Biochemistry1999, 38, 10449-10456 10449

Hydrolysis of Monodisperse Phosphatidylcholines by Phospholipageciurs on
Vessel Walls and Air Bubblés

Bao-Zhu Yut Otto G. Bergé and Mahendra Kumar Jaif*

Department of Chemistry and Biochemistry, bsity of Delaware, Newark, Delaware 19716, and Department of Molecular
Evolution, Uppsala Uniersity Evolutionary Biology Centre, Uppsala, Sweden

Receied January 26, 1999; Resed Manuscript Receeéd June 16, 1999

ABSTRACT: Hydrolysis of monodisperse short chain phosphatidylcholines, far below their critical micelle
concentration, by phospholipase @PLA2) and other interfacial enzymes is characterized. Results show
that virtually all the observed hydrolysis by pancreatic and human inflammatory PLA2 occurs on surfaces
of the reaction vessel or air bubbles. Conditions to eliminate such extraneous contributions at low substrate
concentrations are established. Premicellar aggregates are apparently formed near the critical micelle
concentration. The observation window at low substrate concentrations is used to obtain an upper limit
estimate of the rate of hydrolysis through the monodisperse Michaelis complex. A limit estimafelof

s 1is obtained for the hydrolysis of monodisperse substrates by pig pancreatic phospholipakesé

results show that the observed rate of hydrolysis of dihexanoyl- and diheptanoylphosphatidylcholines
with pig pancreatic phospholipase frough the monomer path is insignificant compared to the rate of
>1000 s seen at the saturating levels of the micellar substrate. These protocols should be useful for
evaluating reactions catalyzed at vessel walls. Implications of these results for assays and models of
interfacial activation of pancreatic PLA2 are discussed.

Interfacial enzymes have evolved to catalyze reactions onScheme 1: Primary Rate and Equilibrium Parameters at the
interfaces because that is where their substrates are to bénterface (marked with an asterisk) and the Aqueous Phase
found. For example, hydrolysis catalyzed by phospholipase (Without an asterisk) Defined According to Standard
A, (PLA2)! on anionic bilayer interfaces occurs with high Nomenclature Based on the Michaelis Formalism Adopted
processivity: i.e., the enzyme does not dislodge during or for Interfacial Enzymology
between the turnover cycles at the interfade-§). The Ks
observed rate of hydrolysis of the short chain phosphatidyl- E+S
cholines by pancreatic PLA2 increases significantly above
the cmc 4, 5). Under suitably constraine®) or optimized
conditions of rapid substrate replenishme)t the primary
kinetic parameters for the hydrolysis at the micellar interface
are remarkably similar to those for the hydrolysis in the

highly processive scooting mode at the vesicle interface ( aEnzyme-mediated catalytic turnover can occur at the interface

7). Having established a kinetic basis for enzymology at (hrough E* and E*S) as well as in the aqueous phase through the
micellar and vesicle interfaces (Scheme 1), we have showndecomposition of a solitary ES complex in the bulk aqueous phase

that the substrate binding to the active site is enhanced bywith ke and keat* being the rate constants for decomposition of ES
the binding of PLA2 to the interfac®), and that the anionic ~ @nd E*S, respectively. For details, see éef

charge at the interface activates the chemical Seprhis
analysis of interfacial turnover and activation, in terms of

Kea
ES —»E+P

the primary rate and equilibrium parameters of kinetic
Scheme 1, paves the way for evaluating the structural basis
for the interfacial enzymology of PLAZ2.

T This work was supported by the U.S. Public Health Service (Grant ~ Structural information about proteins at interfaces is
GM29703 to M.K.J)) and the Swedish Natural Science Research difficult to obtain with the available methods. Therefore, the

Council (to O.G.B.). . - . .
* Corresponding author. Phone: (302) 831-2968. Fax: (302) 831- behavior of PLAZ in the aqueous phase is a functionally

6335. E-mail: mkjain@udel.edu. relevant reference_state for a cor_relation (_)f the crystal-
¥ University of Delaware. ' lographic and solution structure to its catalytically relevant
*Uppsala University Evolutionary Biology Centre. interfacial structure. In accord with Scheme 1, we address

1 Abbreviations: cmec, critical micelle concentration; [RC, 1,2- . .
diacylglycerosn-3-phosphocholine with carbons in each acyl chain; the question of whether PLA2 hydrolyzes a monodisperse

DC,PC-ether, 1,2-dialkylglycersp-3-phosphocholine with carbons substrate through the turnover cycle in the aqueous phase
in each acyl chain; DMPM, 1,2-dimyristoylglycesn:3-phosphometha-  via a monodisperse ES. Typically, this is not a concern

nol; DTNB, dithiobis(dinitrobenzoic acid); GCAT, lipase/acyltransferase i i
from Aeromonas hydrophilayJ33, 1-hexadecyl-3-(trifluoroethyPac. because the monomer concentration of naturally occurring

glycero-2-phosphomethanol; PLA2, phospholipasérdm pig pancreas phOSphOHpidS .in the.aquem.ls phase, in equilibrium with
unless noted otherwise; SNAFL, ammonium salt of calcein. bilayers and mixed micelles, is less than 100 pM. However,
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for short chain phospholipids, the monomer substrate con-and 530 nm, respectively) or SNAFL (excitation and
centration in the aqueous phase can be in the millimolar emission at 538 and 620 nm, respectively) in magnetically
range. The rates of hydrolysis of short chain phosphatidyl- stirred or unstirred polystyrene or quartz cuvettes containing
cholines below the cmc are considerably slower than the 0.2 mM Tris at pH 7.1 in a nitrogen-purged cuvette
saturating rate above the cmé, 6). This observation has  compartment of a SLM AB2 spectrofluorimeter. Acidifica-
been the basis for much of the discussion about interfacial tion decreases the fluorescence emission intensity from both
activation during the past several decades with the interpreta-the dyes, and the conditions were chosen such that the
tion that the observed premicellar rate is due to the hydrolysis decrease was linearly proportional to the concentration of
of a monodisperse substrate via the monodisperse ESadded protons. Standard quartz or polystyrene plastic cuvettes
Michaelis complex (Scheme 1). (Fisher catalog no. 14-386-20) were used as indicated. A
The turnover through the monomer path bears on funda- CUVvette spin-bar (9 mm diameter and 8 mm height) coated
mental issues of interfacial catalysis, yet hydrolysis of with Teflon (Bell Art Products) was used in the fluorescence
monodisperse substrates by PLA2, for example, the shortCuvettes.
chain phospholipids below the cmc, remains an enigma. As  Stock dispersions of D@C or other lipids in water were
it turns out, this interpretation as a reaction via the monomer added to the reaction mixture and equilibrated in the cuvette
parth @, 5) is inconsistent with the inhibitor bindin@,(10), compartment continuously purged with nitrogen. All sub-
as well as the kinetic and spectroscopic result§ (vhere sequent additions were made with a microsyringe through a
in the presence of a monodisperse substrate and inhibitorpinhole in the lid of the compartment above the reaction
the pig PLA2 behaves as if it is at the interface. To reconcile cuvette. Typical background drift rates were 2 pmol/s, and
this apparent contradiction, we have systematically examinednecessary corrections are made in the calculated results. The
the hydrolysis of monodisperse short chain phosphatidyl- reaction was typically initiated by the addition of the enzyme
cholines by pig pancreatic PLA2. Results show that virtually (0.1 to >100 pmol), depending on the observed slope. In
all the observed hydrolysis at low concentrations of a stirred solutions, hydrolysis commenced in lessitBa after
monodisperse substrate occurs on surfaces of walls of thethe addition of enzyme if the reaction occurs in the bulk
reaction container and the surface of air bubbles formed phase. Inhibitor and other components, if present in the
during vigorous stirring and shaking. If such extraneous reaction mixture, gave identical results whether they were
factors are eliminated, the rate of hydrolysis through the added before or after initiating the reaction. Controls also

monodisperse ES complex is immeasurably smell.{ s1). showed that the sequence of the addition of substrate or
PLA2 does not noticeably affect the observed rates. Initial
EXPERIMENTAL PROCEDURES rates are expressed as observed rates per second with an

. . estimated uncertainty of 20% at the lower end and 10% for
Sources of reagents and most analytical and experimentakates above 13.

protocols have been described previou8lyg, 7), and only The amount of proton or product release under specific

salient detalijs gﬁAgfen below. Thhe de flndlc?\zorl dy?S' reaction conditions in the fluorescence assay was calculated
pyraniné an , Were purchased form MoIeCUlar .4y calibration curves obtained with added heptanoic acid.

Probes. DEPCs and the corresponding ethers (custom Such curves also : :
. g . provided the linear response range. Results
synthesis) were from Avanti Polar Lipids. MJ33, DMPM i, e hresencefat M NaCl are corrected for a small change

(12), and 'DC;MPC—e'.[her 13 were Syqthe5|zed_ D|th|0-D§ in the titration efficiency. The fidelity of the dye assay was
PC was kindly provided by S. Hendrickson. PLA2 frd¥Bja 54 ascertained by comparing the reaction progress with
melgnoleuc414) and GCAT (5) were obtalr_1ed as described DMPM in the scooting mode on anionic phospholipid
previously. All other reagents were %nalytmal grade. Uncer- eicles without 1) and with the polymyxin B-induced rapid
tainty in the measured values is 15%. phospholipid exchange between vesic®s These and other

Kinetic Protocols Kinetics of the proton release by the controls with micellar substrates)(showed that the absolute
PLA2-catalyzed hydrolysis was measured by three methodsrates obtained by the three methods for monitoring the
in 1 mM CaC} and 1 mM NaCl at 25C in a nitrogen-  hydrolysis were within a 30% range under comparable
purged atmosphere. conditions. Both the pH-indicator dyes gave virtually identi-

(a) The first method involved analysis in mechanically cal results with monodisperse substrates; however, only the
stirred solutions in polypropylene cups by the pH-stat method results with SNAFL are given. Significant departures in the
using a Brinkman (Metrohm) or a Radiometer titrator with €mission from pyranine were observed in the presence of a
3 mM NaOH titrant in the buretl( 6). The contribution of micellar substrate, as if pyranine has significant affinity for
the reaction at walls and air bubbles cannot be controlled in the lipid interface.

this assay.
(b) Virtually identical conditions were used for monitoring RESULTS
the hydrolysis of dithio-D@PC in unstirred quartz cuvettes In this paper, we show a dramatic dependence of the

containing 10 mM Tris at pH 7.5, except that the thiol kinetics of PLA2-catalyzed hydrolysis of monodispersesDC
product was quantified by reaction with dithiobis(dinitroben- pc or DGPC on the presence of extraneous interfaces, which
zoic acid) (DTNB). The contribution of the reaction on the yresumably provide sites for the binding of the enzyme and
air bubbles becomes apparent after vigorous shaking of thethe substrate. A demonstration of the effect of air bubbles
cuvette. and the cuvette surface on the observed rate of hydrolysis
(c) Reaction progress was also monitored as the fluores-of dithio-DGPC, below its cmc of 2 mM, is shown in Figure
cence change from pyranine (excitation and emission at 4601. The reaction begins immediately after the addition of
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Ficure 1: Time course of hydrolysis of 0.5 mM dithio-RRC by
2.5ug of pig PLA2 monitored as the OD change at 412 nm for the
product of the thiolysophospholipid with DTNB. A burst of OD  FIGURE 2: Geometry of the beam path and the unstirred layer in
change is seen when the cuvette is intermittently shaken. the cuvette (lightly shaded area) for the measurement of the
fluorescence change under the conditions for the results depicted
PLA2. On the basis of the total amount of enzyme in the in Figure 3 and modeled in the Appendix. The observation volume
- . . . . in the center (hatched) is isolated from the cuvette walls by an
reaction mixture, the obse_rved rate |_n_th|s Spectroscopic assay)stirreq layer if the bulk solution is not stirred.
is about 0.1 st under unstirred conditions. A 10-fold higher
rate, about 1.273, measured in stirred and vigorously shaken
cuvettes is comparable to that seen in the vigorously stirred
pH-stat assay€). Remarkably, a burst of the absorbance
change is seen as the contents of the cuvette are shaken.
The burst is seen only in the presence of the enzyme and
the substrate. The amplitude of the burst depends on the time .
lapse between the mixing to bring the products formed on plastich,
the walls into the beam path. A contribution of reactions on Y
the air-water surface of bubbles formed by shaking is also ) 200 %00 o o0 000
indicated by the amplitude of the burst, which increases if Time (sec) Tine (sec)
the cuvette is shaken more vigorously or for a longer period Figyge 3: (A) Time course of the hydrolysis of 0.438 mM RC
of time. Although such variables are difficult to quantify for PC by 2.6ug of pig PLA2 monitored as the fluorescence change
detailed analysis, their contributions are virtually completely due to a change in pH. From the top, the traces correspond to a

eliminated in the fluorescence assay protocol described reaction mixture without the enzyme and the reaction mixture with
below enzyme in a quartz or plastic cuvette. The rate of fluorescence

change decreases significantly when the reaction mixture is not
Hydrolysis without the Reaction on the gatte WallsIn stirred. (B) Time course of the hydrolysis of unstirred 0.438 mM

fluorescence measurements, the observation window isPCePC by 2.6ug of pig PLA2 monitored as described for panel
effectively shielded from the contribution of the reaction on A- Essentially the same time course is modeled in the Appendix.

the cuvette walls. As shown in Figure 2, walls in the path of h lin th irred | . ith bulk solution. Not
the excitation and emission beams are orthogonal such thathe wallin the unstirred layer Mixes with bulk solution. Tvote
that the slope after the burst is the same as before stirring

the observation volume, where the excitation and emission ; .
paths intersect, is well separated from the walls. This setupwas ceased, and that the amplitude of the burst at short times

at small beam widths limits the ability to excite and to detect Ncréases with the duration for which the stirring is ceased
emission from the same walls. In unstirred solutions. the (not shown). Since reaction progress continues after the burst

product from any of the walls will have to diffuse through at roughly the_: extrapolated levels from before, it is concluded
layers of the bulk aqueous phase to come into the observatiorfnat hydrolysis continues at roughly the same rate also during
window. As modeled in Appendix, such a diffusion delay is the time that stirring is ceased. The conclusion that the burst
expected to be on the order of several minutes. and the stirred rate are due to the reaction at the cuvette
The contribution of the diffusion layer to reaction progress wall is Cpnsistent with the obser.vat.ior) th‘?‘t th? appargnt rate
is shown in Figure 3A. The reaction begins after PLA2 is of reaction _by both of these criteria is 5|gn|f|cantly higher
on the plastic cuvette than on the quartz cuvette (Figure 3A).

added to the stirred solution, and a small delay is seen in q K h for this diff ithouah i
the plastic cuvette. In both cases, the apparent rate decrease\é’e 0 not know the reason for this difference, although it

dramatically as soon as stirring is ceased. Note that as stirring'S €XPected if more enzyme is bound, or the activity is higher

is begun again, in both cases a burst of the fluorescence®n the plastic cuvette.

decrease is followed by a sustained decrease with a slope The steady state rate of hydrolysis, or the burst on

that is virtually identical to that seen before the stirring was beginning the stirring, was not seen in reaction mixtures

ceased. The burst is due to the fact that in unstirred solutionswhere one of the components needed for the reaction is not
the reaction continues on the container walls without a included. Such controls showed that the stirred rate is not
significant contribution in the observation window. When seen in the absence of calcium, the catalytic cofactor, or in
the contents were stirred, all the product accumulated nearthe presence of a competitive inhibitor, MJ33. In unstirred

- ff
t E oA % B

A
,
'-?;ff o'n quartz 2
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solutions, th_e steady state slope remains barely above t_herable 1: Rate of Hydrolysis of 0.1 mM DEC by Pig PLA2
background in both types of cuvettes. Note that the experi-
mental conditions chosen for the experiment whose results : :
are depicted in Figure 3A, and for virtually all other results pﬂﬂ'é? Larty cuvette 4655 Sﬂrr':gt‘i’rfé?'l‘;gggiﬁ\e/ette 2-5’04
Qescr_lbed in thls_paper, are such that the fluorescenqe changénstirré‘d qartz cuvette 004 P :

is a linear function of the amount of the short chain fatty

acid produced during the course of the reaction. As described 5
in Experimental Procedures, the calibration curves for the .
fluorescence response under the assay conditions were .

generated with heptanoic acid. Only the concentration range ror
that gave a linear fluorescence response was used for the
measurement of PLA2-catalyzed hydrolysis.

The contribution from the reaction on the walls, limited .
by the diffusion through the unstirred layer, would be 0o|28848 & & 4
significant only after longer periods of time in the fluores- e 3 -
cence observation window. The thickness of the unstirred Pig PLA (nmol)
layer in our cuvette system is estimated to be 0.24 cm. As Ficure 4: Dependence of the slope of the fluorescence change in
developed in the Appendix, the diffusion delay through an 2 plastic cuvette as a function of the added amount of pig PLA2

; ; ;. monitored in 0.2 mM Tris, 5 mM Cagland 1 mM NaCl for the
unstirred layer of 0.24 cm is expected to be about 10 min. stirred @) and unstirred reaction mixturea) containing 0.44 mM

The experimental curve in Figure 3B is in good accord with pcpc. The background drift ratedf in the absence of added
this calculation. The main purpose of these calculations is enzyme is also shown.

to show that the observed time delay is consistent with the
time required for the product (protons) from the walls to effect. This also accounts for the lower rates seen in the
diffuse into the path of the observation beam. If the quartz cuvette in the spectroscopic assay, and for the higher
hydrolysis on the walls continues for some period of time, rates seen in polypropylene cups used for pH-stat titration
the overall rates could soon become limited also by the (Table 1). Addition of cation exchange beads or carboxy-
replenishment of substrate from solution, unless most of the methyl cellulose powder did not induce a noticeable increase
substrate is at the walls already from the beginning. In this in the stirred rate, which suggested that ionic interactions at
case, there can be no steady state and the overall rate wouléxtraneous surfaces are probably not responsible for the
decline long before the total substrate is hydrolyzed. This effects.
process can be affected in a variety of manner by details of Dependence of the Apparent Stirred Rate on the Amount
the product diffusion. Hydrolysis will also be affected by of PLA2 Is SaturableA consequence of the reaction at the
product inhibition as the product accumulates in the wall walls of the vessel is that the surface could saturate with
region. At present, we do not have sufficient information absorbed PLA2. As shown in Figure 4, the slope for the
about the initial substrate distribution on the cuvette walls stirred reaction increases steeply at low pig PLA2 concentra-
or product inhibition, to predict the overall kinetics. However, tions and then reaches an apparent maximum. On the other
data depicted in Figure 3A show that during the 100 s that hand, the slope in unstirred solution is only slightly above
stirring is ceased hydrolysis at the walls continues at the samethe background drift. The slope for the unstirred reaction
rate. This suggests that substrate replenishment and produdbarely changes with the amount of PLA2, as is also the case
inhibition do not play any role during this time, as is assumed at saturating levels of the stirred slope. Above 0.2 nmol, the
to be the case for the calculations. excess enzyme apparently does not contribute to the observed
Independent controls were carried out to ascertain the hydrolysis. If the reaction occurs only on the walls, with the
fidelity of the proton release assayed with pyranine and stirred cuvette and spin-bar surface of about 16 covered
SNAFL. Comparisons under a variety of conditions showed by 0.2 nmol of PLA2, one enzyme occupies about 1360 A
that results with both dyes are identical to those obtained On a perfectly flat surface, this would be a reasonably close-
with the pH-stat assay. Considerable anomaly is observedpacked layer.
under the conditions where the response profile and parti- As summarized in Table 2, a dependence of the observed
tioning of pyranine in lipid dispersions change with pH. For rate on stirring is seen with several other phospholipases.
guantitative comparisons, we describe results only with On the basis of the slope of the initial region of the plot in
SNAFL. Such controls showed that in the scooting mode Figure 4, the apparent rate of hydrolysis by pig PLA2 in a
hydrolysis of only the enzyme containing DMPM vesicles stirred solution is about 2.55in 100uM DC,PC or 5 s*
occurs as predicted by the Poisson distribution relationshipin 0.4 mM DGPC. The stirred rate calculated from the PLA2
(1), and hydrolysis of excess vesicles occurs in the presenceconcentration dependence in the saturating regiondsl
of polymyxin B (). Similarly, enhanced hydrolysis of s, and it is comparable to that estimated from the slope of
micellar DGPC is seen above the cmc as described later, asthe enzyme concentration dependence under the unstirred
is the fact that the rate of hydrolysis of micellar substrate conditions. A maximum of the stirred rate was also observed
increases up to 100-foldii4 M NaCl ). Such comparisons  with increasing concentrations of certain other lipases (Table
suggest that the fluorescence change characterized in panel®). For example, the stirred and unstirred rates are signifi-
A and B of Figure 3 reflects the events associated with cantly different for GCAT and for PLA2 from venom of the
PLA2-catalyzed hydrolysis at the cuvette walls. Since higher N. melanoleuc®Ell isozyme. For the 14 kDiajaenzyme,
activity is seen on the surface of the polystyrene cuvette, it saturation of the slope occurs at about 0.15 nmol, whereas
appears that the enhanced rate is driven by the hydrophobidor the 34 kDa GCAT, it occurs at about 0.08 nmol. The

conditions rate (39 conditions rate (39

osf ®

Slope (nmol s™%)
[ ]
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Table 2: Upper Limit Estimate of the Rate of Hydrolysis of {RC 60 °
(0.438 mM) in Unstirred and Stirred Cuvettes
. .
ratet (s %) A
- - 40 A A e ©
enzyme unstirred stirred N - .o
pig quartz 0.06 0.2 s
plastic 0.07 5.3 ol 8
human type Il plastic <0.005 0.1 e
Naja (DE2) plastic 0.03 10.4 By e Ce
bee venom plastic 34 40 vAPT) .
GCAT plastic 0.5 29 N Abddd . .
0 1 2 3 4

a Rates (standard deviation #f15%) were measured in 1 mM NacCl,
5 mM CaC}, and 0.2 mM Tris at pH 7.1 with 0.438 mM RREC at ) ) )
several enzyme concentrations (cf. Figure 4). The unstirred rates areFIGURE 6: Effect of increasing the amount of added PLA2, in a
based on the slope of the line for the enzyme concentration dependenceStock solution stored in the plastic cuvette, on the transferred activity
determined in a separate cuvette by using 1-palmitoyl-2-pyrene-
decanoylphosphatidylmethanol substrdtd (The conditions in the
stock cuvette for changing the amount of added enzyme were
® identical to those described in the legend of Figure 4, but without
12+ 8 (O) or with added 0.2 mM DgPC-ether @). For the controls

e without () and with the ether&), the stock solution at the same

§-2 concentration was prepared in borosilicate glass minitubes (Kimbell)
8 where the extent of adsorption is considerably lower.

Pig PLA (nmol)

Rate (s71)

air bubbles raise a generic concern about the storage, transfer,
and assay conditions for PLA2. We explored conditions
under which the enzyme present in a stock solution in a
polystyrene cuvette becomes available for transfer to a
separate cuvette for an assay which is not affected by
adsorption. In this scooting mode assay, the affinity of PLA2
for the anionic 1-palmitoyl-2-pyrenedecanoylphosphatodyl-
methanol vesicle interface is high and virtually all the enzyme
remains at the vesicle interface even when all the substrate
is hydrolyzed 8, 16, 17). As shown in Figure 6, about 0.2
unstirred rates with type Il human PLA2 are also barely nmol of PLA2 cannot be transferred from a plastic cuvette,
above the background level, and a modest increase is see@nd only the excess PLAZ2 is transferable. Note that the
on stirring. On the other hand, bee venom PLA2 exhibits a amount of PLA2 that is not transferable is comparable to
considerably higher unstirred rate, and the increase on stirringthe absorbed amount that was available for the surface
is also modest. Either the bee venom PLA2 hydrolyzes the reaction depicted in Figure 4. This is because identical
monodisperse substrate, or the unstirred rate could be dueconditions are used in these two complementary sets of
to the formation of premicellar aggregates which remain in €xperiments, although the amount of enzyme in the super-

o N )
oe ™,

% 2 4 6 8
[DC,PC-cmec] (mM)

Ficure 5: Dependence of the rate of hydrolysis of micellar/2C

PC by PLAZ for the stirred®) and unstirred®) reaction mixtures

in plastic cuvettes. The other conditions were as described in the

legend of Figure 4.

the bulk aqueous phasé™). Such alternatives cannot be
resolved yet.
Stirring Does Not Change the Rate alothe CMC

natant is determined by two different criteria. Even the
presence of 0.2 mM D C-ether, more than 10 times below
the cmc, in the stock solution does not make more enzyme

Results so far suggest that virtually all the hydrolysis of transferable. On the other hand, virtually all the enzyme from
monodisperse short chain phosphatidylcholines is due to thethe stock solution in borosilicate tubes under the same
pig pancreatic PLA2-catalyzed reaction on walls of the conditions can be transferred to the assay mixture. Together,
reaction vessel. The contribution of the extraneous surfacesthe complementary results depicted in Figures 4 and 6 show
is minimized with micellar substrates. As shown in Figure that PLAZ adsorbed on the cuvette walls is responsible for
5, the rate of hydrolysis increases with micellar PC the stirred rate.

concentration, and the stirred and unstirred rates are virtually The effect of addegt-globulin on the amount of transfer-
the same. Indeed, the dependence of the rate of hydrolysisable PLA2 from a glass storage vial is shown in Figure 7.
on the micellar DGPC concentration in the absence of added Under these conditions, a maximum of 80% PLAZ2 in the
NaCl gives the following apparent rate parameters obtainedstock solution can be transferred to the assay mixture at

from the hyperbolic fit shown in Figure Ky?P= 3.0 mM
andVy®P = 18 s'1. These values compare favorably with
the values of 2.3 mM and 16% respectively, obtained with
the pH-stat titration protocol under the same conditi@)s (

saturating globulin levels. The comparisons in Figure 7 show
that even in the presence of 15 mM ERC-ether and a
saturating amount of globulin the transferable fraction of the
total enzyme did not reach 100% urgesM NaCl was also

This is expected because above the cmc the rate is dominate@dded to the stock solution. Independent experiments also

by the partitioning of the enzyme on micelles and the
interfacial catalytic turnover occurs at the micellar interface
with a substrate replenishment on the time scale of the
catalytic turnover time.

Conditions for Minimizing Adsorbed PLA®ur observa-
tions with the adsorption of PLA2 on cuvette surfaces and

showed tha4 M NaCl alone did not increase the transfer-
ability of the adsorbed enzyme.

We investigated the conditions under which pig PLA2
bound to the container walls is completely transferable. As
shown in Figure 8, the transferable fraction of the total pig
PLA2 from the plastic cuvette decreases with increasing



10454 Biochemistry, Vol. 38, No. 32, 1999 Yu et al.

100+ L 100+ [} [ [ ]
A o o]
o © (o]
o]
o]
875 L [ J [ ] L ] [ ] \d o]
:(:, L] 8 (o]
.50+ o L o]
° g 50
a n o}
3 ¢ o
=23 00°
0o®
ol L . ) . . ol L " .
0.0 0.5 1.0 15 2.0 25 o] 5 10 15 20
Globulin (nmol) DCegPC-ether (mM)

Ficure 7: Effect of added-globulin on the amount of transferable  Ficure 9: Effect of DGPC-ether concentration on the fraction of
enzyme from a stock solution in a glass vi@)( Conditions for the transferable enzyme in the stock solution in a plastic cuvette
the incubation of 0.12 nmol of pig PLA2 were identical to those without (O) or with (®) 4 M NaCl. Conditions for the incubation
described in the legend of Figure 4. The effect of added 15 mM of 0.12 nmol of pig PLA2 were identical to those described in the
DC¢PC-ether alonek) or with 4 M NaCl @) is an increase in the legend of Figure 4.

fraction of transferable enzyme closer to 100% of the enzyme
originally added to the container. dilution of NaCl and D@PC in the assay mixtures will have

s0 little adverse kinetic effect.

o DISCUSSION

H
[=]

The Michaelis-Menten kinetic paradigm is adopted for
interfacial catalysis in Scheme 1 with two parallel paths for
catalytic turnover, one through the interface and the other
in the aqueous phase. The relative magnitudes of the primary
° o kinetic parameters for the two paths constitute the basis for
. . . . interfacial activation, 8). Lipolytic enzymes have evolved
g m = > - =0 to work at interfaces because that is where their natural

[Ca] (mM) substrates are found. Interfacial catalysis assessed in the
FiGURE 8: Effect of the calcium concentration on the fraction of S¢00ting modeX; 3, 7) or under the fast exchange conditions
the transferable enzyme in the stock solution in a plastic cuvette (6) provides the only conditions for determining the inter-
without (O) or with (@) 0.2 mM DGPC-ether. Conditions for the  facial kinetic parameters. The results of this study clearly
incubation of 0.12 nmol of pig PLA2 without added globulin were  show that no useful mechanistic information for PLA2 can
identical to those described in the legend of Figure 4. be obtained from assays with monodisperse substrates;
however, a limit estimate of the turnover through the
monomer path is theoretically interesting.

Under optimum conditions, the interfacial catalytic turn-
over by pig PLA2 with DGPC micelles is>500 s, and
the measured rate with Q@C is about 25078 (6). Our
estimate for the rate of hydrolysis of monodisperse short
chain phosphatidylcholines is significantly less than 01 s
This limit estimate for the monomer hydrolysis by PLA2 is
M10-100-fold smaller than that reported previously. Virtually
all of the difference can be attributed to the contribution from
the extraneous reaction on surfaces of container walls and
air bubbles. Our assay conditions are also chosen to minimize
possible contributions from premicellar aggregates of the
enzyme with substrate amphiphilesl). Analysis of anoma-
Optimum conditions for the desorption of pig PLA2 bound |ous effects, associated with the possible formation of the
to the plastic cuvette walls are provided by results shown in premicellar aggregates of PLA2 at substrate concentrations
Figure 9. The transferable PLA2 activity increases with closer to the cmc, will require additional studies.
increasing D@PC-ether concentrations. In the absence of It has been reported that monodisperse substrate mimics
added NacCl, the inflection corresponds to the cmc of the bind to the active site of PLA2. As is the case at the interface,
ether, and 95% of the enzyme can be transferred i the mimic binding to the active site of PLA2 in aqueous
mM. In the presencefat M NacCl, virtually all the bound phase has an obligatory requirement for calci@nl(Q). In
enzyme becomes transferable a2 mM DGCsPC-ether.  addition, catalytic His-48 is not alkylated in such complexes
Recall that the cmc of the ether is 0.5 mM 4 M NacCl, (6, 8). For the interpretation of these results, we assumed
which also increases the affinity of PLA2 for the zwitterionic that the mimic does not promote the formation of the
interface 6). In short, PLA2 bound to container walls can premicellar aggregates, which gives an apparent dissociation
be totally competed out with D£C-ether a4 M NacCl for constant for DGPC-ether of 0.08 mM. IfKy for the
transfer. These conditions are well suited for making dilute monomer path is also in this range, the upper limit estimate
stock solutions of PLA2 because additional 1000-fold for k., Vvia monodisperse ES will be0.5 s for DC;PC. If
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calcium concentrations. The overall effect on the nontrans-
ferability appears to have two components, which may have
an interesting kinetic consequence. As more enzyme is
adsorbed, the stirred rate will increase with increasing
calcium concentrations. This effect is of course in addition
to the direct effect of calcium on the catalytic turnoveg)(

The two apparent dissociation constants from the results
depicted in Figure 8 are 0.3 and 5 mM, as also reported unde
the kinetic conditions with weak interfaceS)( Note that
calcium has little effect on the binding of PLA2 to the
phospholipid interface; therefore, the apparent effects of
calcium on the adsorption on cuvette walls must involve
additional considerations.
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a premicellar aggregate is formed under the conditions of To recapitulate, immeasurably low rates for the hydrolysis
the alkylation assayl@), the stability of monodisperse ES  of monodisperse phosphatidylcholines through a monodis-
will be even lower. In short, we believe that if a monodis- perse ES complex of PLA2 provide a basis for identifying,
perse substrate binds to the active site of PLA2 in solution, comparing, and contrasting the structural changes that lead
the monodisperse ES complex is virtually completely to a catalytically competent enzyme at the interface through
catalytically impaired. Ks* and ke activation. We believe that the protocols
Impaired hydrolysis of short chain phosphatidylcholines developed in this paper are generally useful for designing
through the monomer path may have its origin in factors su_|table assay conditions for |.n.terf_aC|aI enzymes where _the
that control the chemical step at the interface. Pig PLA2 is Microscopic steady-state condition is satlgfled. The :_;malytlcal
activated by the anionic charge at the interface. For example,0asis for these protocols as developed in Appendix should

in the absence of an additive on ERC micelles ke is be generally useful for an appreciation of the trends of the
less than 20, compared to a value of about 1000 ait kinetic contribution of interfacial unstirred layers associated
the anionic interfaces or in the presende4dvl NaCl (6). with larger surfaces.

We cannot yet rule out the possibility that the steady-state APPENDIX

accumulation of the anionic products of hydrolysis is

responsible for building an anionic charge even onthese DC  Product Diffusion DelayIn the experiments described in
PC zwitterionic micelles at low salt concentrations. If so, it the main text, products are formed on extraneous surfaces
would imply that most, if not all, catalytic activity of pig  of the walls of the reaction vessel or stirrer, and/or in the
PLAZ2 is expressed only at the anionic interface. Site-directed air—water interface. The observation region is equidistant
mutagenesis studies suggest thatkhé activation by the from the bottom and sides of the vessel, and it is formed by
anionic charge at the interface is due to interaction of K56 the crossing beams for excitation and emission. Thus,
and K53 on the interfacial recognition surface of PLA2 away diffusion takes place in approximately cubically symmetric
from the active siteX8). We surmise that PLA2 will remain  regions which include the observation window (Figure 2).
keat-impaired in the absence of such charge interactions in However, diffusion is a volume-filling proces24), and
monomer ES in the aqueous phase. We are investigatingdiffusion times are determined primarily from volume
consequences of such possibilities. considerations. Thus, for computational simplicity, we will
assume that the regions exhibit spherical symmetry. The
results showing adsorption of PLA2 on vessel walls raise "€action vessel with a VOI“;“‘E'S considered a sphere with
doubt about the fidelity of many of the commonly used assay 2 rgd|u_sL, wh_erev = 4nL33. S|_m|larly, the observation
conditions. Such concemns are also relevant for the enzymol-'€9ion is considered a sphere with a radisvhereL. — R

ogy on monolayers of medium chain phospholipids at the
air—water interface. Typically, the monolayer area is com-
parable to the trough area, and it has long been appreciate
that only a small fraction of PLA2 added to the aqueous
phase binds to the monolayelr9j. In conjunction with the
inability to ascertain the steady-state condition due to
diffusion though the unstirred aqueous lay&)( the concern
about a possible reaction on hydrophobic walls of a Teflon
trough needs be addressed.

Implications of Catalysis on Extraneous Surfac€air

is the distance from the walls to the outer edges of the
observation region. In this way, the smallest diffusion
flistance and the total volume are considered as the main
determinants for the diffusion time.

In this spherical symmetry, the solution to the diffusion
equation can easily be found using standard meth28s (
A single product with a diffusion constait that starts at
time zero at the outer boundary € L) will at later times
have the density

Synovial and pancreatic PLA2 have low affinities and low 1 o« L sin( /L)
kea* values on phosphatidylcholine vesicles. This raises a p(rt) =—{1+ _Z o kUL (A1)
warning flag about the fidelity of assays in which a small V! 3= rsink,)

amount of substrate with a weakly binding interface is used,

as is typically the case with radiolabeled or certain fluorescent at a distance from the center. The numbeks (n =1, 2, 3,
substrates where the background counts have to be kept low...) are the roots of the equation

The problem of adsorption on extraneous surfaces is expected

to be particularly acute in assays with biological fluids k, = tank,) (A2)
containing a small amount of interfacial enzyme shaken in

a plastic tube. Only when the surface is saturated with the It can easily be seen that the density (eq Al) satisfies the
enzyme can one at best hope to obtain a relative measure otliffusion equation with a reflecting barrier at = L,
activity without knowledge of the amount of enzyme at the approaches a function atr = L whent goes to zero, and
substrate interface. The lag period seen under these conditionapproaches the homogeneous distributiow after long

is followed by a burst of activity after a critical mole fraction periods of time. The average density inside the observation
of the products has accumulateD(21). The magnitude of  region ¢ < R) can be calculated as

the lag phase depends not only on the variables that control

the initial binding of PLA2 to the interface but also on the _ R, o

competitive binding to the extraneous surfaces. Since such®(t) = — Jo drp(rd) dr =

variables cannot be readily controlled, the lag period in this 7 )

kinetic assay cannot be used as a sole measure of the extent 1 2 @ sin(kX) — kx cosX) -

of initial binding of PLA2 to zwitterionic vesicles or ; + B , € (A3)
monolayers. Xn= ky” sinky,)
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wherex = R/L. The mean time before the distribution of These numbers give an expected delay timé&rom eq A4
the product has equilibrated across the whole observationof 16 min. This is likely to be a lower limit estimate since

region can be defined as the diffusion constants are calculated for infinite dilution,
and increasing electrolyte concentrations are expected to slow
_ Vf t—B dt = (1 _ 32) (Ad) the effective diffusion. On the other hang,is a mean time
0 L2 before the distribution of product has equilibrated between

the observation region and the rest of the volume. On the
This integral can be calculated from eq A3 but more easily basis of the burst kinetics described by eq A3, the time it
by considering the Laplace transform of the solution to the takes to reach 5 or 10% of the equilibrium value for the
diffusion equation. Thus, if there is a burst of activity at time product amount in the observation region will be 3 or 4 min,
zero, the average time for the products to reach the respectively, ifRIL = 0.69. The reaction progress curves
observation region is given by eq A4. It can be noted that without stirring, of the type shown in Figure 3B, exhibit a
this estimate is different from the average time it would take time delay of between 5 and 10 min depending on the total
to diffuse across the distante— R, which ist = (L—R)% substrate concentration.
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