE to
submicellar Triton X-100. The standard dialysis buffer was used p|A,. The standard dialysis buffer was used; 2.0 mM Triton X-100
with the addition of 0.2 mM Triton X-100. The PLAconcentration  was also included. The data were fit to eq 1, and the line is derived
was 4.2uM. Data were fit using linear regression. from this fit. Ko (arrow) was determined to be 38 9 uM;
saturation was determined to be at 00%.07 mol of DIGSNPE
that PLA, had not crossed the dialysis membrane nor lost per mole of enzyme. The PLAvas at 4.4uM.
any specific activity by the end of the experiment. This
indicates that PLAwas still fully capable of binding Dig
SNPE throughout the experiment, confirming that ligand
binding was too weak to measure.

If submicellar amounts (0.2 mM) of Triton X-100 are
included with the PLA and DIGSNPE, a dramatic change
in the binding occurs as shown in Figure 2. As the
concentration of free DiESNPE increases, a remarkably
linear increase in binding is observed. Binding showed no
sign of saturating up to 780M DiICsSNPE and at least 5
mol of DiICsSNPE bound per mole of PLA Control

BOUND DiCgSNPC / PLA,
(umol / pmol protein)

experiments in which Triton X-100 alone was placed on one oo v o
side of the membrane showed that submicellar amounts of 0 200 400 600 800
Triton X-100 readily equilibrated across the dialysis mem- FREE [DiCgSNPC] (uM)

brane. The results shown in Figure 2 are consistent with the Ficure 4: Saturation isotherm for the binding of IENPC to

formation of premicellar aggregates nucleated by combining PLA.. The standard dialysis buffer used included 2.0 mM Triton

an unknown number of PLAmolecules with Triton X-100 X-100 as additive. Data were fit to eq 2, and the line is derived
d DIGSNPE. Th t fi . in.DiC from this fit. Kp (arrow) was 13H- 22 uM; the number of binding

an | oI = € apparent con mu,c_)us, increase ingdi sites,m, was determined to be 2:8 0.2. The Hill coefficient was

SNPE binding is thus a result of partitioning of QENPE 1.7 + 0.4. PLA, was measured at 10M.

into the premicellar aggregate as the concentration of free

DiCe¢SNPE increases and does not necessarily indicate aof Triton X-100 micelles, even though the micelles them-

direct binding to PLA. selves could not.

Binding of PLA to Micellar Substrate Analoguedhe A typical saturation isotherm for the binding of micellar
binding of DiIGSNPE and DiGSNPC to PLA was studied DIC¢SNPE to PLA is shown in Figure 3. The data were
when the analogues were present in a mixed micellar physicalfitted to eq 1 using weighted nonlinear regression. Kae
state. This was accomplished by including 2.0 mM Triton derived from the curve fit was 3& 9 uM, and the number
X-100 (CMC = 0.25 mM) in the equilibrium buffer. This  of binding sites was 0.93t 0.07. The coefficient of
not only generated a neutral micellar interface with which determinationR?) for this fit was 0.96, and the values for
the ligands could equilibrate but also established a systemeach parameter were less than 0.004. When the data were
free from premicellar aggregates. Previous work has shownfitted to eq 2, thex value derived was close to 1. Thus, eq
that for cobra PLA, Triton X-100 serves as a neutral surface 2 degenerated to eq 1.
diluent @, 32 with little or no interaction with the phos- A typical saturation isotherm for the binding of micellar
pholipid binding sites. In addition, PLAdoes not bind to DiCsSNPC to PLA is shown in Figure 4. Equation 2
Triton X-100 micelles in the absence of lipidg)(Controls  produced the best fit to these data, suggestive of a cooperative
showed that while Triton X-100 micelles did not equilibrate interaction. The curve fit to Figure 4 yielded 2400.2 mol
across the dialysis membrane over the course of the 48-houfof DICsSNPC bound per mole of PLAfor the parameter
experiment, monomer Triton X-100~0.25 mM) readily = m. The apparerp was 131+ 22 uM. The Hill coefficient,
equilibrated. To ensure that equilibrium would be established, a, was 1.7+ 0.4. TheR? for this fit was 0.95, and th@
these experiments were started with equal amounts of ligandvalues for all parameters were less than 0.001. Equation 1
and Triton X-100 on both sides of the membrane. Further did not fit these data. Equation 2 assumes that no intermediate
controls demonstrated that DJENPE and DiGSNPC could forms of the enzyme are present, that is, the enzyme has
readily equilibrate across the membrane even in the presenceither no ligand bound or two ligands. We also tested the
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Ficure 5: Saturation isotherm for the binding of D¥ENPE to
activated PLA. The standard dialysis buffer used included 35.0
uM SPM (activator) and 2.0 mM Triton X-100 as additives. RBLA
was measured at 3/M. Data were fit to eq 1, and the line is
derived from this fitKp (arrow) was 2.8t 0.5uM; the number of
binding sites was 0.74 0.02.

complete Hill model in which enzyme forms exist where
the binding sites are only partially filled. The regression of
the data to this equation always reverted to the simple Hill

model in which no intermediates are present. The fact that

oo and m are within experimental error of each other also
supports this hypothesis3]). These results conclusively
demonstrate that there are two PC binding sites per enzym
molecule and that these two sites interact with positive
cooperativity.

Addition of SPM, a potent PC activator of cobra PLA
improves PLA activity toward PE substrates by greater than
20-fold (5, 12. To determine whether this activation was
due in part to an increase in the binding affinity of the

enzyme for PE, we included SPM and repeated the experi-
ment shown in Figure 3. Figure 5 shows the effect that a

small amount of SPM (3M) has on DIGSNPE in the
presence of Triton X-100 micelles. As in Figure 3, the data
fit eq 1. In fact, when we attempted to fit the data to eq 2,

the value ofo. produced was 1.0. In this case, eq 2 becomes

eq 1. Clearly the DigSNPE is still binding to a single site
on the enzyme. ThEp derived from this fit was 2.8 0.5
uM, and the number of binding sites, was 0.74+ 0.02
mol of DICsSNPE bound per mole of PLAThe R? of this

fit was 0.98, andP values for both parameters were less than
0.0001. Clearly, SPM increases RENPE binding by an

order of magnitude. These results also imply that SPM does

not compete with DIGSNPE for the catalytic site.

In summary, theKp for DICeSNPE binding to PLA
decreases 13-fold from 38 to 2.8 when the enzyme is
activated by SPM. For PC-activated Pl Ahere are 2.0
binding sites per enzyme molecule where as with the
nonactivated DIGSNPE only 0.93 mol of DiGSNPE binds
per mole of enzyme.

Effects on Binding When PLASs Inactivated with p-
Bromophenacyl Bromid&@he treatment of PLAwith p-BPB
has been shown to alkylate the only histidine of cobra LA
Modification of the catalytic histidine results in complete
and irreversible loss of enzymatic activity, and the histidine
is the only residue modified3Q). As shown in Figure 6A,
inhibition of the catalytic activity of PLA by covalent
modification with p-BPB results in no DSNPE binding
up to concentrations of 308M DiC¢SNPE and 4.5uM

2
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Ficure 6: Covalent modification of PLAwith p-BPB prevents
binding to (A) DiGSNPE and (B) DiGSNPC at either the catalytic

or activator sites. The standard dialysis buffer used included 2.0
mM Triton X-100. The p-BPB inactivated PLAvas (A) 4.5uM

or (B) 13.1uM, and controls showed no residual enzymatic activity
(detection limit< 0.005% residual activity). Dotted line represents
the 0 binding point. The free DUSNPE axis is a log scale to better
visualize the low concentration range data.

100

PLA.. This represents a complete inhibition of the binding
observed with active enzyme (Figure 3) under the same
binding conditions. No binding of p-BPB modified PL£o
DiCsSNPC was observed up to 40 DiCsSNPC and 13.1

uM PLA; at either of the two binding sites (Figure 6B).

These results demonstrate that alkylation of the catalytic
histidine disrupts binding at both catalytic and PC activator
sites.

DISCUSSION

Binding Studies under Submicellar Conditiofsadition-
ally, the CMC has been defined as the concentration at which
an amphipathic molecule begins to form micelles. At
concentrations below the CMC, all of the compound is
monomeric, and above this concentration, the monomer
concentration remains at the CMC and all additional
compound is present in micelles. This model is generally
applicable when only amphipathic compounds are present.
Several studies have shown, however, that when proteins
are present premicellar aggregates tend to fa33-37).
Premicellar aggregates often consist of several enzyme
molecules associated with many lipid molecules. These
structures appear to form even at lipid concentrations well
below the CMC of the lipid alone. Thus, barring experiments
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to determine the physical state of all components of an Binding Studies under Micellar Conditiori3espite ample
enzyme solution, one should not assume that amphipathicevidence for both PC activatiorb,( 6, 40, 4) and PLA
molecules are monomeric when enzyme is present, evenaggregation in the presence of phospholip@isl(—13, 429,
when their concentrations are well below their CMCs. we have not been able to functionally link the two together.
Experiments using lipid below the CMC are perhaps best This has perpetuated two dual phospholipid models: the
referred to nonspecifically as being submicellar rather than dimer model, which links activation and aggregation, and
monomeric. the monomer model, which does nd}.(If the dimer model
The complexity of the “submicellar systems” is demon- is correct, we would expect to see only one lipid-binding
strated in the studies reported here. First, Figure 1 clearly site per enzyme molecule, capable of binding either¢DiC
shows that DIGSNPE does not bind to the enzyme even at SNPE or DiGSNPC. If the monomer model is correct, we
240 uM. Yet, DiCsSNPE, which is a competitive inhibitor ~ would expect to see two binding sites for RENPC and
of PLA,, was shown to have an gof less than 2QuM either one or two sites for DSNPE per enzyme molecule.
when assayed with submicellar QIEPC substrate2@). If As these studies have shown, we have determined that cobra
both experiments contained only monomeric substrate andPLA; has two lipid binding sites; the catalytic site binds to
inhibitor and these compounds were competing for a single both PE and PC, and the PC activator site binds only PC.
site on PLA, the Michaelis-Menten formalism would The monomer model now clearly accounts for all known
predict that the 16 could not be less than th&,, as shown characteristics of PC activation. Aggregation appears to

in eq 3. simply be coincidental with activity. While dimers or higher
order protein aggregates still form, the functional subunit
_ [substrate within the protein aggregate is monomeric. Interestingly, the
1Cso=Kp|1+ K—m 3) Crotalus atroxPLA,, which is dimeric under almost all in

vitro conditions, has now been found to act at surfaces as a
monomer 87). Thus, cobra PLAjoins other members of

significantly greater than 24@M since no binding was found e PL# family iin being catalytically competent as a
below this DIGSNPE concentration. The simplest explana- monomer 87, 43.
tion is that when DIGSNPE is present below 24@M in There has always been the question of whether PE
the presence of enzyme, it is present as a monomer. Howevergompounds bind to the activator site but are incapable of
when 500uM substrate is included a different environment causing activation or whether they do not bind to this site at
exists; one in which premicellar aggregates of the enzyme, all. We have resolved this here. PE compounds bind to only
lipid, and DiGSNPE are formed. Under these conditions, one site (Figure 3), which from NMR results has been proven
the competition of the DigSNPE for the enzyme’s catalytic  to be the catalytic sitel@). Also, the fact that the enzyme
site is significant. This in turn implies that the enzyme was hydrolyzes PE requires that it bind to the catalytic site. A
acting on premicellar aggregates even though the substratesecond issue has been does activation affect binding,
was present at submicellar levels. It would appear thatPLA turnover, or both. SPM is a potent activator of PiA
catalysis does not occur on truly monomeric EBBC or increasing PLA activity at least 20-fold &, 12, 44. The
DiCesSPE substrates but on premicellar aggregates. 13-fold decrease in thé&p of DICeSNPE upon SPM

A similar result has been demonstrated fbrnaja naja activation of PLA demonstrates that PC activation has a
and the closely relatetl. naja atraPLAzs using a phos-  large effect on substrate binding and any direct effect on
phonate-PE as a transition-state analo@® (n that study, turnover is probably modest. Third, we have assumed that
the difference between the binding and kinetic result was PC compounds are self-activating. Yu and Dennis showed
even more dramatic with a 400-fold difference{J& 0.024 that thio PC compounds were moderately activated by the
uM, Kp > 10 uM). Taken together the lack of binding to more potent PC activator, SPN8)( The positive cooperat-
monomeric lipid appears to be generally true for the cobra ivity observed for DIGSNPC binding confirms that PC is
PLA;; neither a ground-state analogue nor a transition-stateself-activating (Figure 4).
analogue binds as monomeric lipid. Lefkowitz et al. (14) have used site-directed mutagenesis

The same basic conclusion has been reached by Rogerso identify some of the amino acid residues on the enzyme
et al. 39) and more recently by Yu et al3¢). Our result that are involved in catalytic activity, PC activation, and
adds further weight to the argumer®6(-39) that PLA is interfacial activation. They found that in addition to the
not catalytically competent on truly monomeric substrates catalytic site, there were two other regions on the enzyme
but instead functions only on aggregated substrates whethethat were involved in PC and interfacial activation. When
they be premicellar aggregates, bilayers, or micelles. mutations were made in one site, the “PC activation site”,

In fact, Figure 2 appears to show the formation of these only PC activation was affected. The activity of these mutants
premicellar aggregates. When 0.2 mM Triton X-100 (CMC on PE substrate was the same as the native enzyme.
= 250uM) is added to the system, binding of QIENPE is Mutations in the other site, the “interfacial activation site”
clearly seen from well below 200 up to 8@®/1. The facts significantly decrease interfacial activation. These mutants
that the binding is linear, not hyperbolic, and that five had normal activity on submicellar substrate and still showed
molecules of DIGSNPE bind per molecule of enzyme PC activation. Interestingly, only one mutation, Tyr63,
indicate that this binding is not to specific binding sites on affected both PC and interfacial activation. The PC activation
the enzyme. Rather binding appears to result from increasedsite is located on one side of the cleft leading to the catalytic
nonspecific partitioning of DIGSNPE into premicellar  site, while the interfacial site is located on the other side of
enzyme-lipid aggregates. this cleft. While the Tyr63 is located in the interfacial

Clearly this is not the case here because Khemust be
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activation site, it can extend out over the catalytic cleft and It completely blocks catalytic activity in pancreatic and cobra
interact with Arg30 of the PC site. PLA; (30, 52. For cobra PLA, p-BPB alkylates only one

Clearly there are three regions of the Plmolecule that residue, the catalytic histiding@). It was anticipated that
are intimately involved in the enzyme’s activity, but are all modification of the catalytic histidine would block substrate
three lipid binding sites? The studies reported here strongly binding to the catalytic site as was suggested from NMR
suggest that at least one site is not a binding site. The datawork (18). This was confirmed in Figure 6A, when DjC
reported here are consistent with both PE and PC compoundsSNPE no longer bound to the catalytic site in p-BPB
binding to the catalytic site and with PC alone binding to a modified PLA. We also anticipated that DiISNPC would
second site that is responsible for PC activation. This would not bind to the catalytic site but that it would still bind to
presumably correspond to the “PC activation site” identified the PC site. This was not the case; it did not bind to either
in the mutation studies. It would appear that the “interfacial site (Figure 6B). Yu and Dennigt{) have demonstrated
activation site” defined in the mutation studies is not a using protection studies that these two sites are spatially
discrete lipid binding site, yet mutations of the amino acids separated and can be characterized by different pH depend-
in this site produce dramatic effects on interfacial activation. encies. Our mutagenesis studid<})(and crystallography

The mechanisms of either PC or interfacial activation have studies $3) show that the PC activator-binding site, while
yet to be elucidated. We have shown here that PC binding adjacent to the catalytic site, is not contiguous with it. These
to the PC activator site does dramatically increase the bindingfacts would argue that p-BPB modification would not block
of substrate to the catalytic site. Our previous kinetic studies the PC site.

(45) have s_hown that the patalyti_c rate constant is .also altered Comparison of the p-BPB modified and native crystal
when PC binds to the activator site. The most straightforward g,ctures of bovine pancreatic PLAy Renetseder et al.

explanation of these observations would be that binding 10 (54) syggests a possible explanation. They observed that for
the activator site induces a conformational change in the o most part the modified and unmodified structures are
enzyme. This change increases binding at the catalytic Siteihe same, including the catalytic site. Since p-BPB is a small

directly and enhances turnover as well. NMR studies of yqecyle that easily fits within the catalytic cavity, this is
porcine pancreatic PLAprovide evidence that PLAdoes o4 gyrprising. However, the €abinding loop showed a

undergo conformational changes upon binding mice#lés( g pstantial change due to loss of the catalytic calcium. As

48). . ) pointed out by Segelke et abJ), the ordering of the Ca
However, enzymes that act at the lipitlater interface,  pinging loop through G4 binding is critical to forming the

function in a unique environment, one that offers several ., iaiive PC activator-binding site. So loss of the catalytic
other means of producing an acceleration of catalysis. .5icium upon p-BPB modification of the enzyme also

Because they act at large interfaces, the orientation of thedisrupts the PC activator site, and no GENPC binding is
enzyme relative to the surface can and often does play @Nopserved at either the catalytic or activator sites.

additional role in controlling activity. Thus, the binding of . ; . ,
PC to the activator site could provide another contact point N the original p-BPB studies, p-BPB modified PhAtil
bound to mixed micelles of PC and Triton X-100(= 1.8

for the enzyme to the interface. This would anchor the :
mM). These results led to the hypothesis that a second PC

enzyme to the interface, shifting the equilibrium between '™/ . ) ,
the free and bound enzyme, and indirectly increase binding Pinding site existed and that it was not affected by p-BPB
modification. It was further assumed that the first binding

at the catalytic site. This anchor could also be holding the _
enzyme in a specific orientation with respect to the surface St€P» Where aqueous PhAs sequestered at the interface,
that would enhance binding, catalysis, or both. Itis also likely Was through this specific interaction with the PC activator
that PC binding to the activator site would aid in desolvating SIt€- The present study suggests that the binding to PC mixed
the interface; several studies have implicated desolvation agMicelles was due to nonspecific interactions of the enzyme
important for catalytic activity 28, 49, 50. Such an Wlth the lipid surface, per_haps at the interfacial recognition
“anchoring” mechanism has been demonstrated for phorbol Sit€ Proposed by Lefkowitz et all{). Whether the initial
ester binding to protein kinase C in vesiclesl) The interaction can be augmented by binding to the PC activator

conformation change and anchoring mechanisms are notSite has yet to be determined. Once Blisweakly bound
mutually exclusive, and some combination of each is likely. tq the interface, blndmg't(.) either the catalytic or PC activator
Similar mechanisms could be responsible for the interfacial Sit€ can proceed as originally proposed.
activation. However, the studies reported here imply thatthe Conclusions.We have used equilibrium dialysis and
interfacial site on the enzyme does not discretely bind lipids. micellar substrate analogues to show for the first time that
While the key residues in the PC site are aspartic acid andPC binds cooperatively to two sites per cobra BLwhile
arginine, the key residues in the interfacial site are tryp- PE binds to only one site. It appears that the aggregation of
tophan, tyrosine, and phenylalanine. This would imply that this enzyme is simply coincidental with activity; the func-
while the PC site could interact specifically with the charged tional subunit within the aggregated protein is a monomer.
moieties on the lipid headgroup, the interfacial site would PC activation of PE hydrolysis now has been shown to be
probably be interacting with the hydrophobic regions of the due to both a binding and a catalytic term. In addition, we
interface. This could also help desolvation, help orient the have shown that the first association with the interface is
enzyme at or in the surface, and help sequester the enzymérobably a weak nonspecific enzymigpid interaction. The
to the surface, all without binding to a single lipid moiety binding studies under submicellar conditions show that cobra
but to the “hydrophobic region” of the surface. PLA; is not catalytically competent on truly monomeric
The irreversible inhibitor p-BPB has proven to be a useful substrate but instead catalyzes hydrolysis on premicellar
tool for probing interactions at the catalytic site of PisA aggregates.
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