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ABSTRACT: Interfacial catalytic constants for bee venom phospholipas@¥®PLA2) have been obtained

for its action on vesicles of the anionic phospholipid 1,2-dimyristoylphosphatidylmethanol (DMPM) in
the highly processive scooting mode. Spectroscopic measurements which directly measure transbilayer
movement of membrane components show that this exchange does not occur in anionic vesicles that
have undergone complete bvPLA2-catalyzed hydrolysis of all phospholipids in the outer vesicle monolayer.
3-Hexadecylksnglycero-1-phosphocholine (D-LPC) is an adequate neutral diluent for bvPLA2, which is
defined as an amphiphile that forms an aggregate to which enzyme binds but neutral diluent molecules
bind weakly in the enzyme’s active site. D-LPC has weak affinity for the active site of bvPLA2, and
theory and protocols are developed that allow its use to determine equilibrium dissociation constants for
competing active site ligands. Some of the properties of bvPLA2 are shared by other 14 kDa PLAZ2s.
(1) C&* is required for binding of ligands to the active site but not for the binding of enzyme to the
interface. (2) bvPLA2 does not significantly discriminate between phospholipids with different polar
head groups or acyl chains. (3) bvPLA2 does not bind to phosphatidylcholine vesicles, and binding
occurs if anionic amphiphiles are present in the vesicle. Novel features of bvPLA2 include the
following: (1) Neutral diluents for other 14 kDa phospholipasesfe not neutral diluents for bvPLA2.

(2) Saturation of the active site with a variety of different ligands does not completely prevent histidine
alkylation by 2-bromo-4nitroacetophenone, and €abinding does not change the rate of histidine
alkylation. Finally, the carbohydrate portion of bvPLA2 does not alter the interfacial catalytic properties
of the enzyme. Kinetic analysis of bvPLA2 in the scooting mode together with previous studies with
other 14 kDa PLAZ2s provides a paradigm for the quantitative analysis of interfacial catalysis.

Bee venom phospholipase fovPLA2) is a member of  the C&" binding loop and in short peptide sections that
a class of small{14—16 kDa) secreted enzymes that cleave contribute catalytic residues. X-ray crystallographic analysis
the sn2 ester of glycerophospholipids (Dennis, 1983; Gelb of bvPLA2 shows that its global structure is very different
et al., 1995; Verheij et al., 1981; Waite, 1987). The amino than those of type | and Il enzymes, but the active site and
acid sequences of secreted PLA2s can be organized into typéca* binding residues are nearly superimposable for enzymes
I (found in tissues, including pancreas and spleen, and of all three types (Scott & Sigler, 1994). All three types of
venoms of elapid snakes of the Old World) and type Il (found enzymes have interfacial recognition regions that include a
in inflammatory cells, including platelets and mast cells, and
venoms of.crotalids and yiperid; of the New World) subtypes 1 o reviations: BAPTA, 1,2-bis(2-aminophenoxy)ethanbbN' N-
on the basis of the location of disulfides and the presence oftetraacetic acid; bis-PC, two molecules of 1-palmitsgiglycero-3-
small insertions and deletions (Davidson & Dennis, 1990; phosphocholine esterified via thesn-2 hydroxyl groups to HOOC-

F . (CH.)3-COOH; bvPLA2, 16 kDa phospholipase, #rom the venom
Heinrikson et al., 1977; van den Bergh et al., 1989). The o, 5c % oocxnic melliféra; dansyl-DTPEN-dansyl-1,2-ditetradecyl

primary structure of bvPLA2 (Kuchler et al., 1989) as well spglycero-3-phosphoethanolamine; D-LPC, 3-hexadsadiycero-
as the enzymes from Gila monster and lizard venoms (Gomez’{l-ﬁlhﬁlsﬁh?ctholinet:_ EGT_Q, Ell\}lfgllinelglyfioll Zbﬁ(sﬁr?ﬂnoﬁthylheth;[))-
. ot ,N,N',N'-tetraacetic acid; , l-octyl-2-(phosphonohepgr)-

etal, 19,89’ Sosa et al., 1986) form a distinct group (type glycero-3-phosphoethanolamine; MJ&%;-1-hexadecyl-3-(trifluoroethyl)-
1) that display homology to type | and Il enzymes only in  spglycero-2-phosphomethanol; ND, neutral diluent; PLA2, phospholipase
Az; PNBr, 2-bromo-4nitroacetophenone. For phospholipids, the first
two letters designate the acyl or alkyl chains at #mel andsn2
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. PLA2 in an ether/buffer emulsion (Eibl et al., 1983). The
El racemic phospholipid was prepared from racemic 1-hexa-
/;/ . . decylsnglycero-3-phosphocholine. Bis-PC was obtained as
* 4_1_,E*S e E + P a generous gift from Prof. Bruce Lennox (McGill University).
E +5 =G Native bvPLA2 was obtained from Boehringer, and it was
judged to be>90% pure by SDSPAGE. Recombinant
bvPLA2 produced inEscherichia coliwas obtained as
ka| (kb described (Dudler et al., 1992). The mutant of bvPLA2 in
which histidine-34 is changed to glutamine has been
E described (Annand et al.,, 1996). For all studies with
FiGURE 1. Kinetic scheme to describe interfacial catalysis. The bvPLA2, enzyme solutions were made in borosilicate tubes,
O e e o e ot ) o Spugince the enzyme Sicks (o plasti tubes. In this contex,
a substrate molecule in its active)éite to give the Michaelis complex bvPLAZ is S'm'lar t(_) pa}ncreatlc PLAZ2, but the PL_AZ from
E*-S which can go on to products. E* can also bind a competitive human synovial fluid binds to glass but not plastic.

inhibitor in the interface to give Et. Scooting mode hydrolysis Kinetic Studies in the Scooting MadePreparation of
occurs when E* remains at the interface and catalyzes many reactionsgnicated DMPM vesicles and protocols for monitoring
cycles. reaction progress for the hydrolysis of DMPM vesicles in

I f cationi d hvdrophobi id h q the scooting mode have been described elsewhere for porcine
collar of cationic and hydrophobic residues that surroun pancreatic PLA2 (Berg et al., 1991; Jain & Gelb, 1991; Jain

the entrance to the active site slot (Ramirez & Jain, 1991; et al., 1986). Typically, hydrolysis of sonicated DMPM

Scott & Sigler, 1994). Together, these structural features vesicles was monitored by the pH-stat methodai 4 mL

provide a basis for interfacial catalysis, including the tight - ion mixture containing 0.3 mM DMPM, 1 mM NaCl
binding of secreted PLA2s to anionic phospholipid vesicles and 0.5 mM CaGl at pH 8.0' and 22C. 'Ilhe reaction '
(Gelb_et aI.,_ 1995;_Ja|n et_al., 1995)_’ _ progress without intervesicle exchange of substrate was
A dissection of interfacial catalysis by PLAZs into the qniored after initiating the reaction with Qg of bvPLA,
binding of the enzyme to the interface and into the events 5 yalues ofk andws (all rate and equilibrium constants
that occur in the c:?\talytlc site (Flgure 1) is crlt!cal for are defined in the Results and in the Appendix) were
developing an analytical understanding of the reaction cycle. yotermined. The kinetic parameters were obtained by
The analysis of interfacial kinetics has been more difficult ,oniinear regression fitting of the progress curve to eq 3.
than that for enzymes that operate in a homogeneous aqueou$, axtend the time period for the zero-order phase of the
environment. It has been shown that interfacial catalysis can a5ction progress, 2y of polymyxin B sulfate (Sigma) was
be quantitatively and analytically understood in terms of the 544ed before or élfter initiating the reaction with 0-@21
Michaelis-Menten form_ahsm for the steps of the reaction g of bvPLA2, and the C4 concentration was 1 mM (Cajal
cycle that occur at the interface (those in the box of Figure o 51 1995 1996 Jain et al. 1991b). Other conditions are
1) (Jain et al., 1986, 1995; Jain & Berg, 1989; Gelb et al., given in the legend to Figure 3. For inhibition studies, the
1995). The kinetic and equilibrium parameters for the jynibitor was added before polymyxin B and enzyme except
interfacial steps shown in Figure 1 can be extracted only if 5o oted.
the enzyme is operating in the highly processive scooting  pagiometric experiments to show that bvPLA2 binds
mode (Berg et al., 1991; Jain et al., 1986) in which the o ersibly to DMPM vesicles were carried out with the
enzyme, substrate, or products do not leave the interfacegiyqarq assay described above using 0.5 mM Ca@l in
during the reaction progress. This occurs for secreted PLAZSiho absence of polymyxin B sulfate. F.ive minutes after
acting on vesicles of anionic phospholipids. _Since the gqqition of byPLA2 to DMPM vesicles, an equal portion of
enzyme binds irreversibly to such vesicles, the E to E* step DMPM vesicles containingH]DPPC (4000 cpm, & 10~7
shown in Figure 1 occurs only in the pre-steady-state phasey e fraction) was added to the reaction mixture. After an
of the reaction, i.e. just after the addition of enzyme 10 gqgitional 10 min, the reaction was quenched, and tritiated

vesicles. In this study_, the action of pvPLAZ in the scoqting palmitic acid was quantified as described (Ghomashchi et
mode was characterized to determine most of the kinetic al., 1991a).

constants, and the interfacial kinetic properties of bvPLA2 Transbilayer movement of phospholipids (flip-flop) was

were compared to those of other secreted PLA2s. Key measured usin s .
: g the dithionite method (Hoekstra et al., 1993;
differences between bvPLA2 and other secreted PLA2s areMcIntyre & Sleight, 1991). An aliquot of sonicated vesicles

emphas.ized by the analytical formalism developed in the of DMPM/POPCN-(7-nitro-2-1,3-benzoxadiazol-4-yl)di-
Appendix. palmitoyl phosphatidylethanolamine (64:30:6) (total lipid,
110uM) was added to 1.5 mL of 10 mM Tris buffer at pH
MATERIALS AND METHODS 8.0 saturated with nitrogen with constant stirring. bvPLA2
Materials POPC andN-(7-nitro-2-1,3-benzoxadiazol-4-  was added last to give a final concentration of 128 nM, which
yl)dioleoylphosphatidylethanolamine are from Avanti Polar corresponds to an average of six enzymes per vesicle. After
Lipids. Syntheses of the phospholipids DMPM (Jain & Gelb, addition of 67uM CaCl, the reaction mixture was incubated
1991), DTPC and DTPM (Jain et al., 1986), MJ33 (Jain et for 15 min to allow hydrolysis of all of the available substrate
al., 1991c), MG14 (Yuan et al., 1990), and dansyl-DTPE as monitored with the pH stat. The quenching reaction was
(Jain & Vaz, 1987) have been described elsewhere. D-LPCinitiated by adding sodium dithionite from a stock solution
was prepared by methanolysis of 3-hexadecyl-2-myristoyl- [1.44 M, freshly prepared in 0.5 M N@Os (pH 11) buffer
snglycero-1-phosphocholine in the presence of tributylam- saturated with nitrogen, stored at© for no more than 1 h]
monium hydroxide. The latter phospholipid was prepared to a final concentration of 5.6 mM. The time-dependent
by treating the racemic phospholipid with porcine pancreatic decrease in fluorescence at 535 nm was recorded for 600 s
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on an SLM-Aminco AB-2 spectrophotometer. Excitation of 130uL of 1 N HCI. The sample with PNBr was loaded
was at 460 nm with both slit widths at 4 nm. onto a 0.5 mL bed of SP-Sephadex (Pharmacia, equilibrated
Substrate specificity studies using the competitive dual- with 10 mM MES at pH 5.0)nn a 1 mLdisposable syringe.
radiolabel approach were carried out as described (Gho-The syringe was centrifuged at about 2500 rpm for 30 s.
mashchi et al., 1991a). Briefly, the phospholipids used were Five milliliters of MES buffer was applied to the column,
[*“C]PAPC (50 Ci/mol, NEN), HIDPPC (50 Ci/mmol, which was spun again, and this washing procedure was
NEN), and H]SAPC [400 Ci/mol, prepared as described repeated two more times (this removes PNBr). Enzyme was
(Hanel et al., 1993)]. Additional phospholipids were pre- eluted by washing the column with 3 mL of MES buffer
pared by phospholipase D-catalyzed transphosphatidylationcontainigp 1 M NaCl. The bvPLA2 in the eluant was
(Ghomashchi et al., 1991a; Hanel et al., 1993}CJPAPA purified by reverse phase HPLC as described previously
(2 Ci/mal), [**C]JPAPS (2 Ci/mol), and}fC]PAPE (2 Ci/ (Ghomashchi et al., 1991b). Samples were concentrated to
mol). Reaction mixtures (4 mL) contained 0.6 mg of drynessina Speed-Vac apparatus (Savant Instruments), and
DMPM, 3H- andC-labeled phospholipids [in approximately amino acid analysis was obtained commercially (BioSyn-
the amount given in Ghomashchi et al. (1991a)], 2.5 mM thesis Inc.) using norleucine as an internal standard. Data
CaCk, 1 mM NaCl, and 2Qug of polymyxin B. are given as the moles of amino acid per enzyrstandard
Determination of the Interfacial Equilibrium Dissociation deviation (three runs).
Constants Detailed theoretical and experimental protocols  Vesicle Binding StudiesBinding of bvPLA2 to vesicles
for the determination of the equilibrium constant for the was determined by fluorescence energy transfer from tryp-
dissociation of a ligand from the E* complex bound to  tophan residues on the enzyme to the labeled head group of
the surface of a neutral diluent have been previously dansyl-DTPE. Stock solutions of DTPC, DTPM, and dansyl-
described (Jain et al., 1991d; Yu et al., 1993), and modifica- DTPE in 2:1 CHCYCHs;OH were mixed to give either 98:2
tions required for analysis of bvPLA2 are developed in the DTPC:dansyl-DTPE or 78:20:2 DTPC/DTPM/dansyl-DTPE
Appendix. Briefly, alkylation of the active site histidine (mole ratios), and the solvent was removed at room tem-
residue of bvPLA2 by PNBr (Sigma) in the presence or perature by evaporation under a stream of argon, followed
absence of ligand was carried out in a 0.03 mL reaction by evaporationin vacuo for 30 min. The lipid film was
mixture at 22°C in a 6 x 50 mm borosilicate tube containing  hydrated in 10 mM Tris at pH 8.0 to give a final lipid
0.4uM bvPLA2, 50 mM sodium cacodylate buffer (opH 7.3), concentration of 4@M and sonicated for 25 min, when a
and 2 mM PNBr, with or without 1.65 mM D-LPC, and with  clear suspension of vesicles was obtained. One milliliter of
or without 0.5 mM CaGl At various times, an aliquot  vesicle suspension was transferrec@tl cmx 1 cm cuvette,
containing 0.4 pmol of enzyme was diluted into the assay and the C&" concentration was adjusted to 1 mM by adding

mixture at 22°C containing a sonicated dispersion ofig 1 uL of 1 M CaCh. Fluorescence emission spectra from
of 1-hexadecanoyl-2-(1-pyrenedecanaiiglycero-3-phos- 300 to 650 nm were obtained at-234 °C using a Perkin-
phomethanol (Molecular Probes) and 249 of fatty acid- Elmer 650-10S fluorescence spectrophotometer (excitation

free bovine serum albumin (Sigma A-9647) in 1.5 mL of at 292 nm, slit widths of 5 nm). Aliquots of bvPLA2 were
100 mM NaCl, 0.25 mM CaGJ and 50 mM Tris-HClat pH  added, and the sample was incubated fe82nin before
8.5. The change in emission fluorescence at 395 nm gbtaining another spectrum. Data are expresse® as(F
(excitation at 345 nm with both slit widths at 4 nm) was — F)/F,, whereF is the fluorescence at 506 nm afRglis
continuously monitored with an SLM 4800S spectrofluo- the background (no bvPLA2) fluorescence at the same
rimeter. Prior to the addition of enzyme, the assay mixture wavelength.

was pre-equilibrated for-23 min until a stable, low-drift
baseline was obtained.

Residual bvPLA2 activity in the inactivation mixture was
determined from the initial rate of hydrolysis observed in
the fluorimetric assay. The inactivation profile was biphasic; buvPLA2 Operates on DMPM Vesicles in the Scooting
a fast phase (half-time of 1—3 min) and a slow phase Mode As previously described in detail, the analysis of the
(half-time of 25-500 min, depending on the presence of the reaction progress for interfacial catalysis in the scooting mode
active site ligand) were seen. It appears that the alkylation permits the experimental determination of the kinetic con-
of a residue other than the active site histidine was occurring stants (Figure 1) (Berg et al., 1991; Jain et al., 1995). As
during the fast phase since it is the rate of alkylation during shown by the results below, in the scooting mode, bvPLA2,
the slow phase that is decreased in the presence of an activéike type | and Il PLA2s (Gelb et al., 1995; Jain et al., 1995),
site-directed ligand. Thus, residual bvPLA2 activity vs time remains tightly bound to the vesicle surface, and lipolysis
of incubation with PNBr was fitted to a double-exponential occurs in a processive fashion in which all of the substrate
equation by nonlinear regression to obtain the half-time for in the outer monolayer of enzyme-containing vesicles is
inactivation during the slow phase. In the absence of PNBr, hydrolyzed without desorption of enzyme from the interface.
with 1.65 mM D-LPC and 0.5 mM G4, the residual activity ~ Since type | and Il PLA2s bind several orders of magnitude
remains constant for more than 10 h. tighter to anionic vesicles than to charge neutral vesicles and

Values ofKc, andKcz*(ND) were obtained by monitoring  operate in the scooting mode on the former but not on the
the decrease in tryptophan fluorescence emission fromlatter (Gelb et al., 1995; Jain et al., 1995), the vesicle binding
bvPLA2 in aqueous solution or bound to D-LPC micelles, properties of bvPLA2 were studied as a prelude to the kinetic
respectively, as a function of the €aconcentration. studies. Binding of bvPLA2 to vesicles was assessed using

Amino acid analysis of bvPLA2 treated with or without fluorescence energy transfer from tryptophan residues on the
PNBr was carried out. Enzyme (4M) in 2 mL of enzyme to the dansyl-labeled head group of dansyl-DTPE
inactivation buffer was treated with or without 2 mM PNBr incorporated into vesicles (Figure 2). Binding of bvPLA2
for 80 min. The reactions were quenched by the addition to anionic DTPC/DTPM/dansyl-DTPE (78:20:2) vesicles is

RESULTS
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28 Jain et al., 1991b). Furthermore, the addition of high calcium

(2.5 mM) causes enzyme-containing DTPM vesicles to fuse

20 L ° © with DMPM vesicles (Jain et al., 1991b), and this leads to
o immediate hydrolysis of DMPM (not shown). Enzyme is

also irreversibly bound to anionic vesicles made of a 1:1
mixture of the products of DMPM hydrolysis (myristic acid
and 1-myristoylsn-glycero-3-phosphomethanol) (not shown).
10 | (2) Addition of DTPM vesicles to a reaction of bvPLA2 on
DMPM vesicles in the absence of lipid transfer agents does
not alter the reaction progress (not shown), which shows that
bvPLA2 bound to DMPM vesicles is not able to transfer to
DTPM vesicles. (3) When DMPM vesicles containing a
0o S . = . trace amount of SH]DPPC (4000 cpm, 2x 107 mole

o e e - 0 >0 >0 fraction) are added to a reaction mixture containing bvPLA2

[bVPLA2] uM . . . Lo
Ficure 2: Binding of bvPLA2 to phospholipid vesicles. Binding prebound to DMPM vesicles without radioactive lipid, the

of bvPLA2 to vesicles of DTPC/DTPMidansyl-DTPE (78:20:2, 40 '€lease of radiolabeled palmitic acid after 10 min is 3% of
4M total phospholipid) (open circles) or to vesicles of DTPC/dansyl- that observed 10 min after enzyme is added to DMPA

DTPE (98:2, 10:M total phospholipid) (closed circles) is shown. DPPC vesicles. This proves that bvPLAZ2 is irreversibly
Binding was measured by fluorescence energy transfer from pound to DMPM vesicles. (4) Fluorescence energy transfer

tryptophan residues on bvPLA2 to the dansyl fluorophore (R is ; .
defined in Materials and Methods). Excitation was at 292 nm; between tryptophan residues of bvPLAZ and dansyl-DTPE

emission was at 495 nm, and slit widths were 5 nm. present in DTPM vesicles to which the enzyme is bound
does not diminish when DMPM vesicles without dansyl-
150 DTPE are added (not shown). (5) Under conditions in which
a the vesicle:enzyme ratio is greater than 5 or so, vesicles will
1001 contain at most one enzyme [according to the Poisson
distribution for the random binding of enzyme to vesicles
50 b (Berg et al., 1991)]. Under these conditions, if bvPLA2

bound to a DMPM vesicle hydrolyzes all of the substrate in
the outer layer of a vesicle (there aMy phospholipid
molecules in the outer layer of a vesicle), the total moles of
oTPM & DMPM P product at the end of the reactioBmax IS given by eq 1

; (Berg et al., 1991):

DMPM E

substrate hydrolyzed (nmol)

0 10 20 30
time (min)

Ficure 3: Hydrolysis of DMPM vesicles by bvPLA2. (a) Reaction

progress curve for the hydrolysis of 0.3 mM DMPM vesicles by

0.2 ug of bvPLAZ2 in 4 mL of 0.5 mM CaGland 1 mM NacCl at Here, Ce is the total moles of enzyme. It has previously

22°C and pH 8.0. The line through the dots is the fitted curve heen shown that, with bvPLA2 as well as with several other

according to eq 3. (b) bvPLA2 (O was added to 0.08 mM - -
DTPM vgsiclesqrh a(4)mL reacticgnﬂrr?i)xture. DMPM was added secreted PLAZs, the observéhax is proportional to the

after 7 min to 0.3 mM, and no reaction was seen, which indicates @mount of enzyme as long as the vesicle:enzyme ratio is
that the enzyme is trapped on the DTPM vesicles. The reaction greater than 5 or so (Jain et al., 1991a). Furthermore, the
started immediately after the addition of 2@ of polymyxin B value ofNs obtained from eq 1 using bvPLA2/DMPM agrees
(PX), which causes intervesicle phospholipid transfer without fusion. \yith the value ofNs calculated from the experimentally
The lines through the data points are shown, and there was nod t ined icle si Jain et al.. 1991a° B tal. 1991
deviation from linearity. etermined vesicle size (Jain et al., la; Berg etal., ).
Direct proof that bvPLA2 does not induce transbilayer
too tight to permit an accurate estimate of the binding movement of DMPM from the inner monolayer of the vesicle
constant. This is because the dissociation constant is mucho the outer monolayer (flip-flop) is shown in Figure 4.
less than M phospholipid, and energy transfer experiments Addition of dithionite to vesicles of DMPM/POPC (7:3)
are not sensitive enough to work at such low lipid concentra- containing 0.6%N-(7-nitro-2—1,3-benzoxadiazol-4-yl)dio-
tions. No binding of bvPLA2 to vesicles without DTPM leoylphosphatidylethanolamine in the absence of bvPLA2
(DTPC/dansyl-DTPE, 98:2) was seen even when the total results in a decrease of fluorescence of about 70% (with
lipid concentration was 108M (Figure 2). multilamellar vesicles, only 8% of the fluorescence is lost
Once the fact that bvPLA2 binds tightly to anionic vesicles in less than 100 s). This is expected if only the fluorophore
was established, kinetic studies to probe the reversibility of in the outer monolayer of the vesicles is reduced. Reduction
binding were carried out. The following experimental starts immediately after the addition of dithionite, and the
observations establish that bvPLA2 binds irreversibly to time course has two components: a fast reaction (half-time
DMPM vesicles and operates in the scooting mode. (1) The ~ 15 s) which is complete within 100 s and a parallel slow
results shown in Figure 3 (bottom) establish that DMPM phase. The fast phase is due to reduction of the fluorophore
vesicles added to a solution of bvPLA2 prebound to vesicles in the outer monolayer of the vesicles. The slower phase is
of the nonhydrolyzable phospholipid DTPM are not hydro- attributed to leakage of dithionite into the inner agqueous
lyzed. That the enzyme bound to DTPM vesicles is still compartment of the vesicle with subsequent reduction of
active is shown by the fact that hydrolysis occurs im- fluorophore in the inner monolayer. Several controls support
mediately after addition of polymyxin B (Figure 3b) which this hypothesis. If vesicles are disrupted with deoxycholate
allows DMPM to transfer to enzyme-containing DTPM prior to addition of dithionite, all of the fluorescence is lost
vesicles as established previously (Cajal et al., 1995, 1996;in less than 100 s. The possibility that dithionite is exhausted

I:)max = CENS (1)
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Ficure 4: Time course for loss of fluorescence Nf(7-nitro-2—

1,3-benzoxadiazol-4-yl)dioleoylphosphatidylethanolamine (0.6% in
POPC/DMPM vesicles) by dithionite added to the aqueous phase.
The y-axis gives the fluorescence from the NBD group as a
percentage of the initial fluorescence measured before the additio

of dithionite. Dithionite (5.6 mM) was added at time zero to a
suspension of vesicles (1201) in 10 mM Tris and 0.67 mM CagGl

at pH 8.0 with or without bvPLA2 (128 nM), and the NBD
fluorescence was measured as a function of tirsex(s). For the

Yu et al.

et al., 1991):

Pt) (KNS ) P,
t=—In|1— +[—-1
kl ( Pma Vo Pma><

Here,P; andPnax are the moles of product formed at time
and at time infinity, respectivelyNsk; is given by eq 4 (Berg
et al., 1991):

®3)

Keat

Ngki =
KM*(l +

(4)

1
Ke*

Here,Kg* is the equilibrium constant for the dissociation of

preaction products from the E® complex.

As shown in Figure 3a, within the constraints described
previously (Berg et al., 1991), the entire progress curve for
the hydrolysis of DMPM vesicles in the scooting mode is

+PLA2 curve, the outer monolayer of the vesicles was hydrolyzed analytically described by eq 3. As shown elsewhere (Berg
with bvPLA2 prior to the addition of dithionite (see Materials and et al., 1991), the parameters and Nsk; are obtained from

Methods). At the end of the reaction, deoxycholate was added to asych a curve. Values of, andNsk; for the action of bvPLA2
final concentration of 2.2 mM (marked with an arrow), allowing on DMPM vesicles are listed in Table 1 along with the
reduction of the inner monolayer lipid. . :

corresponding values for PLA2s from porcine pancreas (Berg

over the time course of the experiment is ruled out by the €t @ 1991; Jain et al., 1991d) and human synovial fluid

observation that adding a second portion of dithionite only (nonpancreatllc secreted PLAZ) (Bgyburt etal, 1993.)'
leads to a slight increase in the rate of the slow phase. Agents which promote rapid fusion of DMPM vesicles,
DMPM/POPC covesicles were used because vesicles of purésuch as high concentrations of €4Jain et al., 1986), or
DMPM are considerably more leaky toward dithionite. If Which promote direct intervesicle phospholipid transfer
dithionite is added to vesicles that have been previously Without fusion, such as polymyxin B (Cajal et al., 1996; Jain
hydrolyzed by adding bvPLA2 and CaQlIntil the reaction etal, .1991b), cause rapid substrate replep_shment in enzyme-
ceases (monitored in the pH stat), the same rapid decreas&ontaining vesicles. Under such con_d|.t|.ons., the reaction
in fluorescence as that seen in the absence of enzymati?09ress curve takes on a prolonged initial linear shape as
hydrolysis was observed (Figure 4). This indicates that flip- € substrate is rapidly replenished in enzyme-containing
flop of the fluorescent phospholipid from the inner monolayer vesicles. This maintains the mole fra_ctlon of_ substrate “seen
of the vesicle to the outer monolayer does not occur. This PY the enzyme near 1 such that theis obtained from the
supports the result that bvPLA2 does not hydrolyze phos- 2&ro-order prlle_lse of the reaction progress curve. The value
pholipids present in the inner monolayer. Furthermore, the of vo =98 §° 1S obtained 1under' these C?Ud'“ons' and .th'S
results also strongly suggest that the products of bvPLA2 @drees well withv, =90 s obtained by fitting the data in
hydrolysis do not move to the inner monolayer since such Figure 3 10 eq 2.
movement would be accompanied by a balancing movement Interfacial Enzyme Ligand Dissociation Equilibrium Con-
of fluorescent phospholipid to the outer monolayer, which Stants (i) An Imperfect Neutral Diluent of #i°LA2  De-
does not occur. Additional evidence that DMPM vesicles termination of the interfacial dissociation constants for
hydrolyzed by bvPLA2 remain intact comes from the ligands bound to the enzyme at the interface requires the
observation that vesicles loaded with a mixture of 1-ami- Use of aneutral diluent (Jain et al., 1991d). A neutral diluent
nonapthalene-3,6,8-trisulfonic acid amN'-p-xylenebis- is an amph|ph!le t_hat forms aggregates to Whlc_h PLA2 binds,
(pyridinium bromide) do not release these spectral probesPut the amphiphile does not occupy the active site of the
as monitored by the published method (Ellens et al., 1985). bound enzyme. Thus, neutral diluents, when incorporated
Kinetics of bPLA2 Acting on DMPM Vesicles in the into phospholipid vesicles, are useful as two-dimensional

. solvents for decreasing the mole fraction of substrate at the
Scooting Mode Once the fact that bvPLA2 acts on DMPM _interface. Neutral diluents for bvPLA2 are identified by

vesicles in Fhe scooting mode was estgbhshed, the a':]alys'srnonitoring the rate of alkylation of the active site histidine
(.)f the reaction Progress curve was carried out. The Mlchae- residue by phenacyl bromides (Jain et al., 1991d). If the
I|3—_Ment_en _equat|on for scooting mode hydrolysis  of enzyme binds to the aggregate of the neutral diluent and if
vesicles is given by eq 2 (Berg et al., 1991): the rate of active site alkylation of the bound enzyme is the
same as for the enzyme in the aqueous phase, then the active
_ Keat site is not occupied by a molecule of the aggregate. Ligands
Xs+ Ky* that bind in the active site of an enzyme bound to a neutral
diluent confer protection from alkylation to the enzyme, and
this effect is used to measure the equilibrium constant for

)

Vo

Here,v, is the initial velocity per enzymé&y* the interfacial
Michaelis constant (units of mole fraction), argk; the the dissociation of the Efigand complex.

interfacial maximal turnover number. The integrated inter-  To find an agent that is a neutral diluent for bvPLA2,
facial Michaelis-Menten equation is given by eq 3 (Berg several amphiphiles were tested at a mole fraction of-0.1
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Table 1: Rate and Equilibrium Parameters for the Action of Secreted PLA2s in the Scooting Mode on DMPM Vesicles

valuet
human nonpancreatic
parameter (units) bvPLA2 porcine pancreatic PEA2 secreted PLA2
vo(s7Y) 90 320 100
Nski (s71) 12 35 13
Keat (57%) 126 (eq 2) 400 >200
Kw* 0.29 (ecs 2 & 4), 0.26 (eq 8), 040.7 (eq 9), 0.36 0.3-0.67 154
(eq 9,K* = Knp*), and 0.34 (eq 10 with MJ33)
Kca (MM) 0.32 (Figure 6) 0.35 1.6
Kca* (mM) 0.53 (eq 6) 0.25 1.2
Kca*(ND) (mM) 0.17 (eq 5), 0.07 (Figure 6)
Kea*(S) (mM) 0.11 (o vs [CaT]) 0.1 0.95
Ki* (DTPM) 0.032 (eqgs A4 and A5) 0.017 >0.2
K* (DTPC) > 1 (eqs A4 and A5) 0.065 0.6
Kg* (products of DMPM  0.03 (egs A4 and A5) 0.03 0.12
hydrolysis)
Ki* (MJ33) 0.0025 (egs A4 and A5) 0.0014 0.14
K* (MG14) 0.0030 (eqgs A4 and A5) 0.0011 0.03
n(50) 0.05 Nk vs X)) 0.028
X(50) (MJ33) 0.00616 vs X)) 0.006 0.19
Xi(50) (MG14) 0.011%o vs X)) 0.0034 0.052
Knp* 0.47 (D-LPC) (eq A8) >4 (1-palmitoyl-2-deoxysn  >1 (hexadecylphosphorylcholine)
glycero-3-phosphocholine)
ki*/ ko* 0.13 (eq 7, average for all inhibitors) <0.05 <0.05
relativekea/Ku*
PAPS vs SAPC 1.09 no data 3.6 (DMPS vs SAPC)
PAPE vs SAPC 0.83 1.2 (DPPE vs DPPC) 1.09 (DPPE vs DPPC)
PAPA vs SAPC 0.57 3.0 (DPPA vs DPPC) 1.49 (DPPA vs DPPC)
PAPC vs DPPC 1.13 0.59 0.53

2The errors of all measured quantitites ar&0%, and the errors in the parameters listed in this table, which are derived from two measured
guantities, aret30%. Values of two-dimensional equilibrium and Michaelis constants marked with an asterisif)e X (50), andn,(50) are
expressed as mole fractiohGhomashchi et al. (1991a), Berg et al. (1991), and Jain et al. (199Bdyburt, et al. (1993).

Table 2: Half-Times for Inactivation of bvPLA2 by PNBr

additive half-time (min) of the fast phase half-time (min) of the slow phase
11 mM EGTA (or 0.2 mM BAPTA) 0.6 23.5
0.5 mM CaC} 0.7 23.9
10 mM CaC} 0.8 22
11 mM EGTA (or 0.2 mM BAPTA} 1.65 mM D-LPC 3 56
0.5 mM CaC} + 1.65 mM D-LPC 3 104
10 mM CaC} + 1.65 mM D-LPC 3 135
0.5 mM CaC} + 5 mM hexadecylphosphorylcholine 3 144
0.5 mM CaC} + 1.65 mM 1-palmitoyl-2-deoxnglycero-3-phosphocholine 3 418
0.5 mM CaC} + 1.65 mMrac-2-hexadecybknglycero-3-phosphocholine 3 263
0.5 mM CaC} + 1.65 mM D-LPC+ 0.7 mM MJ33 3 286
9 mM EGTA+ 1 mM bis-PC 300

0.3 in DMPM vesicles for their ability to inhibit the enzyme, emission intensity at 337 nm when increasing amounts of
presumably by binding to its active site, but not by disrupting D-LPC are added to a solution of enzyme. The change in
the vesicles. Some of the amphiphiles that gave the leastintensity showed a hyperbolic dependence on the concentra-
amount of inhibition were tested for their effect on the half- tion of D-LPC with an apparent dissociation constant of 0.1
time for alkylation of bvPLA2 by PNBr (Table 2). Ofthese, mM (not shown). Thus, all of the enzyme is bound to
D-LPC produced a relatively small increase in the alkylation D-LPC micelles under the conditions described in Materials
half-time (2.4-fold). D-LPC was also found to be a weak and Methods (1.65 mM D-LPC).
inhibitor of bvPLA2-catalyzed hydrolysis of DMPM in the The time course of inactivation of bvPLA2 in solution or
scooting mode; the mole fraction of D-LPC in DMPM bound to D-LPC micelles by PNBr has two components
vesicles that is required to decreagdy 2-fold is 0.53. Thus, (Figure 5). Within the first +3 min, the percent of
D-LPC is not a perfect neutral diluent for bvPLAZ in thatit enzymatic activity drops to about 40%, and then the enzyme
has measurable affinity for the active site of E*. The becomes fully inactivated over a slower time period. This
amphiphiles 1-palmitoyl-2-deoxgr-glycero-3-phosphocho-  data could be adequately fitted to a double-exponential
line andrac-2-hexadecyknglycero-3-phosphocholine that  equation. As summarized in Table 2, the rapid phase is only
are effective neutral diluents of the PLA2 from porcine slightly affected by the presence of ligands that bind to the
pancreas (Jain et al., 1991d) and hexadecylphosphorylcholineenzyme’s active site, whereas the slow phase is sensitive to
which is a neutral diluent for the PLA2 from human synovial the nature and mole fraction of active site ligands. Thus, in
fluid (Bayburt et al., 1993) are not neutral diluents for the following discussion, the term “half-time” for alkylation
bvPLA2, nor is bis-PC (Table 2). refers to the slow phase inactivation half-time.

bvPLA2 binds to D-LPC micelles in the absence ofCa The following evidence strongly suggests that the slow
as shown by a 30% increase in tryptophan fluorescencephase of inactivation is due to PNBr alkylation of the active
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FiIGure 5: PNBr inactivation curves for 04M bvPLA2 in 0.1 M [Calcium] mM

cacodylate buffer, 0.1 M NaCl, 11 mM EGTA, and 2mM PNBrat e 6: Decrease in fluorescence emission intensity @iV

PH 7.3 and 22C in the absence (open circles) or presence (closed yp| A2 alone (open circles) or in the presence of 1.6 mM D-LPC
circles) of 1.65 mM D-LPC. The data points were fitted by nonlinear (filled circles) as a function of the @& concentration in 10 mM

regression to a single (dashed line)- or to a double (solid line)- Tyjg at pH 8.0. Emission was monitored at 336 nm with excitation
exponential decay equation. at 292 nm. The lines are the fit of the data to the equation for a

rectangular hyperbola. Data at higha&oncentrations (up to 10
site histidine. Amino acid analysis of wild-type recombinant mM) are not shown.

bvPLA2 before and after an 80 min treatment with PNBr
indicates that 2.1 0.7 histidines are lost after alkylation, In the absence of G4, the alkylation half-time increases
and loss of all other amino acids is0.30. When this  2.4-fold when 1.65 mM D-LPC is present (Table 2), and
experiment is repeated with the mutant in which the active there is no further change in the half-time if the amount of
site histidine is changed to glutamine (H34Q), the loss of D-LPC is increased further. These results confirm the
histidine after PNBr treatment is 0B 0.4, and the loss of  spectroscopic results described above showing that all of the
other amino acids i50.33. These results show that PNBr enzyme is bound to micelles in the presence of 1.65 mM
only alkylates histidine and that at least one of the alkylated D-LPC. On the basis of the arguments presented in the
histidines is the active site histidine-34. That the slow phase Discussion, it is unlikely that D-LPC occupies the active site
of inactivation is due to histidine-34 alkylation is based on of bvPLA2 in the absence of €a Thus, in subsequent
the observation that the slow phase rate of histidine alkylation discussions, this form of the enzyme will be referred to as
is sensitive to pH, and aKy of 5.3 is obtained from the  E*.
titration (Annand et al., 1996). TheKp of this histidine is As shown in Table 2, the alkylation half-time for bvPLA2
shifted to 4.5 for the mutant in which the asparate that bound to D-LPC micelles increases from 56 to 104 or 135
hydrogen bonds to histidine-34, aspartate-64, is changed tomin in the presence of 0.5 or 10 mM €arespectively.
glutamine. This [, shift is expected when the negatively Since the binding of Ca to bvPLA2 in the aqueous phase
charged aspartate is replaced with the neutral asparagine. does not change the half-time for alkylation, it is very likely
On the basis of all of these features of the kinetics of thatthis is true for enzyme bound to D-LPC micelles. Thus,
bvPLA2 inactivation by PNBr in the presence and absence the increase in the half-time when Tas added to bvPLA2
of D-LPC, the equations previously described for determining in the presence of D-LPC is most likely due to?Ga
interfacial equilibrium dissociation constants for secreted Promoted binding of D-LPC in the enzyme’s active site to
PLA2-ligand complexes by the protection from alkylation give the complex E*C&*-D-LPC. Many active site inhibi-
method (Jain et al., 1991d) require additional componentstors of secreted PLA2s require Tafor enzyme binding,
(Appendix). As will become apparent below, an additional Which is consistent with the fact that tise-3 phosphate of
complexity with bvPLA2 exists because binding of ligands Phospholipid analogs binds directly to this metal (Scott &
to the active site does not fully protect the enzyme from Sigler, 1994). The consequence of thig'Garomoted ligand
alkylation; the bvPLAZligand complex is only about 80% binding on the half-times for histidine alkylation has been
protected from alkylation, which is in marked contrast to Previously described (Yu et al., 1993), but a slightly modified
pancreatic and synovial fluid PLA2s, which are nearly fully €duation is needed in the present case because D-LPC has
protected in complexes with active site ligands (Bayburt et finite affinity for the E*Ca* complex, and eq 5 (derived
al., 1993; Jain et al., 1991d). in the Appendix) applies:

(i) The Effect of Calcium As is the case with other

secreted PLA2s, Cais an obligatory catalytic cofactor for Kea'(ND)

interfacial catalysis by bvPLA2. One unusual feature was 1 [Ca']

noted with bvPLA2. The half-times for PNBr alkylation of i oo (1+ Kyp¥) (5)
bvPLAZ2 in the aqueous phase in the presence and absence 1-2 1 — NP

of C&* were the same (Table 2). Thus, active site-bound tea” ko*

C&" does not protect the catalytic histidine from alkylation,

which is in marked contrast to other secreted PLA2s (Bayburt This equation is similar to that published previously, but it
etal., 1993; Jain et al., 1991d). Evidence for the binding of contains an extra factor (+ Knp*), where Kyp* is the
C&" to bvPLA2 was obtained from the decrease in the equilibrium constant for the dissociation of D-LPC from the
enzyme’s tryptophan emission. Fitting the data (Figure 6) E*-C&"-D-LPC complex (noteKyp* > 1 for a perfect
to the equation for a rectangular hyperbola gives a value for neutral diluent). Heretg* and tc;* are the half-times for
the dissociation constant for-€2" in the aqueous phase alkylation of bvPLA2 bound to D-LPC micelles in the
(Kcg) of 0.32 mM. absence of C4 or in the presence of Caat concentration
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FiGure 7: Effect of C&" on the half-time for alkylation of bvPLA2
bound to 1.65 mM D-LPC micelles by PNBr. Other conditions are
given in the legend to Figure 5.

2.0

[Ca?t], respectively, andtyp* and ko* are the rate constants
for alkylation of E*C&":D-LPC or E* (and E*C&"),

respectively (note that rate constants refer to single enzyme.

species, but half-times are measured in the presence of
mixture of enzyme species)Kc*(ND) is the effective
dissociation constant for €ain the presence of D-LPC. A
plot of the left term in eq 5 vs the reciprocal of the’€Ca
concentration is shown in Figure 7. From tkdéntercept,
—1/Kca¥(ND), Kca*(ND) = 0.17 mM.

Binding of C&" to bvPLA2 bound to D-LPC micelles was
also monitored by tryptophan fluorescence, #ad*(ND)
= 0.07 mM was obtained from the data in Figure 6. This
value agrees reasonably well with the value of 0.17 mM
obtained by the protection method. It seems unlikely that
the effect of C&" on tryptophan fluorescence in the presence
of D-LPC is due to the interaction of €awith the D-LPC

Biochemistry, Vol. 36, No. 13, 1998877

Table 3: Ligand-Afforded Protection of Alkylation of EE&" by
PNBr

additive present in D-LPC micellgs y-intercept  k*/ko*
no additive 1.y 0.1%8
DTPM 1.7 0.18
1:1 mixture of myristic acid and 1.36¢ 0.1¢
1-myristoyllysophosphatidylmethanol
MJ33 1.55 0.1%
MG14 1.3 0.09

aThe concentrations of D-LPC and CaGlre 1.65 and 0.5 mM,
respectively” From Figure 7° From plots based on eqs A4-A6 of the
Appendix.d From they-intercept via eq 5. Here, the only inhibitor
present is D-LPC, which has finite affinity for the active site of bvPLA2,
andk* becomeskyp*. © From they-intercepts via eq 7.

itself. They-intercept of Figure 7 is (¥ Knp*)/(1 — kno*/
ko*), and Kno* = 0.47 using eq A8 in the Appendix in the
following way, which makes used of active site-directed
inhibitors present in D-LPC micelles in addition to D-LPC.

8 he half-time for alkylation of bvPLA2 bound to D-LPC

micelles in the presence of €aand an active site inhibitor
other than D-LPCY*, increases with increasing mole fraction
of inhibitor in the micelles according to eq A4 of the
Appendix. They-intercepts obtained from plots of the type
shown in Figure 7 and based on eq A4 for the inhibitors
DTPM, DMPM reaction products (1:1 mixture of myristic
acid and 1-myristoysnglycero-3-phosphomethanol), MJ33,
and MG14 are in the range of £3.7 mole fraction (Table
3). In these plotsiyp* = 136 min (Table 2) which is the
half-time for inactivation of enzyme in the presence of
saturating C& and in the absence of inhibitor I. The average

interface which somehow leads to a change in tryptophan vilue OJ they-intercept of }48 is used in eq A6 to obtain
emission. This is based on the fact that aggregates ofk™/kinac® = 0.32. Herek* is the rate constant for the

zwitterionic phosphocholine-containing amphiphiles have
virtually no affinity for calcium in the low-millimolar range
(Hauser et al., 1977). Also, the similar values@f*(ND)
obtained from Figure 6 and from the protection methed (

alkylation of E*C&"-1 by PNBr, andkna is the rate
constant for alkylation in the absence of | (i.e. for the E*
Ca&"/E*-Ca&"-D-LPC mixture). The fact that theintercept
is not unity establishes the fact that the €¥*1 is not fully

intercept of Figure 7) suggest that the decrease in tryptophanProtected from alkylation. This fact is independent of the

emission induced by calcium is due to calcium-promoted
binding of D-LPC in the active site. Recall that binding of
bvPLA2 to D-LPC micelles results in a modest increase in
fluorescence emission.

Kca*(ND) is related to the dissociation constant for the
E*-Ca&* complex,Kcs*, and Kyp* by eq 6 (Yu et al., 1993).

KCa*
KND*

KCa*(ND) =

Kcs¥ = 0.53 mM using Knp* 0.47 mole fraction
(determined as described in the next section) apgd(KID)
= 0.17 mM (Figure 7). The fact that the values K¢;*
andKc, (0.32 mM, Figure 6) are similar establishes that the
affinities of E and E* for C& are similar, which also
establishes that the binding of E to D-LPC micelles does
not require C&". Kc*(ND) is less tharKcs* as expected if
C&" promotes the binding of D-LPC in the active site of
bvPLA2.

(iii) Effect of Inhibitors The interaction of bvPLA2 bound

value ofKyp* as long asK* < Kyp*, which is true for the
inhibitors studied (shown below).

Using the average value of tlyantercept of 1.48t\p* =
136 min, andty* = 56 min (both from Table 2)Knp* =
0.47 mole fraction according to eq A8. This equation
assumes that the rate constants for alkylation ofd&*-D-
LPC, kyp*, and E*Ca&"l, k*, are the same. The validity
of this assumption and thus the accuracKg$* are further
addressed in the Discussion. Winp* = 0.47 mole
fraction, one obtain&yp*/ke* = 0.15 from they-intercept
of the plot in Figure 7. Once again, the fact that this ratio
is not zero implies that EC&"-D-LPC, like E*Ca*-I, is
not fully protected from alkylation by PNBr.

With the value ofKyp* in hand, it is possible to obtain
Ki*, which is the equilibrium constant for the dissociation
of an active site inhibitor from the E€&"-1 complex. K*
is obtained from the-intercept of the plots based on eq A4
(described above) according to eq A5 a6g* = 0.47 mole
fraction. K;* values for the active site inhibitors studied are
listed in Table 1. For all inhibitors, the conditid* <
Knp* holds. K* for MJ33 in the absence of Chais >0.05

to D-LPC micelles with a number of active site-directed mole fraction, which demonstrates that the inhibitor binds
inhibitors of secreted PLA2s, including D-LPC, was studied. to E*-Ca* much tighter than to E*, as is the case with other
Equation 5 above applies to the case where the only activesecreted PLA2s (Bayburt et al., 1993; Jain et al., 1991c; Yu
site-directed inhibitor present in D-LPC micelles is D-LPC et al., 1993).
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By combination of eqs A3 and A6 of the Appendix and .
with the same assumption tHaip* = k*, eq 7 is obtained. 15t
kK* _ y-intercept— 1 3 . .
@ - (7) 2 10F e
y-intercept+ = PN
Knb X
05t
The ratios of rate constants}/ko*, for the ligands studied
are listed in Table 3, and they are in the range of 0.09-0.18.
Thus, all inhibitors studied when bound to €%+ protect 0.0, 1 2 3 P s %
the active site histidine from alkylation to about the same X1/(1-X1)

extent. Therefore, it is not unreasonable to assume thatFicure 8: Plot of v .2y, vs X/(1 — X,) for the hydrolysis of 635
D-LPC also protects the active site to the same extent. Then)gog?fghﬁlgg/l aTShV:SrigLeCSti?nthﬁgﬁii?;i ((j)fv\(/?tuogfnmzole fr?)?tions
1 * * — - . P O N

E;/ir/igf Lat(l)disl k‘; — ?514_.(1—table 3t) cfan b$ Co_lr_r;]pareg] to E)leLAZ in a 4 mLreaction mixture containing 1 mM gggll

D e ( rom they-intercept of eq )- S, € M Nacl, and 2Qug of polymyxin B. A slope of 0.84 was obtained
assumptiorkwp* = ki* is consistent as it should since this  from linear regression analysis.
assumption was already used to obtHim*.

Interfacial Michaelis-Menten Constants The value of andKp* (Jain et al., 1991d).

Kw* for DMPM substrate can be obtained by several methods

which make use of the equilibrium dissociation constants 1 1 14 1

obtained by the protection method (Berg et al., 1991). From X,(50) Kp* v,

the curve-fitting analysis of the progress curve (Figure 3a), 1 = 1 - N_k, (10)
one obtains the ratiblski/v, = 0.13. This value along with - 1+-— S

Ke* = 0.03 mole fraction (protection method) yieltéig,* ny(50) K

= 0.29 mole fraction according to the ratio of eqs 4 and 2.

The value ofc* = 0.53 mM obtained by the protection ~Here, X(50) and n(50) are the mole fractions of inhibitor
method according to eq 6 is related to the apparent dissociain DMPM vesicles that reduces, and Nsk;, respectively,
tion constant for CH, Kc2*(S) (defined as the concentration by 2-fold. Equation 10 is true only if the inhibitor is

of C&* that gives half of the,, measured at saturating & competitive. From the values o§(50) andn,(50) given in
according to eq 8 (Yu et al., 1993). Table 1 for the inhibitor MJ33, the left side of eq 10 has a
value of 8.7. This agrees reasonably well with values of

. Kea* Kp* = 0.03 mole fraction and the average valuekgf* =
Kea'(S) = 1 C) 0.4 mole fraction (determined by the multiple methods
1+ K_* described above), and also with the value of 7.5 for the term
M

on the right using the values of, and Nski in Table 1.
On the basis of this equation and the experimental value Equation_ 10'is also satisfied_ for M‘J33 binding to porcine
Kea(S) = 0.11 mM, Ky* = 0.26. pancreatic and human synovial fluid PLA2s (Bayburt et al.,
1993; Jain et al., 1991c).

Using the average value Kfy* = 0.4 for DMPM obtained
by all of these methods, a valuelef,= 126 s is obtained
from eq 2 andvo = 90 s (Table 1).

Substrate Specificity The most meaningful way to
determine the intrinsic substrate specificity of an interfacial

Yet another way to determint@,* is to examine the effect
of competitive inhibitors on, for the hydrolysis of DMPM
in the scooting mode. A competitive inhibitor of interfacial
catalysis will reduce the initial velocity according to eq 9
(Jain et al., 1991d).

O 1+ 1K* X enzyme is to examine its preferences for various substrates
2 =14 ( ! )( ! ) (9) in the vesicle to which it is irreversibly bound (Ghomashchi
v, 1+ 1Ky \1=X et al., 1991a). Otherwise, the observed specificity may be

more a reflection of how tightly the enzyme binds to vesicles

Here,v,° andv,' are the initial velocities per enzyme in the of different phospholipid compositions. The ratio lofy/
absence and presence of an inhibitor at mole frackgn Kw* values [the interfacial specificity constant (Ghomashchi
respectively. From plots based on eq 9 and the values ofet al., 1991a)] for the pairs of substrates tested in DMPM
K* for MG14 and MJ33 obtained by the protection method vesicles are listed in Table 1. The results show that bvPLA2
(Table 1), values oKy* of 0.4 and 0.7 mole fraction, acting in the scooting mode on DMPM vesicles containing
respectively, are obtained from plots of the type shown in pairs of radiolabeled substrates does not significantly dis-
Figure 8. Figure 8 shows the plot based on eq 9 for D-LPC criminate between phospholipids with polyunsaturated vs
as the inhibitor present in DMPM vesicles. The vaKjg* saturatedsn2 fatty acyl chains or between phospholipids
= 0.36 mole fraction is obtained from the data and using with different polar head groups.
Kno* = Ki* = 0.47 obtained by the protection method. Comparison of Glycosylated and Nonglycosylated b

MJ33 is a transition-state analog that binds to the active PLA2 Naturally occurring bvPLA2 contains asparagine-
site of porcine pancreatic and human synovial fluid PLA2s linked carbohydrate (Kubelka et al., 1993; Shipolini et al.,
(Bayburt et al.,, 1993; Jain et al., 1991c). Thus, it is 1974). The X-ray structure of bvPLA2 shows that the
reasonable to assume that MJ33 also binds to the active sitecarbohydrate is on the edge of the protein surface that is
of bvPLA2 and blocks substrate binding (competitive inhibi- thought to contact the membrane (Scott et al., 1990), but it
tion). Equation 10 is a relationship between the degree of is not at all clear if the presence of carbohydrate perturbs
inhibition by a competitive inhibitor and the constaktg* the interfacial behavior of the enzyme. Thus, the interfacial
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parameters of naturally occurring bvPLA2 and recombinant activity. This may be the result of alkylation of either His-
enzyme produced iB. coli(Dudler et al., 1992), which lacks 11 or His-56; both residues lie at the entrance of the active
carbohydrate, were compared. Within experimental error, site slot where phospholipid binds. The other histidines at
no differences between glycosylated and nonglycosylatedpositions 26, 48, 100, and 115 are on the surface of molecule
enzymes were noted in the reaction progress curves, the timehat is opposite the putative membrane binding surface.
course of inactivation by PNBr, protection from alkylation Identification of a neutral diluent is a critical step in
by the inhibitors MG14 and MJ33, and,(80) values for characterizing interfacial equilibria. As shown in this study,

these inhibitors. it is possible to obtain interfacial enzyrtigand equilibrium
dissociation constants if the enzyme is bound to an imperfect
DISCUSSION neutral diluent such as D-LPC. As shown in the Appendix,

with the assumption thad,p* = k*, Knp* can be estimated.

ble 1 for b 4th ious| q In the case of bvPLA2, the problem is compounded by the
Table 1 for bvPLA2 (type IIl) and the previously reported ¢, .t that the active site histidine is not fully protected when

kinetic and equilibrium data for pancreatic PLA2 (type I) jigands bind to the active site. Under the assumption that
and nonpancreactic secreted PLA2 (type Il) that '_these kuo* = k*, Kno* = 0.47. This appears to be a reasonable
e_vo_lutl_onarlly_dlffere_nt enzymes show remarkable fgncnonal estimate ofkyp* on the basis of the following arguments.
similarity. This provides functional support for the view that, First, the value oKy* = 0.26-0.7 for DMPM was obtained
although the overall peptide backbone topology of bvPLA2 ', i 4 number of methods which rely on knowing the value
IS very .d|fferent from those of other secreted PL.AZS’ the of Knp*. It is clear from the progress curve in the absence
active sites of all three enzymes are structurally similar (Scott polymyxin B (Figure 3) that in small vesicles the velocity

& Sigler, 1994). All three enzymes are monomeric When e creases rapidly even during the initial part of the curve.
operating on anionic vesicles in the scooting mode (Jain etrhus Ky* is probably not<0.1 mole fraction:; if it were

al., 1991a). Inall cases,_@:fajs required for the biqding _Of the progress curve would remain linear for a longer period

substrate and phospholipid analogs to the active site of it ime ™ From the data in Figure 8, the initial velocity for
i — E*. . - o -

enzyme at the interface (E# S— E*-S) but not for the E o 41y sis of DMPM in the scooting mode is reduced about

to E* step [this paper and Bayburt et al. (1993) and Yu et 3004 \yhen D-LPC is present at 0.3 mole fraction. Accordin
al. (1993)]. The interfacial Michaelis constantg.*, for to eq 9, ifKy* > 0.1pmole fractianND* would be >0.1 g

bvPLAZ2 and its type | and Il homologs are close to unity mole fraction. For all four active site-directed inhibitors

(Table 1), and thus, these enzymes operate in the PresSencey died, DTPM, MJ33, MG14, and the products of DMPM
of substrate concentrations that are néa". All three o qyroivcis values ok* kna? are very similar and not equal
enzymes bind much tighter to anionic vesicles than to charge-.J ,or0 " This establishes not only that the -G&*|
neutral ones. bvPLA2, like pancreatic and nonpancreatic complexes can be alkylated by PNBr but also that the degree

sec_:jeted ELAl.ZS’ hahs a c;)llectit(])n .Of rl]ysin(; and argininr(]a of protection of histidine-34 from alkylation by inhibitor is
residues that lie on the surface that is thought to contact they, o same for all three inhibitors; this result is independent

rnembrgne, a}nd these.res',id'ues presumably allow e'lectrosta.lti%f the value ofkKyp*. It is thus reasonable to propose that
interaction with the anionic interface (Ramirez & Jain, 1991; binding of D-LPC to the active site of bvPLA2 provides a
Scott et al., 1994). similar degree of protection from alkylation as do the four
It is clear from studies of type-lll PLA2s that a single inhibitors, and thusiknp* =~ k* is likely to be true. Finally,
compound which is a neutral diluent for all three enzymes the value ofKyp* is not very sensitive to the variation of
has not been found. Bis-PC was a hopeful neutral diluent k,,* with respect tok*. For example, ifkno* = 0.5k*,
candidate since it is difficult to imagine bis-PC entering the K,,* = 0.6; if kyp* = 1.5«*, Knp* = 0.37, and an upper
active site of PLA2 because this would involve pulling the |imit of Kyp* = 0.71 is obtained if D-LPC fully protects
polar head group on the opposite end of the phospholipid (ky,* = 0). However, if D-LPC does not protect as well as
analog into the interior of the membrane. Perhaps some ofthe four inhibitors,Knp* Would be much smaller than the
the bis-PC is in a U-shaped configuration rather than one in estimate of 0.47. This seems very unlikely because the
which it spans the membrane, and perhaps the U-shaped bisphosphorylcholine head group of D-LPC is considerably
PC is flexible enough to at least partially enter the active |arger than the head groups of the four inhibitors (trifluo-
site. roethyl group of MJ33, the phosphoethanolamine group of
The most surprising behavior of bvPLA2 is that its active MG14, and the phosphomethanol group of lysophosphati-
site histidine (His-34) is accessible to PNBr even when the dylmethanol and DTPM).
active site contains calcium (no protection) or phospholipid  There are very few experimental methods available for
analog (partial protection). On the basis of X-ray structures, establishing neutral diluents of lipolytic enzymes. The
the region of bvPLA2 where the polar head group of a bound protocol of using histidine alkylation by an active site-
phospholipid analog (MG14) sits is much more exposed to directed alkylating legend appears to be generally applicable
solvent than the analogous regions of pancreatic, nonpan-to secreted PLA2s (Bayburt et al., 1993; Jain et al., 1991d).
creatic, and cobra venom secreted PLA2s (Scott & Sigler, Although ligand binding to the active site of pancreatic PLA2
1994). This may allow PNBr to access the histidine by produces a distinct change in the UV spectrum of the protein
entering the active site near the head group of the enzyme-that can be used to follow this type of ligand binding, it was
bound inhibitor. bvPLA2 contains a total of seven histidines. only possible to establish this once a neutral diluent was
Amino acid analysis indicates that approximately two of them discovered by the protection from alkylation method (Du-
are being alkylated by PNBr. One of these is the catalytic pureur et al., 1992; Jain et al., 1993). Recently, Burke et al.
histidine (His-34), and alkylation of this residue by PNBr (1995) published a different strategy for screening am-
occurs during the slow phase of inactivation. The fast phasephiphiles as possible neutral diluents. The method involves
of inactivation results in only a partial loss of enzymatic monitoring the hydrolysis of a radioactive phospholipid

It is apparent from the kinetic and equilibrium data in
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substrate present in an aggregate of the candidate neutrafunction of 1X, in the following way:
diluent amphiphile as a function of the mole fraction of a
non-radiolabeled competing substrate. The experiment is 1 — 1 _( 1

)y—intercept

then repeated except that the radiolabel is now present in tup™ kmact' B ZX-intercep
what was the non-radiolabeled substrate in the previous +~ t* - 5
experiment. However, as shown in the Supporting Informa- Kinact

tion, this method is mathematically flawed and thus cannot (Ad)
be used to establish a neutral diluent for interfacial enzymes.this is a straight line, and by inserting eqs A2 and A3 into
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APPENDIX

Analysis of the Equilibrium Dissociation Constant for the
Complex bPLAZInhibitor Bound to the Aggregate of an

eq A4, one finds that thg-intercept is

K*
1-— K=
x-intercept= — K—l*—hf A — K_l*;l (A5)
N Tl
K *
ND ND

Imperfect Neutral Diluent Consider a situation where the 114 minus sign occurs because the line usually intercepts

enzyme is bound to the surface of a neutral diluent (ND)

which contains an inhibitor (I) at mole fractiod. If the
ND is not completely neutral, it can bind to the active site
with dissociation constarniKyp*. Similarly, the inhibitor
binds with dissociation constait*. As detailed in the main
text, binding of both ND and | to the active site of bvPLA2

requires C&', and thus, the enzyme species was considered
to have calcium bound at the active site. The strength of
this binding can be determined by studying the protection

from enzyme inactivation afforded by ND and I.

E'-Ca’  -ND—ko
K TV

E"-Ca® o,

K; ™

E-Ca? 1—>

(A1

the x-axis on the negative side. Similarly, thkentercept is
found to be

y-intercept= 1 1
(kl* - kND*) (1 + *)
1— Kno
K *
(k()* + kND*Kl *)(1 - K I *)
ND ND
1 _ 1 _ (A6)
ki*(l + 2 *) _K
1-— ND kinact0

1
5™ + Ko i
ND

The approximations in the second step of eqs A5 and A6
hold if | binds to enzyme much stronger than NR*Y <

In the scheme above, the indicated inactivation rate constantsc, .+ and if protection by I is not much more efficient than
are assumed to be different, depending on the binding stateyy ND (k*/ kyp* > K*/Knp*).

of the enzyme. If the binding reactions are fast and remain

From thex-intercept from eq A5, one can estimate the

equilibrated throughout the process, the effective rate constantjissociation constant for K¢*), if only that of the ND Kno*)

for inactivation is

><ND XI
' ko + K
ki |: KND K| _
nact - XND +ﬁ
KND* KI*
* *
6" + ot + X[ — 0
KND KI KND*
1 1 1 (A2)
R o)

The last equality of eq A2 holds Kyp = 1 — X, which is
true if | is the only additive in the ND. When | is absent,
the inactivation rate constant in eq A2 reduces to

1
kO* + kND* KND*
0 __
kinact - 1
KND*

(A3)

To determine the dissociation constants with a Scrutton
Utter plot, one studies the ratio of half-times for inactivation
in the presencetf) and in the absencet\p*) of | as a

were known. Under some special circumstances, one can

use they-intercept from eq A6 to determinép*. First, eq
A3 can be solved foKyp* to give
kno”
1- 0
inact
Ko™ = & (A7)
51
kinact

If all inhibitors bound at the active site provide the same
protection, therkyp* = k* and eq A6 can be used in eq A7
to give

K w1 11 1
ND y-intercept k,* _ y-interceptt,,p*

ki nactO to* ( A 8)

Here, txo* is the inactivation time for the enzyme at the
interface when it is at equilibrium between €=+ and E*-
Ca*-ND states, andb* is the inactivation time for the E*
Ca&*" state without any ligand at the active site. kif and
kno* are not exactly equal, eq A8 overestimatésy* by
the amount Kyp* — k*)/(ko* — Kinacd).
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Effect of Calcium Since calcium is required for the
binding of ND and | to the active site of bvPLA2, the
Scrutton-Utter analysis detailed above is carried out in the
presence of saturating amounts of calcium. The effect of
calcium on the rate of alkylation of bvPLA2 bound to D-LPC
micelles is given by eq 5 of the main text, which is derived
here. Since calcium has no effect on the rate of alkylation

by PNBr in the absence of other ligands, it is assumed that

the effect of calcium on protection is promotion of the
binding of ligand in the active site of bvPLA2. Furthermore,
it is assumed that D-LPC (or in general any neutral diluent)
is present at sufficiently high concentrations so that es-
sentially all enzyme is bound at the interface. Thus

E ki,
K, (ND) TL
E"-Ca¥ s
T
E'-Ca®-ND—ke

K

*
ND

In the absence of calcium, only the binding state E* is
present, and the rate of inactivation is

0__
kinact - ko*

When calcium is present, the enzyme will be distributed over
the three binding states in the diagram above.
are in rapid equilibrium on the time scale of inactivation,
the effective rate constant of inactivation will be determined
from the appropriate average over the binding states:

2+ 2+
o1+ LT )+kND* (8 1
ki Ca_ KCa (ND) KCa (ND) KND
nact [Ca2+] / 1

1+

1+
K (ND)\ KND*)

Thus, after rearranging, one obtains eq 5 in the main text.

SUPPORTING INFORMATION AVAILABLE

Evaluation of the method of Burke et al. (1995) for
demonstration of a neutral diluent (3 pages). Ordering
information is given on any current masthead page.
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