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ABSTRACT: The interfacial kinetic paradigm is adopted to model the kinetic behavior of pig pancreatic
phospholipase A(PLA2) at the monolayer interface. A short delay of about a minute to the onset of the
steady state is observed under all monolayer reaction progress conditions, including the PLA2-catalyzed
hydrolysis of didecanoylphosphatidyl-choline (PC10) and -glycerol (PG10) monolayers as analyzed in
this paper. This delay is independent of enzyme concentration and surface pressure and is attributed to
the equilibration time by stationary diffusion of the enzyme added to the stirred subphase to the monolayer
through the intervening unstirred aqueous layer. The longer delays of up to several hours, seen with the
PC10 monolayers at 15 mN/m, are influenced by surface pressure as well as enzyme concentration.
Virtually all features of the monolayer reaction progress are consistent with the assumption that the product
accumulates in the substrate monolayer, although the products alone do not spread as a compressible
monolayer. These results rule out models that invoke slow “activation” of PLA2 on the monolayer. The
observed steady-state rate on monolayers after the delay$%s of the rate observed with micellar or
vesicles substrates of comparable substrate. Together these results suggest that the monolayer steady-
state rate includes contributions from steps other than those of the interfacial turnover cycle. Additional
considerations that provide understanding of the pre-steady-state behaviors and other nonideal effects at
the surface are also discussed.

The interfacial kinetic paradigm for phospholipase A few insights into the primary events of the interfacial
(PLA2Y) bound to micellar and bilayer interfaces of phos- turnover. Typically, monolayer reaction progress shows
pholipid is well establishedl( 2). In the presence of anionic  anomalous delays to the steady state where the rateslate
charge at the interface, PLA2 shows a highly processive of the rates observed at other interfaces. Also considerable
interfacial turnover due to tight binding of the enzyme and evidence has accumulated against the simplifying assump-
keat* activation. In these well-defined systems, the primary tions necessary for the interpretation of the monolayer
rates and equilibrium constants for the interfacial catalysis kinetics (L7—23).
have been quantitatively obtained. The analysis has also Interpretations of the monolayer kinetics in the published
provided insights into the theoretical and technical limitations literature 8—15) are based on a grail of assumptions that
of the kinetic assays with low enzyme processivity, such as are not valid for the identification of the reaction path or
on the zwitterionic interfaces. Additional limitations are the microscopic steady-state condition for the turnover (
predicted for the monolayer syste).(Due to its apparent  2). As shown and developed in this paper and outlined below,
simplicity, the study of interfacial enzyme kinetics at the kinetic analysis of the monolayer reaction progress is not
air—water interface has attracted considerable atten8en ( possible. For an appreciation of the basic arguments behind
15). For a variety of reasons, developed below and discussecthis assertion, in this paper, we critically analyze key features
elsewhere 1, 2, 16, 17), monolayer assays have provided of reaction progress in terms of a minimal model shown in

Figure 1. Operationally, the E to E* step for the binding of
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of PC10 by PLAZ, LPCF FA (1:1). The model and associated constants anq reverse steps. Additional complications come into play
are defined in Figure 1. The enzyme kinetic parameters have their . .
standard significance except that the catalytic turnover occurs only at If the product release or substrate replenishment cannot be

the interface 1, 2). considered instantaneous. Thus the amounts of both enzyme
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stirred subphase
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Ficure 1: The upper panel shows a cross-section to emphasize
the microscopic features in the vicinity of the phospholipid
headgroups at the aiwater monolayer interface. Note that the
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grade. Chloroform (HPLC grade, Fisher Scientific) was used
as the monolayer spreading solvent for all lipids. Buffers
were made in double-distilled and deionized (Milli-Q system,
Millipore Corp.) water.

Monolayer Preparation and Kinetic Protocoléll mea-
surements were carried out at room temperaturéC24inder
the zero-order kinetic conditions. The progress curves were
recorded on a computer-controlled monolayer system,
KSV5000 (KSV, Helsinki, Finland). To avoid carryover of
lipid and protein, the PTFE (Teflon) trough and the Wilhelmy
plate were thoroughly cleaned with hot double-distilled water
at>75°C.

Figure 1 (bottom) shows the three-compartment zero-order
Langmuir trough used for the kinetic experiments. The
central cylindrical reaction compartment (7 cm diameter) is
connected through narrow channels (3 mm width and less
than 1 mm depth) of etched glass to two rectangular substrate
reservoir compartments (width 7.5 cm, length 21.5 cm). A
sand-blasted platinum plate connected to an electrobalance
was set up in the reaction compartment for continuous
monitoring of the surface pressure. With the movable Teflon

stirred bulk aqueous subphase is separated from the headgrougbarrier placed at the outer extreme of each reservoir
region by an unstirred layer (shaded) of the aqueous phase. Befor%ompartment, the three compartments were filled with 10

encountering the interface, the enzyme E in the bulk aqueous phas
diffuses through the unstirred layer. E* at the interface mediates
the processive interfacial turnover on S*, the substrate in the
interface. Not all the product released in the interface (P*) leaves
the interface. The lower panel shows the top-down view of the

M Tris and 2 mM CaGlat pH 8.0 (200 mL+ 40 mL +

200 mL) in such a way that the buffer is connected through
the channels and a meniscus 6f2 mm is formed on the
barriers. Before spreading the substrate, the barriers were

three-compartment trough used for the zero-order kinetic measure-mgyed close to the channels and the surface was cleaned to

ments. The schematics are not drawn to scale.

and product bound in the monolayer can change during the
experiment, and the assay does not provide any direct mean
of determining these amounts. Without this information, it
is impossible to determine the primary catalytic parameters
for the interfacial turnover. Experimental evidence in this

paper also shows that certain assumptions made in the earlie

interpretations of monolayer kinetics are not valid. For
example, the product desorption from the monolayer is not
rapid, and the interfacial turnover is not the rate-limiting step.

Some of the features of the monolayer reaction progress

(3—17) are not observed during the reaction progress with
micellar and bilayer dispersiong,(2, 26—28). With a focus

on such differences, the present study is designed to addres
issues unique to the monolayer assays such as the trouglpe

geometry and the interface area in contact with the unstirred
layer. As developed in ref, the monolayer reaction progress

can be modeled if we know the parameters for the equilibra-
tion and exchange of the enzyme, as well as substrate an

products, between the interface and the stirred bulk aqueous
phase through the intervening unstirred aqueous layer (Figurei

1). The equilibration by stationary diffusion through the
unstirred aqueous layer occurs on the time scale of about
minute. The pressure-dependent longer delays seen only wi
the zwitterionic PC10 monolayer, but not with the anionic
PG10 monolayer, are attributed to the product accumulation
that influences the E to E* equilibrium and tkgi activation

as seen in bilayers and micelles 2, 26—30).

t

EXPERIMENTAL PROCEDURES

PC10, PG10, and LPC10 were from Avanti (Alabaster,
AL). FA (decanoic acid) was from Aldrich. PLA2 was
purified as before4, 25). Other reagents were analytical

m = 0 by vacuum suction before returning the barriers to
their original position. The surface-active impurities from
the surface were removed in this manner by repeating the

%rocedure three times. With barriers in the extreme positions,

phospholipid monolayer was spread on the surface by adding
1-3 uL drops of the stock solution in chloroform. Typically,
a total of 36-60 uL of 2 mM stock solution was spread to
achieve the desired surface pressure. If necessary, excess
phospholipid was removed or the monolayer compressed to
the desired pressure.

With the surface pressure stable (for at least 5 min) at a
constant preset value, a known aliquot of Blwas injected
with a microsyringe into the stirred aqueous subphase of the
reaction compartment. The surface pressure decreases as the
Bubstrate is hydrolyzed and some of the product begins to
ave the monolayer in the reaction compartment. During
the zero-order reaction progress, the surface pressure is kept
constant at the preset value through the electronic feedback
hat moves the barriers in the reservoir compartments such
hat the monolayer in the reaction compartment is replen-
shed. Monolayer from the reservoir compartment diffuses
nto the reaction compartment through narrow surface
channels, typically with a lag of less than 10 s. Thus the

%ate of reduction of surface area in the reservoir compartment

mn?-min~1) is proportional to the amount of product that
leaves the monolayer. The slope of the reaction progress
curve as a function of time (derivative in mmin—) was
calculated from the average barrier displacement over an
interval of 40 s. Such computer-generated measures of the
rate as a function of time are able to continuously track and
differentiate modest changes in the slope with time. The time
to reach half of the maximum peak in the derivative plot
provides an objective measure of the delay to the steady state,
and it is also more reliable than the extrapolation of the
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steady-state rate to theaxis of a chart record. It is quite __ 300 25
likely that the some of the difficulties encountered in the £ 250 e~ 8 mN/m
earlier studies were the result of manual processing of the £ _-—' - 15 mN/im 20 ‘oﬁ
reaction progress curve to obtain the rate and the lag period ~ § 2004 = 5 kS
by extrapolation of the maximum slope to the time axis. '§ 1504 g e

To estimate the turnover rate, it is often assumed that all 2 - 7 - L10 g
the product molecules rapidly leave the monolayer. Interms .2 1001 iy 5
of all the preceding assumptions, the slope is related to the g 504 = 5o
number of substrate molecules hydrolyzed per minute per S e
molecule of enzyme (3) added to the aqueous phase. The 0 ; " e 300
area per substrate molecule at the experimental surface . .

time (min)

pressure is obtained from the number density in the surface _ _
pressure-area isotherms. Monolayer properties at constant FIGURE 2: Reaction progress for the hydrolysis of PC10 monolayer

area were also monitored as an increase in the surface?t8 Or 15 mN/m by 10.6g of PLA2. Continuous line tracks the
change in the position of the barrier (mm). The steps (broken line

pressure using a single cylindrical Teflon trough (7 ¢m in ynjts of mm/min) at 40 s intervals are for the derivative of the
diameter or 38.5 cfrarea) containing stirred 40 mL aqueous progress curve to give the slope at the intervals of 40 s. Unless

phase with 10 mM Tris and 2 mM CaCht pH 8.0. noted, here and in all other measurements, the 40 mL of agueous
Increasing amounts of the desired phospholipid or the subphase in the reaction compartment is 10 mM Tris and 2 mM

; - CaCl at pH 8.0. The amount of PC10 in the reaction compartment
products of hydrolysis were added ficca 2 mMilipid stock of monolayer area of 38.5 ¢his about 9.17 nmol at 15 mN/m. A

solution in chloroform while the surface pressure was gomewhat lower value of the phospholipid at the surface is estimated

continuously recorded. from the pressurearea curves where the area per molecule is 77
A2at 15 mN/m., that is, the amount of lipid on 38.5%surface is
RESULTS 8.3 nmol.

Constraints of Monolayer Kineticiey features of the  for the “interfacial activation” or “penetrating power3+
monolayer trough geometry that influence the reaction 10). Second, the dependence of the delay on the surface
progress are shown in Figure 1. The aqueous phase is stirredgressure of PC10 monolayer is not observed with PG10
but there remains an unstirred layer of effective thickrtess  monolayer as described later. Third, the maximum rate at
just below the monolayer. Besides the turnover parametersithe end of the delay begins to decrease slowly, which
it is necessary to consider not only the rate and equilibria suggests that the substrate mole fraction in the monolayer
that control the steady-state levels of the enzyme at thedecreases even though the surface pressure remains constant.
interface but also the rate and equilibria for the distribution Therefore, a short delay of-2 min to the steady state,
and partitioning of the substrate and products between thegg ais0 noted in virtually all the published monolayer kinetic
monolayer and the aqueous phase including the walls of themeasurements, is unlikely to be related to the catalytic
trough. properties of PLA2. Not only is this short delay observed in

Primary variables that control the rate of the product the monolayer reaction progress with virtually all the
formation are the amounts of the substrate, enzyme, andinterfacial enzymes, but also such a delay is not observed
product in the monolayer. Our analysis shows that at leastwith the micellar and vesicle interfaces. As developed and
two other processes are at work before the onset of the steadgimulated later (eq 1), a delay of-2 min is predicted for
state. A short delay of about a minute to the steady state isthe stationary diffusion of PLA2 through an unstirred layer
seen in all cases. It can be attributed to the stationary of ca. 0.001 cm.
diffusion of PLA2 from the bulk aqueous phase to the  pependence of the Delay on the Enzyme Concentration
interface through the unstirred layer (cf. Figure 1 and eq 1). There are two major difficulties in the interpretation of the
A longer delay is observed under certain conditions with rogress of a reaction of hydrolysis on monolayers. First, it
PC10 monolayer, but not with PG10. It is attributed to the s not possible to measure the thickness of the unstirred layer
development of the anionic charge at the interface by thethrough which the enzyme added to the aqueous phase
product accumulation and the consequent increase in theyiffyses to the interface. Second, the exact amounts of
binding of PLAZ2 to the interface, it§* . activation or both. product and enzyme in the monolayer cannot be directly

Pre-Steady-State DelayBhe time course of the zero-order measured. Therefore such contributions can only be indirectly
reaction progress for the PLA2-catalyzed hydrolysis of PC10 evaluated. Results in Figure 3 show a nonlinear dependence
monolayer at two different pressures is compared in Figure of the delay and rate on the total enzyme concentration. For
2. The derivative plot (slope) gives the rate at 40 s intervals. the PC10 monolayer at 8 mN/m at all PLA2 concentrations,
Here the delay is defined as the time to reach half of the the delay is about 1 min. At the higher surface pressures,
steady-state (maximum) rate. This value is comparable tothe delay is longer, that is, up to 70 min depending on the
that obtained by the extrapolation of the steady-state part ofenzyme concentration and the surface pressure, as shown in
the reaction progress to theaxis. Figure 3A. The long delay time decreases with increasing

Three features of the derivative plot in Figure 2 are enzyme concentration. This is expected if the long delay
noteworthy. First, at high surface pressure, the onset of theobserved at the higher surface pressures is related to a change
increase in the rate is complex, and certainly, it is not in the PC10 monolayer induced by the enzyme action. There
exponential. An exponential time course is expected if the is another unusual feature of the effect of the enzyme
binding of the enzyme from the aqueous phase to the concentration on the steady-state rate (Figure 3B): the rate
interface were dominated by a single intrinsic rate constant does not change significantly with the surface pressure, and
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Ficure 3: The PLA2 concentration dependence of (A) the delay

PLA; (n9)

PLA; (ng)

and (B) the maximum slope at the steady state in the zero-orderFIGURE 5: Surface pressure dependence (A) of @ delay and
reaction progress for the hydrolysis of a PC10 monolayer at constant(®) maximum slope for the hydrolysis of PG10 by 1pgof PLA2

pressure (mN/m): @) 20, (&) 15, @) 12, and @) 8. Other

conditions were as described in Figure 2.

and PLA2-concentration dependence (B) of the dellyahd the
maximum slope@®) for the hydrolysis of PG10 at 20 mN/m. Other
conditions were as described in Figure 2.

300 50
T o that only the short delay is seen during the hydrolysis of
é ®eccccoe la0 = .
= o PG10 monolayer at all surface pressures. In analogy with
S 200+ R j: the difference between the interfacial kinetic behavior of the
= k30 = o Lo :

g g anionic versus the zwitterionic micelles and bilayetsZ,
% 20 5§ 20—25), we attribute the difference to the changes in PLA2
2 100+ 5 induced by the interfacial anionic charge.
g H0 ~ The Long Delay Decreases in the Presence of the Products
or NaCl. The long delay observed with the zwitterionic PC10
0 . j 7 LA S 70 monolayer can be attributed to the time needed to accumulate

. ) a minimum amount of anionic charge due to the products of
time (min) hydrolysis. For example, as shown in Figure 6A, the long
FIGURE4: Reaction progress (continuous line) and steady-state ratedelay of over 90 min at 23 mN/m diminishes to less than 3
(slopes, dotted line) for the hydrolysis of PG10 monolayer at 20 min if the reaction progress is monitored with monolayer
mN/m by 10.5ug of PLA2. - .
spread a 4 M NacCl due to the preferential adsorption of

at all surface pressures, it saturates at the higher enzymeﬂﬂionic chloride into micellar or bilayer interface of zwit-
concentrations. Together, the results in Figures 2 and 3 areterionic phosphatidylcholine2f). The long delay of over
inconsistent with all variations on the theme of intrinsically 100 min (not shown) under these conditions decreases if the
slow “penetration or activation” of PLA2 at the substrate products of hydrolysis are added to the PC10 monolayer
monolayer. before initiating the reaction progress (Figure 6B): the delay
Only the Short Delay Is Obseed with Monolayer of is 26 min with 12 mol % product and 5 min with 66 mol %
Anionic PG10.Compared to a delay of more than 30 min product. As also shown in Figure 6B, the delay is less than
with the PC10 monolayer at 20 mN/m (Figure 3), for the 3 min if the PC10 monolayer is spread on the subphase
same amount of enzyme only a short delay of about a minutecontaining PLA2 and the hydrolysis products of PC10 from
is observed with PG10 monolayer at 20 mN/m (Figure 4). the previous run at the same surface pressure. Together, these
In both cases, the peak rate decreases at the longer time&esults show that the long delay during the PC10 monolayer
beyond the onset of the steady state. Long delay 2min reaction progress at constant pressure decreases in the
is not observed with PG10 monolayers under the range of presence of the added products of hydrolysis.
conditions that we have studied. For example, as shown in  Obsewed Monolayer Rates Are Exceedingly SI®esults
Figure 5A, the delay remains constant at less than 1 min asin Figures 3B and 5B show that for both substrates the
the peak rate increases modestly up to a pressure of 28 mNbbserved steady-state rates (slope) saturate with the amount
m. Also, at 20 mN/m, the delay of about 1 min is independent of enzyme added to the subphase. Also for both substrates,
of the enzyme concentration (Figure 5B). These results showirrespective of the enzyme concentration or the surface
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Ficure 6: Reaction progress for the hydrolysis of PC10 monolayer at 23 mN/m byu®0d® PLA2 (in all cases) (A) wh 4 M NacCl in

the aqueous subphase or (B) with 12 or 66 mol % of product added to the monolayer before initiating the reaction progress. Panel B also
shows the reaction progres$RC, without the derivative plot) on a second aliquot of PC10 spread on the subphase after the complete
hydrolysis of the first aliquot of the same amount of PC10 that showed a long delay of over 100 min. Other conditions and controls are as
described in Figure 2.

@ Rates for 1Qug of PLA2 in the subphase were obtained from the
steady-state slope in the reaction progress (Figures 3B and 5B). The
number density of the substrate molecules was used to convert the area
change to turnover number on the basis of the total enzyme added to
the subphase5). ® The turnover rate of hydrolysis of the aqueous O 0 20 30 a0 30
dispersions were obtained by pH state titration at the bulk saturating
amounts of the substratg, 30, 31).

Table 1: The Apparent Maximum Rate of Hydrolysisjsof PC10 Z
and PG10 by PLA2 §_
conditions PC10 PG10 <
monolayet 0.04 0.2 §
vesicle$ 400 560 s

o

(%)

8

S

=

»n

Time (min)

FIGURE 7: The time course of the change in the surface pressure

A0 a single compartment trough after the addition of PG10 to 40
pressure, the apparent monolayer rate at the steady state I%L of stirred aqueous subphase with 38.5°curface area: (a)

exceedingly low. As summarized in Table 1, with 4§ of 0.0088 or (b) 0.01mol of PG10 spread onto the surface. For
PLA2 in the subphase the apparent monolayer rate is 0.04line c, 0.05¢mol of PG10 was added into the aqueous subphase,
s for PC10 and about 0.2°% for PG10, which are less and then at 30 min, the surface monolayer was partially removed

than 0.1% of 4086500 s measured at the saturating by aspiration.
concentrations of the micellar aqueous dispersions of PC10
or PG10. Based on the interfacial kinetic paradigm (Figure experimental estimate that-5% of radiolabeled PLA2 binds
1), there are at least three types of effects that could lead toto the monolayer&). The effects of the interfacial anionic
the apparently lower observed monolayer rates calculatedcharges and the product accumulation in the monolayer are
from the rate of barrier displacement. The intrinsic catalytic discussed further below. Beyond this, the possibility that a
turnover rate at the monolayer interface is unlikely to be significant fraction of  in the aqueous subphase is
significantly different from that at the micellar or bilayer irreversibly adsorbed on the surface of the Teflon trough can
interfaces. Note that the chain length of the substrate has ate ruled out on the basis of the results that a fresh PC10
best a modest effect (less than 3-fold) on the observed monolayer spread on the surface of a hydrolyzed monolayer
turnover rate at the micellar or bilayer organizati@, (30, does not show the long delag®). Such a loss of the long
31) with internal surface pressure of about 30 mN/m. A 1000- delay for the first-order reaction progress would be seen only
fold difference between the monolayer and micellar rates if both E- and products redistribute in the freshly spread
(Table 1) is therefore likely to be due to the fraction of the PC10 monolayer within the duration of the short delay. Note
total enzyme bound to the monolayer and the turnover that the products of hydrolysis from a fully hydrolyzed PC10
efficiency of the bound enzyme. In addition, a slow product monolayer do not form a compressible monolaykEr)
desorption rate from the monolayer could change not only  Equilibration of PG10 and PC10 at the Monolayer
the surface charge on the monolayer but also the steady-nterface.The calculation of the catalytic turnover rate from
state mole fraction of the substrate and product. the speed of barrier displacement is based on the assumption
There are no satisfactory methods available for determiningthat the product formed in the monolayer rapidly and
the dissociation constanky, or the amount of E* on the  completely leaves the interface on the time scale of the
monolayer. Therefore the fraction of PLA2 bound to mono- turnover and also that all the substrate is present only in the
layer can only be guesstimated. Based on the micellar monolayer. Under the zero-order kinetic conditions, this
substrate concentration dependence of the enzyme kineticsineans that the product is rapidly replaced with an equivalent
the apparenky is in the range of 10* M (31). Based onthe  amount of substrate only from the reservoir compartment.

total PC10 or PG10 concentration, [M*], of 0.28/ (0.01 Results described below show that these assumptions are not
umol in 40 mL of subphase in the reaction compartment), valid. As shown in Figures 7 and 8 at least some of the
the ratio of the free/bound enzyme/E* = Ky/[M*], would phospholipid at the higher surface pressure remains in the

be about 400. This estimate is somewhat larger than theagueous phase, and the rate at which phospholipid partitions
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—~25] B to the partitioning of the products of hydrolysis (LPC/FA 1:1).
E Typically, the solution of the products was spread on the PC10
E 204 monolayer in a stirred subphase, and the area change was allowed
- to equilibrate for about 10 min during which the solvent evaporates
g 154 ——ONPCyo and the product equilibrates. These conditions are close to those
2 —o—OFF PCyo for the zero-order reaction progress, that is, the reaction compart-
@ 107 —=—ONPGy ment is connected to a monolayer reservoir. The area expansion is
L OFF PGy monitored as the barrier displacement in the reservoir compartment.
Independent controls suggested that the equilibration time for the
04 product present in the aqueous phase is considerably longer.

0.000 0.005 0.010 partitioning of PG10 or PC10 into the aiwater surface

Substrate (pmol) occurs only above a certain concentration of the added
FIGURE 8: Panel A shows the dependence of equilibrated surface Phospholipid. For example, a sharp increase in the surface
pressure as a function of log [PG10W. The lipid was added to ~ pressure occurs above Qu& PG10 spread on the (stirred
:Eg ;Urfjae%eu ;ng& ;tirr]f;fége %vﬁiﬁ) gtrir-:»iti]"ing )O?P%)n glf Eii%tgvﬂsinttﬁe or unstirred) surface, whereas the onset of the increase is at
chang?e in equilibr?um surface press%re by PC2Dd¢r PG10 [0) .]"zﬂM PG10 added to the aqueous phase. These results
amounts (in micromoles) spread on the 38.5 sorface of stirred imply that as much_gs 8_5% of the added PG10 in the second
(filled symbols) or unstirred (unfilled symbols) 40 mL of 10 mM  case does not partition into the monolayer. As compared on
Tris and 2 mM CaGlat pH 8. In all four cases, a significant time-  a linear concentration scale in Figure 8B, the onset of the
dependent drift was seen above 20 mN/m (Figure 7) that precludedincrease in the surface pressure occurs only after the first
&?ﬁ‘;ﬁ;ﬁ;‘?&? %fot;‘;g,gféii?gda?%.%gl /Tgurgi';hggmt of th§y, 005 umol of phospholipid is added to the surface. There
phospholipid. are two possible explanations for the onset of the pressure
change above a certain added phospholipid concentration.
from the aqueous phase to the monolayer can be very slow.The standard explanation is that all the phospholipid is in
For example, as shown in Figure 7, the surface pressure forthe surface (“insoluble monolayer” assumption) and at low
the PG10 monolayer stabilizes rapidly and remains stablesurface densities the monolayer does not exert any lateral
for at least 15 min at 8 mN/m (curve a) when 0.0Q880l pressure. According to the standard model, the onset of
of PG10 is spread on the surface of the stirred aqueous phasenicellization is believed to occur only after the monolayer
of the single compartment trough. With 0.022ol of PG10 surface pressure reaches its maximum. A second possibility
spread on the surface, the pressure rapidly reaches 27 mN/nis that some phospholipid remains in the subphase. In this
and then slowly drifts down for more than an hour (curve context, surface pressure studies show that the amount of
b) presumably as some of the PG10 is “solubilized”. Curve PC10 in the subphase at equilibrium changes with the surface
¢ shows that the maximum pressure of about 30 mN/m pressure, that is, these monolayers are “sparingly” soluble
develops slowly with 0.0mol of PG10 added to 40 mL  (18). Thus it is quite likely that the partitioning of the
(= 1.25uM) of subphase. Note that if some of the monolayer medium-chain phospholipid substrates and the products of
(at 30 min in curve c) is removed by aspiration, the half- PLA2-catalyzed hydrolysis changes with their total concen-
time for the pressure recovery is about 3 min. These resultstration as well as the surface pressure.
clearly show that the rate of distribution of PG10 and PC10 Pressure Dependence of the Product Partitioniidr
(results not shown) between the monolayer and the subphas¢hough the products of PLA2 hydrolysis of PC10 or PG10
are strongly pressure-dependent and can be very slow.do not form a compressible monolayer by themselves, they
Attempts were made to measure the effect of the sweep ratepartition into a substrate monolayer, as deduced from the
and the rate of desorption and adsorption of the product onexpanded compression isotherms compared to the pure lipid
the pressurearea curves. These results (not shown) suggest(17). As shown in Figure 9, at two different surface pressures
a nonideal distribution and partitioning of the substrate and the area of PC10 monolayer at equilibrium changes signifi-
the products in the monolayer as well as in the subphase,cantly with the added products. The area change is an indirect
which precludes quantitative analysis. measure of the equilibrium partitioning of the products in
All monolayer measurements are carried out below the the PC10 monolayer under the kinetically relevant conditions
CMC of the lipid: the onset of micellization is believed to of zero-order reaction progress. Also note that the partitioning
occur at concentrations where the surface pressure reacheBehavior appears ideal at 9 mN/m as the area increases
its maximum (Figure 8A). As also shown in Figure 8A,B, linearly with the added product concentration. On the other
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6 50 The last equality is if the binding is limited by the diffusion

—~ 54 through the unstirred layer of widtth (2, 12). If d = 1073

2 4 . [0 o cm, the depth of the trough= 1 cm, the diffusion constant

& . 0 B of the enzymeDg = 1076 cn® s, and F>"™ = 0.05, the

8 q = delay will be about 1 min. According to this model, the

° 27 120 g duration of the short delay is consistent with the equilibration

g " . = time by stationary diffusion of PLA2 from the stirred

< o] 10 subphase to the monolayer through the unstirred aqueous
14 . layer. In keeping with eq 1, the delay depends on the

: e o i 20 0 thickness of the unstirred layer, the trough geometry (Figure

1), and the equilibrium binding strength. Figure 5A suggests

_ _ that the maximal rate depends on surface pressure. Figure
Ficure 10: The percent change in the aré€3) @s a function of 5B syggests that at high enzyme concentration, the maximal
the surface pressure of a PC10 monolayer equilibrated with an ;0 o511 rates. In the model, this can be understood if product

equimolar amount of the products spread in the reaction compart- - Lo . :
ment and surface pressure dependence of the delay to the stead§/€SOrption becomes limiting at high enzyme concentration

state @) for the hydrolysis of PC10 monolayer by 1Q:§ PLA2. or if the monolayer surface saturates with bound enzyme.
'drhe mggniuige of the delay<6 nt]inz' be'°Wt10th/mhd°es not Also note that the unstirred-layer effects for suspended
Ftiagpuerg 3())n|_or$ggp ?;rgisc%g%e?nriﬁ Iggsc(a?\?e; ;B’g'\q/é fa'vfnvﬁ/rhseeparticles such as vesicles and micelles are not significant
depend on the PLA2 concentration (also see Figure 3). because this effect is incorporated in theDR factor of

diffusion-limited association, which corresponds to a station-

hand, considerable nonideality is apparent at 20 mN/m where,ary diffusion flux across a depleted layer of thickness roughly

after an initial decrease, a linear area expansion is observecqual to the interaction radis We should also stress that
On|y after an equimo|ar amount of the product has been the delay comes from a slow association rate, which does

added. not by itself require an unstirred layer. It could equally well

Based on these results, additional assumptions abouto€ that the enzyme does not stick very easily; then the
miscibility and complex formation in the monolayer are unstirred layer becomes irrelevant.
required for the calculation ofg* for the inhibition of E*. Simulation of the Product-Dependent Long Delays
It is not possible to do so because the pressure dependencenalogy with the delays observed with phosphatidylcholine
of the area expansion by added product shows a complexvesicles g, 32), we believe that the enzyme is not fully active
behavior. As summarized in Figure 10, the percent increaseon the zwitterionic interface. Full activity would not be
in the area of 20 nmol of PC10 monolayer induced by 20 reached until a sufficient amount of product, and thereby
nmol of products shows a complex dependence on the surfaceanionic charge, had accumulated in the interface. If product
pressure. Below 18 mN/m, the area increase is relatively has a finite desorption rate from the interface, a steady state
constant at 23%. At the higher surface pressures, the will be reached when the product desorption equals the rate
product-induced area expansion decreases sharply, as ibf product formation by the activated enzyme. As we have
partitioning of the product in the PC10 monolayer is lower shown before), the long time delays can be generated by
or the product forms a molecular complex with nonadditive activation in a variety of ways. For the simulation of the
surface area. As shown in Figure 10, the onset of the longreaction progress in Figure 11, we relied on values of the
delay also occurs at surface pressures above 12 mN/mkinetic parameters from the bilayer studies and assumed a
Together these results suggest that a nonideality in thelinear dependence of thk.* activation on the product
partitioning or mixing of the product in PC10 monolayer is concentration in the monolayer. Based on such simulations,
at least in part responsible for the onset of the long delay. it appears that the partitioning and possibly the distribution

Simulation of the Short Delay due to Stationary Diffusion of the products in PC10 monolayer changes at the higher
of E Through the Unstirred LayeT.he short delay of about ~ pressures; this is also consistent with the results in Figure
1 min is observed with PG10 monolayers at all pressures 10. If we assume that the onset of the steady state occurs
and with the PC10 monolayer at the lower surface pressure.when a critical density of the anionic charge develops in the
The enzyme initially added to the stirred aqueous subphaseinterface, then a pressure-dependent decrease in the partition-
(Figure 1) has to bind to the monolayer before catalysis caning of the product will increase the delay to the steady state.
start. This association step will lead to a short delay that Unfortunately, such processes cannot be quantified because
can be modeled as follows. [M*] denotes the concentration we do not have a good way of knowing the surface pressure
of lipid present in the monolayek,, andk are the rates of ~ dependence oks* and the rate of product desorption from
enzyme binding and dissociation, algd = ko¢/kon is the the monolayer interface. In Figure 11, we show the simula-
dissociation constant. If there are no problems with surface tion for the enzyme-concentration dependence of the reaction
coverage, the fraction of enzyme bound at the monolayer atprogress at constant pressure assuming a constant product
equilibrium will be Fgound = [M¥/((M*] + Kg). The desorption rate ankl.,* activation. The parameter values as
equilibration time for binding is 1k {M*] + ko). This will given in the caption were chosen such that the simulations
also correspond to a time delay before steady-state catalyticvould mimic the experimental results in Figures 2 and 3.
turnover can take place. Thus,

DISCUSSION

Pressure (mN/m)

c= #* gound: L_dFEOU”d 1) Results in this paper show that the long delay to the onset
Kor[M*] De of the steady-state phase of the reaction progress for the
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40 ' ' the monolayer reaction progress is also observed with the
A bilayer vesicles: A long delay occurs with zwitterionic
phophatidylcholine interfaces but not with the anionic
interfaces including the product-containing phosphatidyl-
choline interfaceZ4—32). Together these results leave little
doubt that the partitioning and distribution of the products
precede the onset of the steady state in the reaction progress.
As shown in this paper, additional factors that depend on

Rate (mm/min)
N w
< <

-
o
1
T

/ the trough geometry are also responsible for the short delay
0 . . in the monolayer reaction progress. The challenge of
0 10 20 30 establishing the turnover path and the microscopic variables
time (min) for the enzyme, substrate, and the product concentrations
30 l s l s 40 (mole fractions) in the monolayer is particularly difficult.
B Contrary to the common assumptid@(15), a significant
3o & amount of the product remains in the monolayer during the
— (=] sep e
£ 20- 3 steady state and also at equilibrium. Based on the sum total
£ 3 of the evidence at all the interfaces, the product accumulation
%‘ 203 in the PC10 monolayer is expected to have three different
o 10 g effects: first, a shift in the E to E* equilibrium for PLA2;
r0 = second, the anionic charge promotes interfakial; activa-
tion of E*; third, the product in the interface is a competitive
0+ . . . — 10 inhibitor as well as a surface diluent such that + Xg* =
0 10 20 30 40 50 1. In the simplest picture, it can be assumed that the turnover
Enzyme path for the monolayer reaction progress is interfacial and
Ficure 11: Simulated reaction progress assuming a 1000kfgitl that the underlying rate and equilibrium parameters for
activation above{s* = 0.1, a constant product desorption rides monolayers are likely to be comparable to those for vesicles

= 0.012 s*, and partitioning such that 2% of the product would 54 micelles. Additional assumptions about the distribution

be present in the monolayer at equilibriuRg, is assumed to . .
increase linearly with<* until it reaches a maximum at=* = of the products in the monolayer are necessary to describe

0.1, after which it remains constant at a 1000-fold higher level. the reaction progress. For example, the barrier displacement
Enzyme binding rate is 0.02°5 that is, 50 s equilibration time  as a measure of the zero-order reaction progress shows that
(eq 1). Panel A shows the rate versus time at different enzyme gt least some of the product is desorbed in the aqueous phase,
amounts and panel B the maximum ral (ight scale) and time v \ve have not been able to measure exactly what fraction
delay (a, left scale) versus enzyme amount (arbitrary scale). Data .
points correspond to the curves simulated in panel A. The scale!S desorbed and at what rate. A steady-state level of the
for the enzyme concentration on tk@xis depends ORe.#(max), product would build up in the monolayer if the desorption
m*, and how large a fraction of the total amount of enzyme is of the product is not instantaneous after its formation. Even
bound at _equilibrium (none of Wthh is knOWn). The amount of |f the product |S |nstantaneous|y desorb%* |n the
ZSSES.E Is assumed to be proportional to the total amount of E ., q1aver would increase as the product accumulated in the
aqueous phase partitions (equilibrates) into the substrate
hydrolysis of PC10 monolayer (Figure 3A) decreases both monolayer.
with increasing enzyme amounts and with decreasing pres- Characteristics of PC10 monolayers with the products of
sure. The long delay is considerably reduced when productsPLA2-catalyzed hydrolysis provide independent support for
are added to the monolayer before initiating the reaction the view that the phase behavior of such a ternary interface
(Figure 6B). All of these observations suggest that the long shows nonideal partitioning and distribution characteristics
delay is associated with a slow buildup of the product in the at the higher surface pressure (Figure 9). The origin of the
monolayer under the zero-order conditions at constant nonideal behavior of the product distribution as a function
pressure. It may be emphasized here that the partitioning ofof surface pressure in the PC10 monolayer is not clear.
the product in the substrate monolayer has been ignored inWithout knowing the partition behavior, area effects, and
virtually all published interpretation8{15) of the enzyme desorption rates of the product, it is impossible to infer the
kinetic behavior on monolayers. primary catalytic rates of the enzyme from the observed rate
Accumulation of the PLA2 products in the substrate of area change in the monolayer assay.
monolayer leads to an increasing negative charge that can The results and analysis essentially discredit the use of
activate the enzyme by increasing its binding (E*) or its monolayer kinetics for the study of interfacial turnover and
catalytic rate K.,). This notion that activation is induced activation. The turnover parameters cannot be determined
by negative charge on the interface is also supported by thebecause an unequivocal kinetic path cannot be assigned. As
observation that there is no long delay with the anionic an integral part of the monolayer trough geometry, the delays
substrate (PG10) and that the delay in PC10 monolayers isof a few minutes have little to do with any of the rate
considerably reduced when there is a high salt concentrationprocesses that can be characterized as the “activation” of
(4 M NacCl) in the subphase, which generates an anionic PLA2 at the monolayer interface. In fact, interpretation of
interface. These results are in accord with the results obtainedthe delay as a measure of the penetrating power had become
under the first-order conditions at constant area of monolayersuspect ever since it became clear that such delays are not
(17) and also with those with bilayers and micelles of seen with micellar and bilayer substrates. To the best of our
phosphatidylcholines( 2, 16, 24—32). A key feature of knowledge, a slow kinetic activation of an interfacial enzyme



9264 Biochemistry, Vol. 43, No. 28, 2004

in the pre-steady-state phase has not been shown for any

interfacial enzyme.
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