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Abstract: The Crotalus adamanteus a-phospholipase A; catalyzed hydrolysis of 1,2-dioctanoyl-sn-glycero-3-phosphorylcho-
line monolayers at the air-water interface requires the dimeric form of the enzyme. The dissociation constant of the dimer
(Ka), its rate constant of dissociation (k;), and the rate constant of the association of the monomer (k2) were measured by
determining the enzyme concentration dependency and the change with time of the catalytic rate. At pH 6.0 and 7 X 1073
M Ca?* we found Kq = 2.0 X 1079 M, k; = 2.9 X 103 sec™!, and k; = 1.5 X 108 M~! sec™'. The enzymatic reaction also
requires a reversibly bound Ca2* ion, with Kca2+ = 1.4 X 1072 M at pH 6.0 and K¢,2+ = 7.4 X 1073 M at pH 8.0. The reac-
tion is first order both with respect to the surface concentration of the substrate and the concentration of the enzyme dimer
in the solution, with kg = 3.1 X 107 M~' sec™! at pH 6.0, ] = 0.1 M, and saturating Ca2* concentration. The value of kg is
independent of the monolayer surface pressure when measured under conditions of constant area and variable surface pres-
sure in the 3-8 dyn/cm range, or under conditions of variable area and constant pressure at 3, 5, and 7 dyn/cm.

Interest in the physical and chemical properties of phos-
pholipid monolayers lies in the fact that such monolayers
provide the experimentally most accessible model for phos-
pholipid bilayers, one of the essential constituents of biolog-
ical membranes. Kinetic studies of the action of pancreatic
lipase were proved to be sensitive probes for the structure
and reactivity of triglyceride molecules in monolayers? and
these techniques have also been applied to the study of the
interaction of pancreatic phospholipase A; with short-chain
lecithin monolayers.? To determine whether the kinetic be-
havior observed in the latter reaction is representative of the
interaction of all phospholipases with lecithin monolayers,
or whether at least some of the observed features are the re-
sult of the particular structure and mechanism of the pan-
creatic phospholipase, a comparison has to be made be-
tween the kinetic characteristics of several enzymes of simi-
lar specificities.

Various other phospholipases have been shown to react
with phospholipid monolayers, but no detailed kinetic stud-
ies have yet been carried out with any of these enzymes.*
For our comparative kinetic studies we chose a-phospholi-
pase A; from the venom of the Eastern diamondback rattle-
snake, Crotalus adamanteus. This enzyme is readily ob-
tained in pure form and in large quantity from lyophilized
venom by the procedure of Wells and Hanahan. It is re-
markably stable and hydrolyzes phospholipids in all physi-
cal forms, including monomolecular solutions, micelles,
emulsions, and monolayers. Unlike most other phospholi-
pases, the C. adamanteus enzyme exists in its native form
as a dimer and the molecular weight of the subunit is com-
parable to that of other, monomeric phospholipases.® Dis-
ruption of the quarternary structure of the enzyme by ex-
tremes of pH or urea is accompanied by loss of enzymatic
activity, thereby suggesting that perhaps the enzyme is ac-
tive only in the dimeric form.® This unique requirement for
a dimeric structure could then be an indication of profound
structural and possibly mechanistic differences between the
C. adamanteus enzyme and other, monomeric phospholi-
pases.

In the present paper we will describe the determination of
the kinetic parameters of the C. adamanteus phospholipase
catalyzed hydrolysis of dioctanoyl lecithin monolayers at
the air-water interface. We will show by kinetic methods
that the active, dimeric form of the enzyme is in a true equi-
librium with enzymatically inactive subunits and that the

Ca2* requirement of the surface reaction is the same as the
one observed for the interaction of the enzyme with soluble
substrates.” Finally, the kinetic behavior of the enzyme will
be compared to that of pancreatic phospholipase A;.

Experimental Section

Materials and Methods. a-Phospholipase A, from C. adaman-
teus was prepared according to the method of Wells and Han-
ahan,’ starting with the lyophilized crude venom purchased from
Miami Serpentarium Laboratories. The pure enzyme had the same
electrophoretic pattern and the same specific activity toward an
ether solution of egg lecithin as described.5 The enzyme was stored
as a lyophilized powder. Stock solutions of the enzyme (1075 M, in
0.01 M Tris-acetate buffers, pH 6-8) were found to be stable,
when refrigerated, over periods of several weeks.

Dioctanoyl-(R)-3-phosphatidylcholine  (1,2-dioctanoyl-sz-glyc-
ero-3-phosphorylcholine) was obtained from Supelco, Inc., and its
purity was found to be at least 99% by tlc, using “solvent I” of the
method of Skidmore and Entenman.® The optical purity of the
compound was indicated by total hydrolysis by the C. adamanteus
enzyme. Stock solutions of the substrate were prepared in dry ben-
zene immediately before use.

Water was deionized by a double bed ion exchanger and distilled
in an all-glass apparatus. Buffer solutions were freed from trace
surfactant impurities by foaming for 5 min immediately before
use.

Inorganic compounds were of analytical reagent grade and all
solvents were redistilled before use.

The force-area curve of dioctanoyllecithin monolayers was mea-
sured by a du Noiiy ring and a recording Cahn electrobalance after
spreading of successive aliquots of a benzene solution of the sub-
strate in a constant area trough. The same measurements were also
carried out by compressing a preformed monolayer of substrate in
a Langmuir-type trough. The force-area curves obtained by both
methods were identical with the one described by Zografi, et al.3

The kinetics of the enzymatic hydrolysis of dioctanoyllecithin
monolayers were measured at 20 £ 0.5° under conditions of vari-
able surface pressure and constant area.Z The reaction rates under
conditions of constant surface pressure and variable area were de-
termined by using a recording Lauda surface balance (Brinkmann
Instruments).

For the determination of the dissociation constant of the enzyme
dimer, the enzyme stock solution (dimer concentration, 106 M)
was diluted to the final concentration in the appropriate buffer and
placed in the Teflon trough of the surface balance. After a period
of 20 min, the surface was cleaned and a benzene solution of the
substrate was spread from a microsyringe. The time-dependent
change of surface pressure was monitored after the evaporation of
the solvent, usually not more than 30 sec.
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Figure 1. 74 vs. = plot for dioctanoyl-(R)-3-phosphatidylcholine mo-
nolayer: 20 + 1°; subphase, 0.01 M Tris-acetate, pH 6.02, [CaCly] =
7 mM, {NaCl] = 0.1 M; initial surface = 600 cm?2, 1.5 X 10! mole-
cules of phospholipid.

For the measurement of the rate of dissociation of the enzyme
dimer, the experimental procedure was the same, except that the
substrate solution was spread at various time intervals after the
dilution of the enzyme stock solution. In this way, the hydrolytic
rate could be determined as early as 100 sec after dilution of the
enzyme. Most of our experiments were performed at pH 6.0, an
apparent pH optimum for the enzyme-catalyzed hydrolysis of the
substrate monolayer. At this pH, secondary phenomena, such as
enzyme denaturation and absorption of carbon dioxide in the sur-
face layer, are negligible.

Results

The experimental force-area data for dioctanoyllecithin
monolayers were analyzed by plotting wA4 vs. = according to
the equation

TA = 714, + cst

where = is the surface pressure in dynes per centimeter, A4 is
the molecular area in Az/molecule, and Ao is the limiting
molecular area. In the region of 7 = 2.5-8 dyn/cm a linear
relationship is observed between w4 and 7 (Figure 1) indi-
cating that in this pressure domain a single surface phase is
present, characterized by 4q = 86.6 Az/molecule. All ki-
netic experiments in this paper were carried out with the
substrate in this surface phase.

When a lecithin solution in benzene is spread out on a
buffered enzyme solution (Ca2+ = 7 X 10~3 M) which has
been equilibrated for 20 min at 20° in the Teflon trough of
the surface balance, a rapid, time-dependent decrease in the
surface pressure is observed, indicating enzymatic hydroly-
sis of the substrate followed by rapid dissolution of the reac-
tion products. Under conditions of variable pressure and
constant area, the enzymatic hydrolysis is first order with
respect to the surface concentration of the substrate (T),
since In I vs. ¢ plots yield a straight line. From the slope of
the line an apparent first-order rate constant can be calcu-
lated (Figure 2). Identical initial reaction velocities were
observed under conditions of constant pressure and variable
area, at pressures of 3, 5, and 7 dyn/cm. Thus the rate con-
stant of the C. adamanteus phospholipase A, catalyzed hy-
drolysis of the surface phase of dioctanoyllecithin existing
between 3 and 8 dyn/cm is independent of the surface pres-
sure.

The enzyme concentration dependency of the hydrolytic
reaction was measured at 4 dyn/cm (Ca2* = 7 X 1073 M),
by determining the rate of the reaction (¥) in the presence
of varying concentrations of the enzyme [E], after a 20-min
preincubation period. The rate of the enzymatic reaction is
not proportional to the enzyme concentration in the range
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‘Figure 2. First-order plot for the hydrolysis of dioctanoyllecithin mono-
layer by a-phospholipase Ax: 20 + 1°, pH 6.02; [Eo] = 4.92 X 10710
M, kexp = 4.82 X 1073 sec™1,
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Figure 3. Rate of hydrolysis of a dioctanoyllecithin monolayer as a
function of [Ep): 20 £ 1°; 0.01 M Tris-acetate, pH 6.02; [CaCl;] = 7
mM.

of 1-10 X 10~19 M: at low enzyme concentrations the value
of V/[E] tends toward zero, whereas at higher enzyme con-
centrations V/[E] tends to become independent of [E], al-
though it does not reach a plateau even a the highest experi-
mentally measurable rate (Figure 3). This type of behavior
is compatible with a reversible dissociation of the active, di-
meric enzyme into inactive subunits, provided that the dis-
sociation constant of the dimer is of the same order of mag-
nitude as the molarity of the enzyme. The data were ana-
lyzed according to this hypothesis. The reversible dissocia-
tion of the dimer (D) into monomers (M) is represented by
the following equation

(D] -K;d_a 2[M] a)
with Ky = (M)?/(D) and
V = k(DNT) = &, (D) (1)

If Eo = (D) + (M)/2 then the following equation can be
derived

V/Ey = ko — (Kuber/ 42 (V/ER)? (2)

Thus, reaction A and eq 2 predict that a plot of V/Eq vs.
(V/E¢?)1/2 should yield a straight line with a negative slope
and a positive intercept on the ordinate axis. The insert in
Figure 3 shows that indeed the experimental points conform
to eq 2. From the intercept and slope we calculate K4 = 2.0
X 10~° M.
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Figure 4. Rate of hydrolysis of a dioctanoyllecithin monolayer at = = 4
dyn/cm by phospholipase A; as a function of the time after dilution of
the enzyme: pH 6.02, [CaCly] = 7 mM; A, [Eo] = 4.08 X 1071° M, B,
[Eo] = 3.06 X 10~1° M; C, [Eo] = 2.04 X 10710 M; D, [E¢] = 1.02 X
10710 M.
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Figure 5. Time dependency of the dissociation of a-phospholipase A,
plotted according to eq 3: pH 6.02, [CaCly] = 7 mM, line A, [Eo] =
4.08 X 10710 M, line B, [Eg] = 3.06 X 10~1° M line C, [Eo] = 2.04 X
10-1° M line D, [Eo] = 1.02 X 10710 Af.

If the dissociation of the dimer is an equilibrium process,
then the rate of approach to equilibrium should be slow
enough to be observed at low enzyme concentrations, even if
the association of the monomers is diffusion controlled.
Thus, an initial, time-dependent loss of enzyme activity
should occur when the reaction is initiated shortly after
dilution of a concentrated enzyme stock solution. Figure 4
shows that this is in fact the case. We also found, that the
value of V was the same, whether the enzyme solution was
covered with substrate or not during the incubation period.
The data of this initial period after dilution were analyzed
assuming -first-order dissociation (k;), and second-order
reassociation (k). The kinetic equations pertaining to such
a system have been solved® and if Do, D., and D represent
the concentration of the dimer at t = 0, at equilibrium and
at time = , respectively, then the integration of the rate
equation gives

D,
Do_ D 9

Dy Dy, + D, Dy — DD
1 = = =1 -1
nD—De DO_Dek1t nD—De n D,

®3)

with the initial conditions My = 0 and (D),=¢ = Do.
Since, according to eq 1, V is proportional to D at con-
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Figure 6. [Ca2*] dependence of the a-phospholipase A; catalyzed leci-
thin monolayer hydrolysis: 0.01 M Tris-acetate, pH 6.02, [NaCl] =
0.1 M, [Eo] = 4.94 X 10'0 M.

stant T, the rates measured at = = 4 dyn/cm were plotted
as In [(Vo? — VV)/(V — V)] vs. ¢, the time elapsed since
the dilution of the initially dimeric enzyme. As shown in
Figure 5, such plots yielded straight lines for several differ-
ent initial enzyme concentrations, thereby supporting the
validity of eq 3 and the assumptions behind it. From the

‘slope of these lines a value for k; can be calculated, if Vp

and V, are known. V, is readily determined experimentally
and for Vo the value used was obtained by extrapolation
from the insert in Figure 3. The value obtained this way for
the rate constant of the dissociation of the dimer, k; = 2.9
(£0.2) X 1073 sec~!, was found to be independent of the
initial dimer concentration over a fourfold enzyme concen-
tration range. The value of k, was calculated from k; and
K4, and we found k, = 1.5 X 108 M~ sec™!, a reasonable
order of magnitude for the diffusion controlled association
of two protein molecules!® and comparable to values found
in other protein-protein associations.!!

All preceding experiments were performed at Ca?* con-
centrations of 7 X 103 M, since Ca?* was reported to be
required for enzymatic activity.> The dependency of the
surface reaction on the Ca2* concentration was studied at
pH 6.0 and ionic strength = 0.1 M, by measuring again the
rate of the reaction (V) at # = 4 dyn/cm as a function of
the Ca2* concentration, after 20 min of preincubation of
the enzyme solution. Figure 6 shows that under these condi-
tions increase of the Ca2* concentration produces a typical
saturation curve. Indeed, a plot of 1/¥V vs. 1/(Ca??*) is lin-
ear, yielding a positive slope and a positive intercept on the
ordinate axis (see insert, Figure 6). From these, a value of
Kca+2 = 1.4 X 1072 M was calculated. Table I shows the
ionic strength dependency and the pH dependency of this
equilibrium constant.

Finally, the Ca2* dependency of Ky, the dissociation con-
stant of the dimer, is summarized in Table II.

Discussion

The linearity of the w4 vs. = plot between 3 and 8 dyn/
cm (Figure 1) clearly establishes the existence in this pres-
sure range of a single surface phase of the dioctanoyllec-
ithin monolayer. Within the domain of existence of this
phase, the rate of the enzyme-catalyzed reaction is truly in-
dependent of the surface pressure, regardless of the method
of measurement, whether under constant surface area or
under constant surface pressure. This contrasts sharply with
the results reported for pancreatic phospholipase A,.3 The
apparent pressure dependency observed in the latter case is
thus certainly not a general characteristic of all interfacial
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Tablel, Binding of Ca%* to a-Phospholipase Ag®
pH Tonic strength, M Kea2t X 108, M
6.0 0.01 5.0
6.0 0.1 14
8.0 0.1 0.074

s 20°,0.01 M Tris-acetate buffer, = = 4.0 dyn/cm.

TableIl. Dimerization Equilibrium of a-Phospholipase As*
Buffer ionic strength.
[Ca?*] X 105, M M Kg X 108, M
0.7 0.01 2.4
3.5 0.01 1.4
7 0.01 2.0
7 0.1 0.37

@ 20°,0.01 M Tris-acetate buffer, pH 6.02, 7 = 4.0 dyn/cm,

phospholipase reactions and the cause for it has then to be
sought in terms of the particular structural features of the
pancreatic enzyme.

In agreement with the indirect evidence presented by
Wells,8 we found that the dimeric form of the enzyme is the
sole active species. The dissociation of the dimer is a simple
thermodynamic equilibrium with K4 = 2.0 X 10~° M at pH
6.0. This represents a free energy of association of 11.6
kcal/mol, thus reflecting an unusually strong and specific
interaction between the subunits. The results in Table II
show that the dissociation is independent of Ca?* in the
ragne of 1073-10~2 M, i.e., the dimerization site is indepen-
dent from the site involved in the interaction of the enzyme
with the loosely bound metal ion.

The requirement for a dimeric form for enzymatic activi-
ty is rather surprising, since phospholipases A; from a vari-
ety of other sources were shown to exist in the monomeric
state and are apparently active as such.® For alkaline phos-
phatase from Escherichia coli and a number of other en-
zymes, only the dimeric form is active, since the reaction
mechanism involves the cooperative interaction of two ac-
tive sites.!2 It is possible that the existence of monomeric
and dimeric phospholipases reflects a mechanistic diversity
of these enzyme-catalyzed reactions.

The binding constant of Ca2* to the enzyme was deter-
mined previously by using dibutyryllecithin, a water-soluble
substrate.” At pH 8.0 the reported value for K¢,2+ is 4.0 X
10-5 M with the latter substrate, although the ionic
strength was not strictly controlled in these experiments.
Nonetheless, at pH 8 the value of K¢,2+ is in excellent
agreement with the one reported here for the monolayer
reaction. This identity of the Ca2* binding further supports
the great mechanistic similarity of the homogeneous and
the heterogeneous reaction. At pH 6 the binding of Ca2* is
considerably weaker than at pH 8, presumably because of

the accumulation of positive charges on the enzyme as the
pH is lowered. The same reasoning can be applied to the
ionic strength dependency of Ky {Table II).

The fact that the hydrolytic reaction is strictly first order
with respect to the enzyme dimer shows that the dissolution
of the reaction products cannot be rate limiting even at the
highest enzyme concentrations used, a conclusion reached
independently by direct measurement of dissolution rates.!3
We cannot assess the exact enzyme concentration near the
interface, which is undoubtedly different from that in the
bulk phase. However, the proportionality of the rate to the
enzyme concentration and the calcium ion concentration in
the bulk phase points to the existence of a rapid equilibrium
between molecules close to the surface with those in the
subphase. This is also supported by the fact that stirring of
the subphase does not change the velocity of the monolayer
reaction at all stages during the establishment of the mono-
mer-dimer equilibrium. None of our experimental results
suggest the occurrence of enzyme penetration into the lipid
phase of the insoluble monolayer. In particular the pressure
independency of the rate of the enzymatic reaction and the
strict first-order dependency on both substrate and enzyme
dimer strongly argue against penetration.

These experiments demonstrate the utility of substrate
monolayer techniques in probing mechanistic details of en-
zyme reactions. Because of the possibilities for manipulat-
ing and monitoring parameters such as surface concentra-
tion and orientation of substrate molecules, one can ensure
that all reacting molecules are equivalent (i.e., in the same
phase). Furthermore, because contact between subphase
components with monolayer molecules can take place free-
ly, the system offers a conceptually simple and experimen-
tally very accessible method for probing lipid-protein iner-
actions.
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