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ABSTRACT. Human plasma platelet activating factor acetylhydrolase (pPAF-AH) is a phospholipase A
that specifically hydrolyzes then2 ester of platelet activating factor (PAF) and of phospholipids with
oxidatively truncatedsn2 fatty acyl chains. pPAF-AH is bound to lipoproteins in vivo, and it binds
essentially irreversibly to anionic and zwitterionic phospholipid vesicles in vitro and hydrolyzes PAF and
PAF analogues. Substrate hydrolysis also occurs in the absence of vesicles, with a maximum rate reached
at the critical micelle concentration. A novel pre-steady-state kinetic analysis with enzyme tightly bound

to vesicles and with a substrate that undergoes slow intervesicle exchange establishes that pPAF-AH
accesses its substrate from the agueous phase and thus is not an interfacial enzyme. Such a mechanism
readily explains why this enzyme displays dramatic specificity for phospholipids with sh@rchains

or with medium-length, oxidatively truncatest+2 chains since a common feature of these lipids is their
relatively high water solubility. It also explains why the enzymatic rate drops as the length sftthe

chain is increased. pPAF-AH shows broad specificity toward phospholipids with different polar headgroups.
Additional results are that PAF undergoes intervesicle exchange on the subminute time scale and it does
not undergo transbilayer movement over tens of minutes.

Platelet activating factor (PAF)is a pair of phospho-  cloned @). The plasma form (pPAF-AH) contains the lipase/
lipids (1-O-hexal/octadecyl-2-acetgirglycero-3-phospho-  esterase GXSXG sequence motif with Ser273 as the attacking
choline) that augments anaphylactic shock, asthma, andnucleophile and His351 and Asp296 likely forming the other
allergic reactions and is produced by proinflammatory cells two elements of a catalytic triacB),
such as endothelia cells, platelets, macrophages, and mono- npAF-AH is found in the plasma associated with lipo-
cytes (). In an effort to understand the mechanism of PAF proteins (LDL and HDL) ). Since this enzyme was purified
signal termination, efforts turned toward the identification on the pasis of enzymatic activity toward PAF, it is not yet
of enzymes that are capable of converting it to inacti®-1-  certain whether PAF degradation is its major function. pPAF-
alkyl-sn-glycero-3-phosphocholine (phospholipaseckass). AH may also play a role in diminishing oxidative stress
Three PAF acetylhydrolases that greatly prefer PAF 10 pecause it also prefers phospholipids with oxidatively
phospholipids with longsn-2 fatty acyl chains have been gegradedsn2 acyl chains 2). Interestingly, 4% of the
Japanese population has undetectable pPAF-AH activity due
* Corresponding author: office phone 206-543-7142; fax 206-685- tg a point mutation (27% heterologous rate), and the

8665; e-mail gelb@chem.washington.edu ; ; ;
* Department of Biochemistry, University of Washington. pathological consequences of this are being studigd (

§ Department of Chemistry and Biochemistry, University of Dela- Since naturally occurring long-chain phospholipids have

ware. virtually no solubility in water, enzymes such as 14-kDa
LIcos Corp. d and 85-k lic phospholipasesth
Jstituto Venezolano de Investigaciones Cientificas. secreted and 85-kDa cytosolic phospholipasedhat act
¥ Department of Chemistry, University of Washington. on these substrates must bind to the lipid-water interface.

' Abbreviations: G-NBD-PC (and -PE, -PS, -PG, and -PA), 1-pal-  Phospholipid must leave the plane of the bilayer to enter

mitoyl-2-[6-[(7-nitro-2—1,3-benzoxadiazol-4-yl)amino)caprowjr-glyc- A
ero-3-phosphocholine (and phosphoethanolamine, phosphoserine, phost-he active-site slot of the bound enzyrdg. (An enzyme that

phoglycerol, and phosphate); ZNBD-PC, same as&NBD-PC except must access the substrate from the interface is termed an
ansn-2 12-aminododecanoyl linker;:6PAF, 1-decanoyl-2-acetyr- interfacial enzyme (Figure 1) and is distinguished from an
glycero-3-phosphocholine (likewise fon&PAF, G-PAF and Gr enzyme in the aqueous phase or bound to membranes that
PAF); cmc, critical micelle concentration; DMPC and DMPM, 1,2- . .
dimyristoyl-sn-glycero-3-phospho-choline and -methanbkdansyl- accesses Its substrate from th_e aqueous phase' (Figure 1,
DHPE, N-dansyl-1,2-dihexadecyr-glycero-3-phosphoethanolamine; noninterfacial enzyme). Catalysis by a noninterfacial, mem-
PPAF-AH, human plasma platelet activating factor acetylhydrolase; prane-bound enzyme can be described by the same kinetic

N-Rhodamine-PEN-(lissamine rhodamine B sulfonyl)-dioleoylphos- ; i ; ;
phatidylethanolamine; PAF, a mixture ofG-hexadecyl- and - equations that describe the action of an enzyme in the

octadecyl-2-acetysnglycero-3-phosphocholine (GPAF and Gg aqueous phase in the absence of an _interfacg with the
PAF). allowance that the former may be allosterically activated by
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In the present study, a number of properties of pPAF-AH
are revealed, including its behavior under pre-steady-state
conditions, which leads to the conclusion that this enzyme
accesses its substrate only from the aqueous phase. This
kinetic mechanism readily explains the substrate preferences
of pPAF-AH. Kinetic studies were carried out with pPAF-
AH in solution or bound to zwitterionic and anionic
phospholipid vesicles. Zwitterionic phospholipid vesicles
seem like a logical starting point for the detailed mechanistic
analysis of pPAF-AH in a well-defined system since the lipid
portion of the surface of LDL and HDL, to which the enzyme
is bound in vivo, is composed of a monolayer of lecithin
and sphingomyelin with a minor amount of other phospho-
lipids and free cholesterol7( 8). Although mutagenesis
studies suggest that the C-terminus of LDL-bound apolipo-
protein B100 interacts with pPAF-AH and that this may be
the basis for association of pPAF-AH with LDI9); there
is no evidence that this proteitprotein interaction modulates
the kinetics of pPAF-AH catalysis.

MATERIALS AND METHODS

Materials. All phospholipids are from Avanti except
Ficure 1: Enzymes that act on the membratveater interface or DMPM and 1,2-ditetradecydn-glycero-3-phosphomethanol,
in the aqueous phase. Water-insoluble phospholipid is shown i”a/vhich are from Alexis, and G-PAF and GgPAF, which

white, and a substrate that partitions between the membrane an . .
water phases is shown in black as a single-chain amphiphile. are from BioMol.p-Nitrophenyl acetate and butyrate are from

Interfacial mechanism (IF, top line): the water-soluble or water- Sigma.N-Dansyl-DHPE was prepared as describ@)d Cio-,
insoluble enzyme at the interface acts on substrate at the interfaceC,>- and G4PAF were prepared by acetylation of the

(either white or black substrate; only action on white is shown for corresponding lysophospholipids with acetic anhydride in

simplicity). Only substrate in the interface binds to the catalytic P Kl Ndi ; P
site. Interfacial with interfacial activation mechanism (HIFA, CH.Cl, containing 4-N,N-dimethylamino)pyridine10) and

second line from top): similar to the IF mechanism except that the Were purified by flash chromatography over silica gel with
enzyme undergoes an allosteric transition upon binding to the @ CHClk/methanol/water gradient. Bee venom and porcine
interface, which increases its catalytic efficiency to act on substrate pancreatic phospholipases Are from Boehringer.

at the interface. Aqueous mechanism (Ag, third line from top): only  Recombinant pPAF-AH was purified as describ8d For

substrate in the aqueous phase can bind to the catalytic site of th . ) .
enzyme at the interface. Aqueous with interfacial activation Some experiments, a detergent-free preparation was used.

mechanism (Ag IFA, bottom line): similar to the Aq mechanism, ~ 1hiS was prepared by applying 4 mg of enzyme to a HP
but enzyme undergoes an allosteric transition upon binding to the HiTrap SP column (1 mL, Pharmacia) equilibrated with 20
interface, which activates it toward the substrate in the aqueousmM MES and 10 mM CHAPS, pH 6.5 at®€. The column
phase. was washed with 10 mL of equilibration buffer at 1 mL/
interaction with the interface, and the membrane phasemin, and enzyme was eluted with 20 mM Tris, 150 mM
provides a sink to reduce the concentration of substrate inNaCl, and 10 mM CHAPS, pH 7.5. Finally, enzyme was
the aqueous phase. To date, the only unequivocal demonstradialyzed overnight at 4C with 10 mM Tris, pH 8.0, and
tion that long-chain phospholipid-specific phospholipases A used within 1 day while stored on ice.

are interfacial enzymes is the observation that they can CMC DeterminationsCMCs of lipids were determined
operate in the scooting mode in which all phospholipid in a by dynamic light scattering or by the surface tension method
single enzyme-containing vesicles is hydrolyzed without (both done in 1 mM NaCl at 21C). Light scattering was
transfer of enzyme and phospholipid between vesicles ( carried out with a Spectra-Physics helitimeon gas laser
6). (model 125A) with a scattering angle of 9aGnd a sample
Since PAF and other substrates for pPAF-AH have finite volume of 10 mL. Surface tension measurements were made
solubility in water, it is possible that this phospholipase A with a Cahn dynamic contact angle analyzer (Model DCA-
acts as a membrane-bound, noninterfacial enzyme. Experi-312, Cahn Instruments Inc.) with a sample volume of 5 mL.
ments in which one measures the consequences of varying Enzyme Kinetic Studieblnless stated otherwise, pH-stat
the solution or membrane-phase concentration of substratereaction mixturesi1) contained 5 mL of 1 mM NacCl, pH

on the steady-state rate of the enzymatic reaction cannot8.0, at 21°C and other additives as indicated in the figure
distinguish between an interfacial versus a noninterfacial legends. Fluorescence experiments with NBD phospholipids
mechanism. This is because the substrate concentrations invere carried out in 2 mL of 10 mM Tris-HCI, pH 8.0, at 21
the two phases differ only by a constant, the partition °C with magnetic stirring. Sonicated small unilamellar
equilibrium constant for the transfer of substrate between vesicles for kinetic and binding studies were prepared as
the aqueous and membrane phases. Thus the velocitydescribed 11). Vesicles were either used on the same day
equation expressed in terms of concentration of substrate inor frozen and resonicated on the day of use. Large unilamellar
the aqueous phase has the same form as the equatiomnesicles were prepared as describ8dand used within 1
expressed in terms of the membrane-phase substrate conday. Hydrolysis op-nitrophenyl esters was monitored at 400
centration. nm in 10 mM Tris-HCI, pH 8.0, at 20C.
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The reversibility of interfacial binding was examined by
‘ adding pPAF-AH toN-dansyl-DHPE-loaded DMPM or
181 o DMPC vesicles (3M lipid) under noncrowded conditions

[ X6l

and zwitterionic vesicles is tight (dissociation rate constant
M of <~3 x 1073 min~%). Control experiments showed that
addition of enzyme last to a mixture of equal numbers of
vesicles with and without fluorophore gave 50% of the
emission measured in experiments in which all vesicles
contained fluorophore (not shown). Additionally, no increase
in energy transfer was observed over 20 min when DMPM
or 1,2-ditetradecysn-glycero-3-phosphomethanol vesicles
containing 3 mol ¥N-dansyl-DHPE were added to enzyme-
containing vesicles without fluorescent lipid. Addition of 0.5
M NaCl did not cause enzyme to desorb from DMPM
vesicles; thus, binding of pPAF-AH to anionic vesicles is
not predominantly electrostatic in nature. Tight binding of
pPAF-AH to vesicles of the diether phospholipid analogue
1,2-ditetradecybnglycero-3-phosphomethanol was also shown
by energy transfer experiments (half-time for desorption of
enzyme from vesicles 60 min), showing that enzyme binds
tightly to vesicles in the absence of any possible lipolysis.
Similar tight binding of enzyme to 1-palmitoyl-2-oleogh
Vesicle Binding Studie8inding reactions contained 1 mL  glycero-3-phosphoserine was also observed.

of 10 mM Tris-HCI, pH 8.0, at 28C, various concentrations Hydrolysis of PAF and PAF Analogues by pPAF-AH in
of sonicated phospholipid vesicles containing 3 mol % the Apsence of VesicléEhe initial rate of hydrolysis of G,
N-dansyl-DHPE, and other components as indicated in the ¢, and G,-PAF as a function of the substrate concentration
figure legend. Excitation was at 292 nm, and emission Was iy the absence of vesicles was measured. The cma.ef C

from 300 to 600 nm. A long-pass, 335 nm cutoff filter was  paF was measured by light scattering and by surface tension,
placed between sample and emission monochromator t05nd a value of 1446 uM was obtained (Table 1). The
prevent scattered light at 292 nm from entering the mono- published value for G-PAF is 11uM (16). Figure 3 shows
chromator. that the initial rate of hydrolysis of PAF increases
linearly, and then the rate levels off abruptly. The leveling
off point occurs at 2QuM, close to the cmc of G-PAF.
Binding of pPAF-AH to VesiclepPAF-AH is mostly ~ 1here is no evidence for substrate saturation of the active

bound to LDL and HDL in plasma2j, which suggests that site of PPAF-AH in the presence of subcritical micellar
pPAF-AH may bind to phospholipid vesicles. Such a concentrations of substrates (i.&w > cmc), and thus no
proposal seems reasonable given that, under physiologicatt€mpt was made to obtaki andVmax by curve fitting to
conditions, most of the PAF is presumably partitioned into the Michaelis-Menten equation. It may also be noted that
membrane interfaces. To explore the interfacial binding it is possible that the enzyme and substrate form a micro-
properties of pPAF-AH we used a spectrofluorometer to aggregate in the presence of subcritical micellar concentra-
measure resonance energy transfer from one or more enzymiéions of substratel(7), but this was not investigated. The
tryptophans to the prokié-dansyl-DHPE present as a minor data in Figure 3 are consistent with an aqueous mechanism
component in vesicles. As shown in Figure 2, addition of for pPPAF-AH. If enzyme operates only on substrate in the
increasing amounts of pPAF-AH to a fixed amount of anionic aqueous phase, the horizontal part of the curve in Figure 3
DMPM/N-dansyl-DHPE or zwitterionic DMP®I-dansyl- is due to the fact that the concentration of aqueous-phase
DHPE vesicles leads to an increase in energy transfer untilsubstrate does not increase beyond the cmc as more and more
a maximal amount of enzyme is loaded onto vesicles. With lipid is added, and thus the rate does not change. The
both anionic and zwitterionic vesicles, binding saturation possibility of an interfacial mechanism for pPAF-AH cannot
occurs with ~30 outer-layer phospholipids per enzyme be conclusively abandoned on the basis of the data in Figure
[assuming 60% of total lipid in the outer layetd)]. This 3. One could argue that more and more enzyme is drawn

v L, ° (~80 lipids/enzyme) in the presence or absence of 5 mol %
16 ¢ C1s-PAF and monitoring the change in dansyl emission after
i o the addition of 30uM vesicles without fluorophore. No
© e s decrease in energy transfer was seen up to 20 min (not
‘ shown), indicating that binding of enzyme to both anionic
{
|

0.6 0.8

[PPAF-AH] (uM)

Ficure 2: Binding of pPAF-AH to vesicles. Mixtures contained
DMPM (O) or DMPC (@) sonicated vesicles (30M lipid, both
with 3 mol % N-dansyl-DHPE) and energy transfer was monitored
following the addition of the indicated amount of enzyrirag the
emission with all components arig is the emission with vesicles
only).

Intervesicle Exchange of Phospholipidsstock solution
of 10 mM DMPM containing 0.25 mM ENBD-PC or G
NBD-PC and 0.25 mMN—rhodamine-PE was diluted into
2 mL of 10 mM Tris-HCI, pH 8.0, to give a final DMPM
concentration of 5QuM. Acceptor DMPM vesicles were
added from a 10 mM stock to 50M. The solution was
stirred at 21°C, excitation was at 480 nm, and emission
was monitored at 540 nni®).

RESULTS

value is similar to lipid/enzyme ratios of 26810 measured
for 14-kDa secreted phospholipasesbd the same method

into protein-lipid microaggregates as the concentration of
C14-PAF is increased until all of the enzyme is bound to

(14, 15. No increase in emission at 508 nm was seen when lipid micelles (linear portion of the curves). At that point,

enzyme was added to vesicles that did not corftadansyl-

addition of more micelles will not increase the rate further

DHPE. Similar binding behavior was observed with a since it will not change the surface concentration of substrate

detergent-free stock solution of enzyme.

that micellar-bound enzyme encounters (mole fraction 1).
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Table 1: Kinetic Parameters for PPAF-AH Acting on PAF and PAF Analogues

no vesicles present DMPM present DMPC present
substrate (cmc) Vmax (51 Km (uM) A/ max (571 [S] at 50%*Vmax (M) A/max (571 [S] at 50%6*Vmax (uM)

PAF a a 16 (15) 44 (24) 15 (14) 11 (4)
Ci1g-PAF (0.17uM)° a a 2.9+0.3 26+ 7 nd! nd
Cis-PAF (1.1¥ a a 27+3 110+ 27 nd nd
C14-PAF (14-46, 1T) a a 61 55 (53, 38) 48 (44) 21 (13)
C12PAF (110} 4 25 48+ 2) (20+ 3) (38+1) 14+ 1)
Ci1o-PAF (>1000) 39 7F 36+ 1 89+ 7 (37£3) (51+ 14)
1-palmitoyl-2-acetyl-PC a a 22+ 1 43+ 6 nd nd
1-palmitoyl-2-propanoyl-PC a a 13+2 43+ 11 nd nd
1-palmitoyl-2-nonanoyl-PC a a 0.1+ 0.02 31+11 nd nd
Cos-PAF a a ~0.1 nd nd
Cs-NBD—PC 7+1 9+ 2 3.4+ 04 35+ 12 3.7+ 0.5 8+4
Cs-NBD—PE nd nd 3+1 343+ 105 2,538+ 0.3 60+ 18
Ce-NBD—PS nd nd 14+ 1 36+ 4 7+2 80+ 44
Cs-NBD—PG nd nd 12+1 73+ 14 11+ 2 154+ 51
Cs-NBD—PA nd nd 26t 1 26+ 2 23+5 167+ 57

2 No data are given for long-chain substrates for the reasons given in thé kaxnbers in parentheses were measured after addition of substrate
to preformed vesicles. For all other measurements, vesicle and substrate lipids were coscriRefezdncel 6.  Not determined® From the fit
of the data in Figure 3 to the Michaelidlenten equation.

50 concentrations of substrates required to obtain 509vgf,
Cra-PAR are listed in Table 1. It can be seen tAdt. decreases with
increasing length of then2 chain of the substrate. As
described in the Discussion sectié¥.x and the concentra-
tions of substrates required to obtain 50%*df,.x do not
have their usual meaning in terms of the Michaelgenten
equation.

On the basis of cmc measurements (see above), most of
the Go-PAF should be in the aqueous phase in the presence
of 385 uM phospholipid vesicles. The fact that thé&,ax
values for the hydrolysis of {&PAF in the presence and
absence of vesicles are similar (Table 1) shows that pPAF-
AH bound to vesicles has similar catalytic power as the
enzyme in solution. For the longer chain substrates, enzy-
Fioure 3: Initial velocity (pH-stat) for the hydrolysis of G, C matic rates in the presence of vesicles are lower than in their

= 5 § . ' 120 . absence. One possible explanation for this is that pPAF-AH
ﬁqn?hgl‘;gsAanEZ %fﬁlfoﬁp'*hiﬁgj"v”:;}gﬂagf substrate concentration bound to the vesicle interface acts on substrate in the aqueous

Figure 3 also shows rate versus substrate concentrationohase (Aq' or Agt IFA mgchamsms, Figure 1) since the
data for G- and Go-PAF. The published cmc for @ PAF poncentratlon of subst.rate in the aque_qus.phase will be lower
is 1104M (16). A attembt to measure the cmc ofPAF in the presence of vesicles dug to partitioning. HoweV(_ar, such
showed that the dye fluorescence increased linearly as thq%?/vzrrgfar?:snlgﬁfds Sgt deuséatltzjllzh fonm'z?ag?gn%?cgﬁqggptge
concentration of lipid was increased from 0 to 1 mM with mechanism and surface dilution of substrates by vesicle

no abrupt jump in fluorescence. This suggests thgtF&AF " T ;
does noFt) fi)rmpwell-defined micelles belgv?/ 1 mM. Figure 3 pEospEo:!p!gs andfor inhibition of pPAF-AH by vesicle
phospholipids.

shows that the initial velocity for the hydrolysis of&PAF N o
and G>-PAF by pPAF-AH increases in a hyperbolic manner ~ PAF and additional PAF analogues were studied in the

0 20 40 60 80 100 120
[C-PAF] (uM)

with substrate concentrations below their cmég., andKy, presence of DMPM and DMPC vesicles. Increasing amounts
values are given in Table 1. In studies wityG4-PAF, all of Ci-15PAFs were added to vesicles, and the initial

of the substrate becomes hydrolyzed at the end of theVvelocities were obtained by use of the pH-stat. Hyperbolic
reaction. velocity versus amount of substrate plots were obtained in

Hydrolysis of PAF and PAF Analogues by pPAF-AH in all cases. Values 6¥maxand the concentrations of substrates
the Presence of VesicleShe hydrolysis of PAF and PAF  required to obtain 50% ofVna are listed in Table 1.
analogues by pPAF-AH was also studied in the presence ofSuprisingly, it was found that increasing the length of the
3854M DMPM or DMPC vesicles. Consistent with earlier sn1 chain lowers the observed hydrolysis rate of pPAF-
kinetic studies 2), pPAF-AH shows progressively lower AH-catalyzed lipolysis. As summarized in Table 2,@AF
activity with phosphatidylcholine substrates containing in- is a very poor substrate for pPAF-AH. In these studies the
creasingly longesn2 fatty acyl chains. Increasing amounts diether analogue of DMPM, 1,2-ditetradesytglycero-3-
of substrates were added to DMPM vesicles, and the initial phosphomethanol, was used as the vesicle matrix to reduce
velocities were obtained by use of the pH-stat. Hyperbolic background consumption of titrant in the pH-stat due to very
velocity versus amount of substrate plots were obtained in slow hydrolysis of DMPM by pPAF-AH (see below). The
all cases. The apparent maximal velociti@g.fy) and the turnover number of pPAF-AH-catalyzed hydrolyzed ofC
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Table 2: Relative Rates of Hydrolysis of PAF and PAF Analogues 50 T
by PPAF-AH and Secreted Phospholipase3 A
. . 40 g—
velocity relative
enzyme substrate  to C;e-PAP? —_
PPAF-AH CiePAF 1.0 2 %0 ¢
CigPAF 0.083 é ‘ C1-PAF with DMPG
Cos-PAF 0.009 T 20 ¢ @ N
g 0 Cuu PAF it DVIEC]
bee venom phospholipase A Cis-PAF 1.0 R i G0 PAF with DMPM
CirPAF 0.34 10 R o
Cos-PAF 0.79 C14-PAF with DMPM
0- ‘ ‘ : ‘
porcine pancreatic phospholipasg A Cie-PAF 1.0 0 2 4 6 8 10
CigPAF 1.1
a All substrates are present at mole fraction 0.1 in 1,2-ditetradecyl- [DMPX] (i)
snglycero-3-phosphomethanol vesiclé€rrors are<25%. Ficure 4: Initial velocity (pH-stat) for the hydrolysis of 50M

Ci-PAF (@, O) or C;,-PAF (m, O) versus the concentration of

. . . . DMPM (open symbols) or DMPC (solid symbols) vesicles. Arrows
PAF, when present at mole fraction 0.1 in vesicles, is 70- jngicate the rate measured in the absence of vesicles.

fold and 12-fold lower than the turnover numbers fog-C
PAF and Gg-PAF hydrolysis, respectively. In contrast, bee the enzymatic velocity trends noted above. Nichols and
venom phospholipaseaydrolyzes Gs-, Cig-, and G4 PAF Pagano 12) have shown that ENBD-PC partitions more
with similar rates (maximum variation of 2-fold), and porcine favorably into phosphatidylserine and phosphatidic acid
pancreatic phospholipase, Aydrolyzes Gs- and GgPAF vesicles than into zwitterionic phosphatidylcholine vesicles.
at the same rate ¢GPAF not tested) (Table 2). These results It was found that @GNBD-PC is hydrolyzed by pPAF-
are consistent with the fact that secreted phospholipases A AH with a turnover number comparable to that fog®AF
access substrate in the interface and that the surfacgTable 1). This perimitted an analysis of the substrate
concentration of these substrates in the presence of thespecificity of pPAF-AH with respect to the phospholipid
concentration of vesicles used are approximately invariant headgroup by using &NBD-PE, -PS, -PG, and -PA (head-
to the length of theiisn-1 acyl chains. The very different group variants of PAF are not readily available). In the
behavior of pPAF-AH suggests that this enzyme accessespresence of DMPM and DMPC vesicles, values®df,.x
its substrate from the aqueous phase. differ only by up to a factor of 10, and the rank order is PC
As summarized in Table 1, the concentrations of substrates~ PE < PS~ PG < PA. For each substrat®/max values in
required to achieve 50% 6¥n.«when PAF or PAF analogue the presence of DMPM and DMPC are similar, again
was added last to preformed DMPM or DMPC vesicles are showing that pPAF-AH bound to both anionic and zwitter-
~50% of the concentrations when substrate and DMPM or ionic vesicles displays similar catalytic efficiency. Note that
DMPC are cosonicated; however, values?df,.x do not the concentration of £&-NBD-PE required to achieve half
change. This shows that vesicle-bound pPAF-AH is not of 3/ in the presence of DMPM vesicles is anomalously
accessible to PAF or PAF analogue on the inner layer of high, and the value drops 6-fold in the presence of DMPC
vesicles, i.e., that the rate of transbilayer substrate movementvesicles (Table 1). ENBD-PA, -PG, and -PS show the
is slow on the tens of minutes time scale. The concentrationsopposite but less dramatic behavior: 6.4-, 2.1-, and 1.9-fold
of substrates required to achieve 5096\¢fax but NOtAVmax higher concentrations needed with DMPC than with DMPM
measured in the presence of DMPC vesicles are smaller tharvesicles. DMPM versus DMPC differential partitioning
those measured in the presence of DMPM vesicles (Tablestudies, carried out as described above, show th&tED-
1). One explanation for these results is that pPAF-AH PE prefers DMPM over DMPC by 4-fold, whereas IiSBD-
operates by an Ag-type mechanism and that PAF and PAFPA, -PG, and -PS prefer DMPC over DMPM by 2.7-, 2.2-,
analogues partition into DMPM vesicles more than into and 1.7-fold, respectively. This trend seems consistent with
DMPC vesicles, leading to a lower aqueous-phase substratehe electrostatic effect and accounts for the differences in
concentration with DMPM. concentrations of substrates needed to achieve half of
To determine if PAF analogues partition differentially into maximal pPAF-AH enzymatic velocity (Table 1) if the
DMPM and DMPC vesicles, we used the fluorescent PAF enzyme is sensitive to the aqueous phase concentration of
analogue GNBD-PC to measure the distribution of lipid substrate.
between DMPM and DMPC vesicletd). These experiments Figure 4 shows the initial velocity for the hydrolysis of a
are carried out by measuring NBD fluorescence from vesicles fixed amount of G and G4+PAF as a function of the
containing G-NBD-PC and the nonexchangeable phospho- amount of DMPM and DMPC present. The lowest concen-
lipid N-rhodamine-PE as a function of the concentration of tration of vesicle lipid used, 5@M, is sufficient to allow
acceptor vesicles without fluorophores. Transfer gNBD- all pPAF-AH to bind under noncrowded conditions. Most
PC to vesicles withoulN-rhodamine-PE relieves quenching of the G¢-PAF is in the aqueous phase in the presence of
of NBD fluorescence by rhodamine. By comparing results 50uM vesicle lipid. On the basis of the following arguments,
obtained with DMPMN-rhodamine-PE/E-NBD challenged the experiments in Figure 4 do not allow a distinction

with DMPC (or DMPCN-rhodamine-PE/€&-NBD chal- between the IF, IF+ IFA, Ag, and Aq+ IFA models. As
lenged with DMPM), it was concluded thatsGIBD-PC the concentration of vesicles is increased, the moles,gf C
prefers to partition into DMPM over DMPC vesicles by 2- PAF in the interface will increase by the same factor, and

fold (not shown). This differential partitioning could explain  thus the interfacial concentration of substrate will not change
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much (nor will the agqueous concentration if most of the 100 = —
substrate is in the aqueous phase). For all three models, the
enzymatic rate will remain constant until much of the
substrate is partitioned into vesicles. Then, increasing the
amount of vesicles further will lead to lower vesicle and
agueous-phase concentrations of substrate and the enzymatic
rate will decrease. This behavior is observed (Figure 4), and
it appears that most of theE£PAF is present in vesicles
when the DMPC concentration is1—2 mM. Qualitatively
similar results were obtained with DMPM vesicles except
that lower rates were observed (for reasons given above).
Most of the G4-PAF appears to be partitioned into 5M Time (min)
DMPC vesicles because only the decreasing limb of the curveFicure 5: Reaction progress curves (pH-stat) for the hydrolysis
is seen (Figure 4). This is the expected behavior fgr C  of NBD phospholipids in the presence of DMPM vesicles: curve

PAF. which h mc of M. N hat th r a, pPAF-AH was added to 3§V DMPM vesicles at time zero
: ¢h has a cme of-58 u ote that the decrease and 385uM DMPM/5 mol % C,-NBD-PC was added after 22

in rate occurs at lower vesicle concentration Fhan witk C min; curve b, pPAF-AH was added to DMPMANBD-PC vesicles
PAF (Figure 4), as expected. Again, the rates in the presenceyt time zero, and DMPM vesicles were added at 16 min; curve c,
of DMPM are lower than those measured with DMPC for pPAF-AH was added to DMPM/G-NBD-PC vesicles at time zero.

the possible reason stated above. The results in Figure 4The sharp, near-vertical jumps are due to the slight acidity
underscore the fact that steady-state kinetic experiments(PH <8) of the components added to the reaction mixture.
cannot distinguish between interfacial and aqueous mecha-zyme, vesicles were incubated in the pH-stat cup for 20 min.
nisms (see introduction). After 15 min, a small volume (20@L) of vesicle stock
We found that the active estegpsnitrophenyl acetate and  solution was added to deliver DMPM withoui £NBD-PC
butyrate are substrates for pPAF-AH. Enzyme hydrolyzes at a final concentration of 370M, and as shown in Figure

Product (hnmole)

250 uM p-nitrophenyl acetate with a rate of 441 0.5 s'%, 5 (curve b), the rate of titrant consumption decreases
and the rate increases about 70% to £.9.1 s* after the immediately to that measured for the action of enzyme
addition of 100uM sonicated DMPM vesicles. Witlp- measured on DMPM vesicles alone (curve a). This decrease

nitrophenyl butyrate (25@M), the rate is 10+ 1 st and in rate cannot be due to substrate dilution by buffer addition
19 + 1 s! without and with 100uM DMPM vesicles since the addition of the second vesicle solution increases
(sonicated or extruded), respectively. the reaction volume only by 4%. As a control, it was shown
Pre-Steady-State Kinetic Studies with NBD-Phospholipids. that the reaction continues at the same rate if the second
The key to determining whether interfacial or aqueous addition of DMPM vesicles is not made (Figure 5, curve c).
mechanisms apply to pPAF-AH is to measure the reaction Given the low concentration of substrate in the aqueous
under pre-steady-state conditions in which substrate andphase, this reaction progress requires in part replenishment
enzyme do not exchange rapidly between vesicles. Kinetic of aqueous-phase substrate by desorption @fINBD-PC
studies were carried out with the fluorescent phosphatidyl- from vesicles. The measured desorption rate for this phos-
choline analogues £NBD-PC and G-NBD-PC. The rate pholipid (see above) is fast enough to account for this
of intervesicle exchange of these substrates can be accuratelyeaction progress. The low initial velocity seen in Figure 5,
monitored by fluorescencel?). The half-times for inter- curve a, is the result of the low aqueous concentration of
vesicle exchange of &NBD-PC and G-NBD-PC are 0.6 C1-NBD-PC just after the stock solution of DMPM/E
and 60 min, respectively, which agree reasonably well with NBD-PC is diluted into the reaction mixture. The experi-
the published numbers for the same compounds of 0.78 andments in Figure 5 were reproducibly obtained in five
150 min @2). independent trials. In these experiments, the slow hydrolysis
A series of experiments were carried out in which the order of DMPM by pPAF-AH is of no consequence since only a
of addition of pPAF-AH to DMPM and DMPM/G-NBD- small fraction of vesicle DMPM is hydrolyzed during the
PC vesicles was varied, and enzymatic reaction velocitiescourse of the kinetic measurements, and thus the vesicle
were measured in the pH-st# 5 mL reaction mixture at integrity is maintained.
pH 8.0 and 21°C containing 37Q«uM DMPM vesicles was These results rule out the IF and #FIFA mechanisms.
placed in the pH-stat cup, and the baseline was recorded forlf vesicle-bound pPAF-AH is acting on;&NBD-PC in the
15 min. Enzyme (0.082M) was added, and a slight increase interface, the initial reaction rate should not decrease upon
in rate of titrant consumption above the minus-enzyme addition of vesicles without substrate because it takes tens
background rate (presumably due to enzymatic hydrolysis of minutes for the surface concentration o, GIBD-PC to
of DMPM) was measured for 24 min (Figure 5, curve a). drop in enzyme-containing vesicles. On the other hand, if
Under these conditions all of the enzyme is bound to vesiclesvesicle-bound enzyme acts on substrate in the aqueous phase,
under noncrowded conditions. Then, a small volume (200 the rate should drop virtually immediately after the addition
uL) of vesicle stock solution was added to deliver DMPM of DMPM vesicles since the solution concentration of
vesicles containing 5 mol % ;&eNBD-PC at a final substrate will drop quickly due to absorption into newly
concentration of 37«M DMPM, and the rate of titrant  added vesicles. It is reasonable to assume thaNB8D-PC
consumption was recorded for 25 min. No increase in the binds to vesicles with a diffusion-controlled or near-diffusion-
rate of titrant consumption was observed (Figure 5, curve controlled rate constant of 10° M~ s (18). Then, the
a). The experiment was repeated but enzyme was first addedalf-time for uptake of G-NBD-PC by 2x 108 M vesicles
to DMPM/C;-NBD-PC vesicles. Prior to addition of en- (20 000 lipids/vesicle) 1) is ~1 s. Thus, the results of
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Figure 5 (curve b) establish an aqueous mechanism fora common feature of all good substrates for pPAF-AH is
pPAF-AH. The data with G-NBD-PC also confirm the their relatively high solubility in water compared to naturally
energy transfer studies showing that enzyme does notoccurring phospholipids with two long-chain fatty acids. The
exchange between DMPM vesicles. demonstration that pPAF-AH must bind substrate in the

These order of addition effects should vanish if substrate aqueous phase provides the missing link to understand its
undergoes rapid intervesicle exchange regardless of whethepubstrate specificity. This mode of catalysis also explains
the interfacial or aqueous mechanism applies. Indeed, thethe observation that the relative rate of hydrolysis ef C
rate of hydrolysis of @NBD-PC is invariant to the order of ~NBD-PA, -PS, and -PG is governed not 8., but mainly
addition of components. The following experiments all give by the relative substrate partition constants between the
the same final turnover number (after addition of all aqueous phase and the interfaceNBD-PE is the poorest
components) within experimental error (not shown): DMPM PPAF-AH substrate, especially in the presence of DMPM,
then enzyme then DMPMKNBD-PC; DMPM/G-NBD- because of a tendency to partition into anionic vesicles, which
PC then enzyme then DMPM; and DMPM DMPM/Cs- is consistent with an independent demonstration of favorable
NBD-PC then enzyme. This series of experiments serves asphosphatidylethanolamirddMPM interaction @2), and
a control for the @-NBD-PC results. The same results were because of a relatively lo®nax value. The fact that pPAF-
obtained with G and GgPAF as substrate, which shows AH tolerates phospholipids with different polar headgroups
that these natural mediators of inflammation undergo inter- suggests that it could function to hydrolyze phospholipids

vesicle exchange on the subminute time scale. of all classes that have undergone oxidative scission of their
sn2 fatty acyl chains.
DISCUSSION In contrast to pPAF-AH, secreted phospholipases A

including the bee venom and porcine pancreatic enzymes
are interfacial enzymes that access their substrates from the
interface B). These enzymes contain an active-site slot, and
the phospholipid substrate must leave the plane of the
membrane and travel about 15 A to reach the catalytic

A key finding of the present study is that pPAF-AH
operates via an aqueous mechanism and interfacial activation
if it occurs, is very modest<2-fold). The kinetic protocol
developed here (Figure 5) for the first time is perhaps the

only definitive method for establishing that an enzyme at residues at the end of the slot away from the membrane.

the interface operates on substrate in the water layer. WhenThese enzymes do not discriminate among substrates with

neither enzyme nor substrate undergoes intervesicle ex- . X .
. . i different lengthsn-1 chains (Table 2) osn-2 chains as long
change, as observed for phospholipasgsting on long the fatty akyl chains are long enough {8 carbons) to

chain phospholipids (scooting mode), catalysis under such : :
conditions establishes that vesicle-bound enzyme acts onGXterld beyond the length of the slot and remain partially

substrate in the interfacd%, 19. Previous workers have embedded in the bilayer.

shown that bacterial phosphatidylinositol-specific phospho- ~ Previous workers have suggested that pPAF-AH is an
lipase C bound to vesicles is capable of hydrolyzing water interfacial enzymeZ3). This was based on the observation
soluble substrates inositol 1-[4-(nitrophenyl)phosphate] and that the action of enzyme on PAF in the absence of vesicles,
inositol cyclic phosphate, and the enzyme is activated by Studied with a fixed time-point assay, showed an anomalous
the interface 20, 21). Under the assumption that this increase in rate when the substrate concentration was
substrate has virtually zero solubility in the membrane phase,increased above its cmc. Using a continuous assay, we see
the data suggest that the phospholipase C can operate by0 evidence for such a jump in rate (Figure 3). Regardless
the Ag + IFA mechanism, but they do not rule out the Of this discrepancy, a jump in rate when substrate concentra-
possibility that water-soluble substrate must pass through thetion exceeds its cmc does not distinguish in any way between
interface to reach the enzyme’s active site. It seems likely interfacial versus aqueous mechanisms. The demonstration
that this enzyme operates on its natural substrates, highlythat the rate of PAF hydrolysis by pPAF-AH decreases in
water-insoluble long-chain phosphatidylinositols, by the ~ the presence of deterger3) is not necessarily due to

or IF + IFA mechanism. Together the results suggest that surface dilution of substrate in the micelle interface. In the
two fundamentally different mechanisms can be operative context of the Aq and Ag+ IFA mechanisms, such a
for the same enzyme, depending on the membrane solubilitydecrease in rate upon addition of detergent would be due to
of the substrate. a drop in the solution concentration of substrate as more of

The aqueous mechanism of pPAF-AH readily explains the it partitiong into an increasing npmber of detergent micelles
substrate specificity of this enzyme. The specificity for the (Mass action, analogous to Figure 4 experiments). Also,
acetyl group at then-2 position of PAF is not absolute. inhibition of enzyme by detergent is difficult to rule out.
Phosphatidylcholines containing tise-2 propanoyl group Given that pPAF-AH operates by an Ag mechanism, the
andsn2 fatty acyl chains containing several @Hwith an observed saturation behavior in the velocity versus amount
oxidized carbon at the-end are well tolerated by pPAF- of added substrate plot§\Mna Table 1) does not imply
AH. This suggests that the acetyl group does not pack into saturation of the active site of enzyme with substrate. To a
a cul-de-sac-like pocket on the enzyme. It is also difficult first approximation, the concentration of PAF or PAF
to imagine a mechanism based on the structure of the activeanalogue in the aqueous phase in the presence and absence
site that explains the triggering of catalysis by the addition of DMPM and DMPC vesicles cannot exceed its cmc. Thus
of a polar aldehyde or carboxylic acid at theend ofsn-2 in the context of the Ag mechanism, the enzymatic rate
octanoyl or nonanoyl chains. Finally, it is difficult to imagine cannot increase further once the concentration of substrate
a pPAF-AH active site architecture that so dramatically in the aqueous phase reaches a constant amount determined
distinguishes between;g and G4,-PAF (Table 2). Clearly by its solubility.
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Finally, it is difficult to interpret the values of the

concentrations of substrates required to achieve 50%6,qf.
Such values are a complex function of the tiug and of
the solubility of substrate in the aqueous phase.

Ci6-PAF and Gg undergo intervesicle exchange on the
subminute time scale (based on experiments analogous to
those shown in Figure 5). This dynamic behavior of PAF
would explain how it can transfer from cells that produce it
to LDL and HDL containing bound pPAF-AH. Presumably,
PAF produced on the extracellular face of cells at a site of
inflammation remains there long enough to attract PAF
receptor-bearing cells that migrate to the injury site only if
PAF is continuously biosynthesized. The cell surface PAF
concentration will reach a steady-state level determined by
its rate of production versus its rate of dissociation into the
aqueous phase. Data in Figure 3 (extent of hydrolysis) and
Table 1 (substrate concentration required to obtain 50% of
A\/max) establish that PAF has no tendency to spontaneously
transfer from one side of the bilayer to the other (flip-flop
rate half-time> tens of minutes), which argues that PAF
produced intracellularly is exposed on the extracellular face

of the plasma membrane by a facilitated process.
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