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% Enzymic hydrolysis of dipalmitoyl, egg, soyhean, and dioleoy! lecithin monolayers
was studied by measuring the changes in surface pressure () and surface potential
! EE (AV) upon injection of snake venom (Naja Naja) into the subsolution. The presence
of Ca*t, which could not be substituted by Mg*+, Sr™, or Ba*+, was essential for
hydrolysis. Thin layer chromatography of monolayers removed after injection of
venom into the subsolution showed that the snake venom'indeed hydrolyzed lecithin
monolayers into lysolecithin and free fatty acid. The rates of hydrolysis of different
lecithius were in tho order: dioleoyl lecithin > soybean lecithin > ogg locithin >
dipalmitoyl lecithin, which is also the order of their molecular areas nad hence their
intermoleculnr spacings in monolayers. The solubility of lyselecithin molecules in
the subsolution depeunds upon the chain length and unsaturation of the fatty acyl
chains, which affects the changes in AV and = upon hydrolysis.

The presence of citrate buffer or chelating agents with excess of Ca** in the sub-
solution inereased the rate of hydrolysis by Jdecreasing the biuding of Ca** to leci-
thin monolayers, The hydrolysis of egg lecithin monolayers on dilferent buflers was
in the order, tris > veronal > collidine; which is the reverse of that found in the
bulk reaction, Curves of = -nrea and 317« aren of egg lecithin on these butters indicated
penctration of veronal and collidine ions into monolayers; this prevonts the formation
of the enzyme-substrate complex at the surface. In bulk reactious, these bulfer ions

- aet as lipid dispersants inereasing the lipidy/ water interfucial area and consequently
increase the rate of hydrolysis.

Anionie, eationie, and neutral spacer molecules (15 mole £¢) were introduced in
egg lecithin monolayers. The rate of hydrolysis inereased in the preseuce of eicusanyl
trimethylammonium, deereased in the presence of dicetyl phusphate or dipulmitin,

t and remained wnchanged in the presence of cholesterol, indicating the importance of
surface charge nnd state of the monolayer,

INTRODUCTION Iavers. It was nssumed that the fall in surfuce
Phospholipuse A (EC.3.1.1.4) is known potential was due to hydrolysis of lecithin,
to split the ester linkage at the S-position of — FIhee the products, lysulecl_tluu and free
the lecithin molecule (1, 2). Hughes (3) [atty acid, exhibit lower surface potentials,
showed that snake venoms produced a. fall  This assumption hus been verified in the
in the surface potentials of lecithin mone-  Present work by thin layer ,(-"h1""}1“08'1'“[)11.\'. '
! Present address: Exobiology Dept. Ames Re- (T LC)-“t the -n\(n}(»lu_ycl's. “w- influence of
search Center, Moflett Iield, California 94033. metal l“.“S’_ chelating z.lgzent:f, hl_n 1 pressure,
! The untimely death of Dr. Jack H. Sehulman, and bl_mﬂb on hy’(h'ul_\ ',\‘I‘S of lL‘C:lthm mono-

a traly brillinnt and ereative seientist is reported layvers is “l“"‘,) described. lhf’ sx'u'tace pressure
with profound regret. Those who worked with him and potentinl of egg lecithin. monolayers
share a deep sorrow in this tragic event. were measured on various buffers to deter-
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TABLE I
Farey Acto Cospositions op LeciruiNs

Fatty ey Soybean
acid® fecithin lecithin
J4:0 tr, —
16:0 BRI S 13.8
18:1 te, —
18:0 13,01 3.8
18:1 32.83 13.3
18:2 16.17 2.3
18:3 — 6.3
20:3 tr. tr,
20:4 3.6 -

¢ Number of carbon atoms: uumber of double
bonds.

mine the interaction of bulfer fons with
lecithin monolayers. In addition, the effect
of intermolecular spacing, which is velated
to unsaturation of fa(ty acyl chains, on the
hydrolysis of lecithin monolayers has heen
investiguted by using dioleoyl, soybean, ege,
and dipalmitoyl lecithins, Anionie, eationie,
and” neutral spacer molecules were  intro-
duced in egg lecithin monolayers in order to
study the effeet of surfaee charge and s(ate
of monolayers on hydvolysis.
LEXPERIMENTAL
Materials

 Lipids, “Chromatographically pure di-
palmitoyl lecithin was purchased from Munn
Researeh  Laborntories (New York), g
leeithin was supplied by Sylvaua Chemieal
Company, (Millburn, New Jersey). Cho-
lesterol and soybean lecithin wors supplied
by Applied Secience Laboratories  (State
College, Pennsylvania), Tuble [ shows the
fatty acid composition of egg and soybean
lecithins analyzed by gas-liquid  chroma-
tography - through the courtesy of the lab-
oratory of Dr, I, H. Alrens, J re(Rockefeller
University, New York). The dioleoy! leci-
thin- was o gilt from D, Lol M. Van
Deenen. Dieetyl phosphate and eicosanyl
timethylammonium  bromide were  pur-
chased from K & Iy Laboratories (Plain-
view, New York), The purity ol all lipids
was cheeked by thin layor chromatography.,

Venoms, Snuke venom Nujo naju wus
obtained from Ross Allen Reptile Institute

(Silver Springs, Florida) and storw) al
—10°C.

Buffers, Tris, veronal, collidine, 1y
citrate buffer solutions (0.05 /) were re
pared (4) and adjusted to pH 7.2, T these
huffer solutions NaCl and CaCl; were o]
such that the resulting solution contiting|
buffer (0.05 M) + NaCl (0.02 A1) + (v,
(0.01 A7), Inorgunic chemicals of reas
grade .and twice distilled water were o]
in all experiments,

Preparation of Phospholipase A Solutivn

The venom (1 mg) was dissolved in o 100
ml. solution of 0.02 A/ NaCl + 10~ M
EDTA-Nay, pH 4.3, The venom solution
wus heuted to 90°C in o water bath for 1()
minutes and was subsequently cooled 10
room temperature. Venom solution store
in cold at 4°C for 15 duys showed no chunge
in enzymic aetivity. -

TLC of Phospholipid 3 onolayers

A Lueite trough (19 X 74 em.?) ol 2200
ml. cupacity was used for spreading mono-
layers. Tho trough was filled with the =ub.
solution consisting of Uris buffer (0.05 .1
+ NuCl (0.02 /) + CuCl, (0.01 M) at pll
72, The lecithin solution was spread hy
means of n microsyringe, and the venom
solution wus injected under the monolay .
The surfueo of tho trough (i.c., monoluy -
wd wosmall amount  of subsolution) w -
sucked through w glass nozzle into n 30-u
conical flusk couneeted to an aspirator, Th.s
was quickly transferred to u red aetinic
volumetric flask (250 ml.) containing 20 wil.

of chloroform. After the flask was shaken ”

gently, the lipids were extracted in the
chloroform and the aqueous phase was
discarded. Similarly 12 additional mono-
layers were transferred to the flask in order
tu eollect w sufficient imount of lipids in.th
chloroform, Tho chloroform was evaporated
and the lipids were analyzed by TLC wit!
the solvent system chloroform-methanaol
water (85:35:5 v/v/v). Spots on the TLC
plate were made visible by spraying -the
plate with u 1Y% solution of jodine in meth-
anol. As o coutrol, leeithin monolayers wers
vemoved in the ubsence of venom in the
subsolution and were nnul yzed by TLC,
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ENZYMIC HYDROLYSIS OF LECITHIN MONOLAYERS

Apparatus and Procedure

"'ho method of measuring surfnee pressure
by 8 modified Wilhe.lmy'plate and surface
potcntiul by a mdlpactlve electvrode: l}as
been deseribed previously (5). A stirring
dovice was introduced into the apparatus
{or this work. Two Teflon-conted cylindrical
magnots wore placed in t;hp trough (11.5
X232 om?; 400 ml capacity) and were
moved to and fro by two magnets on a
motorized shaft placed below the trough.
‘'his type of stirring was found necessary
to mix small quantities of venom (20 ug.)

"officiently in the subsolution, The tem-

perature of the subsolution was kept con-
gtant at 25°C. The lecithin solution (0.025
mb.) was spread on & clean surface of sub-
wlution, Five minutes after spreading, the
monolayer was compressed to o desired
surfnce pressure. The subsolution was stirred
by magnets for 3 minutes to check the
constancy of surfnce pressure and potential,
About 2wl of venom solution eontaining
A pg. of venom was injected into the sub-
solution and swrface pressure and potential

Fia. 1. TLC of egg lecithin monolayers. (1) Egg
'lecithinslock solution, (2) egg lecithin monolayers
i the absence of sunke venom in the subsolution,
(3) egg lecithin monolayers in the presence of
snake venom in the subsolution. 0, ovigin; LL,

solocithing L, lecithing #.4, fatty acid; OP, oxi-
. dation products.
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Fia. 2. Surface pressure-area curves of dipal-

mitoyl, ogg, soybeun, and dioleoyl lecithins on
0,02 )/ NaCl subsolution, pH 5.0, at 25°C,

were recorded simultaneously at intervals
of 1 or 2 minutes.
RESULTS AND DISCUSSION
TLC of gy Lecithin Monolayers

Figure 1 shows o TLC plate which pre-
sents direct evidence to show that snake
venom indeed hydrolyzes lecithin mono-
layers into lysoleécithin und free futty aecid.
Since lysoleeithin and fatty acid monoluyers
are known to exhibit lower surface potentials
than that of lecithin (6, 7), this hydrolysis
results in a deerense of surface potentinl of
lecithin monolayers. It is evident that egg
lecithin is oxidized to u small extent in the
process of removing monolayers from the
interface. The oxidation products move
with the solvent front on the TLC plate,
The control study without snake venom
showed only two spots, one corresponding
to oxidation produects and the other to
lecithin,

Swiface Pressure-Avea and Surface
Polential-drea Curves of Dipalmitoyt,
Egg, Soybean, and Dioleoyl Lectthins

Figure 2 shows the surlace pressure-uren
curves of dipnluiiicyi, cpg, soybean, and
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Fia. 3. Surface potentinl-uren curves of di-

palmitoyl, egg, soybean, and dioleoyl lecithins on
0.02 M NaCl subsolution, pt 3.0, at 25°C,

dioleoyl leeithins on subsolutions of 0.02
M NaCl. The fatty acid composition of cgg
and soybean lecithing (Tuble I} shows that
most egg lecithin molecules consist of o
subieated and an unsaturated funtty aeyl
chain whereas in most soyhean leeithin
molecules the fatty acvl chains are poly-
unsaturated. The arca molecule of these
lecithins  follows  the  arder: dipalmitoyl
< g < soybean < dioleoyl leeithin, The
deviation which occurs in the -4 curve of
soybean lecithin wbove 32 dynes/em. is
presumably duo to an alteration in the
structure of the sovhean lecithin monolayer
permitted by the lesser cohesive force be-
tweon  polyunsaturated  chains. Figure 3
shows the AV-area curves of these lecithins
on 0.02 A7 NaCl subsolutions, ,

The intermolecul:w spachig (i.e., averagoe
distance between Gwo adjacent phosphate
groups) in leeithin monolayvers ean be ealeu-
lated approximately by assuming the *limit-
ing area” us the avea of o cirele with a radius
r; then the ntermolecular spacing is 2p, If
we consider molecular nreus of 42,5 A 61 A
and 72 A for dipadiitoy!, egg, and dioleoyl
lecithins, respectively, the corresponding in-
termolecular spacings are 7.36 A, 8.8 A, and
0.58 A. We have shown that this change
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of 1-1.5 A in the intermolecular Spaeing
strikingly influences the interaction of ety
ions (5) and phospholipuse A with levithiy,
monolayers.

Iinzyme Activity of Snake Venom Solutiun

It has been shown (8) that the additiog
EDTA to venom solution increnses the (o,
zyme aetivity, In the present work, v Ly,
EDTA was not added to the venom solt Gy
the enzyme nctivity wus reduced to 50 I

the following day, whereus in the presen. ¢ of

EDTA the enzyme activity did not chige
for 15 days. This is due to the fact tha
EDTA inhibits the proteolytic CNZYMES pros.
ent in snake venoms (9). Since phospholipuse
A is heat-stable (10), the venom solution Wiis
heated to denuture other proteins present in
the venom without influencing the phos.
pholipase A activity,
Influenceof Unsaturalion of Fally Leyl Che ns
on Hydrolysis of Lecithin M onola yer.
Figures 4 and 3 show the changes in ~ar.
face pressure and potential of dipalmitoyl

HYDROLYSIS OF DIPALMITOYL LECITHIN
BY SNAKE VENOM Naja najo
—

25 1 i L I i I L T ¥

SURFACE PRESSURE () dynes/cm

)

!

2 4 6 8 v
Time (min)

Fia. L. The changes in e surfnee pressure of
dipalmitoyl lecithin inanoluyers upon hydrolysis
by snake venom Nuju naja (20 py.). The subsolu-
tion consists of tris (0.05 M) -+ NuCl (0.02 M) +
CaCl; (0.01 ), pH 7.2, wv 22°C.
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HYOROLYSIS OF DIPALMITOYL LECITHIN
8Y SNAKE VENOM "WNa/a najo
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F16. 5. The decrease in the surface potential of
Jipadmitoyl leeithin monolayers at various surfaee
pressires upon hydrolyzis by zuuke venom Naja
wiju (20 pg). The subsolution consists of Lris
AUS M) 4+ NaCl (0.02 1) + CaCly ((0.01 W), pEL
7.4, at 26°C.

leeithin monolayers which oceur upon injee-
tiow of 20 pg, of snake venom Naje naja into
the subsolution, Surtace pressure showed an

erenso of 2-3 dynes ‘em., which can he ex-

plained as follows. 1t has been shown that
lysoleeithin oceupies approximately the same
iren a8 lecithin (6); therefore, the hydroly-
sis products lysolecithin plus futty acid must
oceupy o larger area than unhydrolyzed leci-
thin. Since the hydrolysis is studied at con-
stant film aren, this results in an inerease of
surface pressure. [t also indictites that pal-
}uituyl lysolecithin remains in the mouolayer
i contrast to  palmitoleoyl lysolecithin,
which dissolves in the subsolution resulting
4 fall of surface pressure upon hydrolysis
ul yeast lecithin?

I Recent work (unpublished) done in our lab-
uralory indicates that the hydrolysis of mono-
layers of yeast lecithin, which cousists mostly of
Pulmitoleic (16:1) acid, by snake venom, results
na fall of surface pressure and surfuce potentinl
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HYDROLYSIS OF EGG LECITHIN
BY SNAKE VENOM - Na/a nala
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16, 6, Phe changes in the suelaee pressure of
egg leeithin monolayers upon-hydrolysis by suake
venom Najo naju (20 #g.). ‘The subsolution con-
sists of s (0.03 M) '+ NaCl (0.02 M) + CuCly
10.00 M), pH 7.2, at 25°C.

[t is also evident from Fig. 5 that dipal-
mitoyl lecithin monolayers are not hydro-
Iyzed above a surfaco pressure of 20 dynes/
em. This suggests that the intermolecular
spucing in dipalmitoyl lecithin monolayers ut
this surface pressure does not permit the,
nctive site of the enzyme to penetrate into
the lecithin monolayoers. ‘

Iigures 6 and 7 show the changes which
oceur in surface pressure and surfuce poten-
tial of egg lecithin monolayers upon hydrol-
ysis. It is elear that as in the ease of dipal-
mitoyl lecithin monolayers, lysolecithin de-
rived from egg lecithin does not dissolve in

al all surface pressures. This indicates that lyso-
lecithin derived from yeast lecithin dissolves in
the subsolution. A compurison of the hydrolysis

of dipalmitoyl and yeast lecithin monolayers sug-

gests that unsaturation of the fatty aeyl chain
substautially increases the solubilivy of lysoleci-

‘thin in the subsolution,
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HYDROLYSIS OF EGG LECITHIN
8Y SNAKE VENOM WNaja najo
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Fia. 7. The deerease in the surfacee potential of
egg lecithin monolavers al various surface pres-
sures upon hydreolysiz by snnko venom Naja naju
(20 ug.). The subsolution consisis of tris (0.03 M)
+ NaCl (0.02 M) + CuCly (001 M), pIL 7.2, at
25°(",

the subsolution, since there is no sighifieant
deerease in surfaee pressure, Maorveover, the
intermolecular spacing above a surfuee pres-
sure of 30 dynes em. does not permit the
enzyme to penetrate into egg leeithin mono-
layers (Fig. 7). '

- Figures 8 and 9 show the changes which
oceur in surfuce pressure and surfuee. poten-
tinl of soybeun lecithin monolayers upon
hydrolysis, In contrast to~lyvsoleeithin de-
rived from dipalmitoyl and ogg lecithins,
lyvsolecithin from <ovhean lecithin contains
polyunsaturated facey aeyl chains (Tuble T)
and dissolves in (he subsolation, vesulting in
a fall of surface pressure (Mg, 8). It is also
evident frem Fig. S that he solubility of
lysolecithin' inercases with the surfuee pres-
sure. Hydrolysis does not oceur at surface
pressure of 37 dynes/em. (Iigs. 8 and 9),

Figures 10 and 11 show the changes whiel,
oceur in surfaco pressure and surface o,
tinl of dioleoyl lecithin monolayers Hpo,
hydrolysis. The surface pressure does iy,
decrease significantly up to 20 dynes/ e,
this indicates that oleoyl (18:1) lysolecithiy,
remains in the monoluyer in contrast to pal
mitoleoyl (16:1) lysolecithind Above a sur
face pressure of 25 dyues cm., hydroly is .
accompunied by o deerense in surface .
sure; this indicates that lysolecith .
squeezed out of the monolayer at higl ur
face pressures, presumably owing tu i
strong hydrophilic group. It is known (ron,
penctration experiments that several wuter
soluble surfactants, or those with strong hy-
drophiliec groups, are squeezed out of mon,
layers at high surfuce pressures (11,12), Thus

HYDROLYSIS OF SOYBEAN LECITHIN
BY SNAKE VENOM WNaja naja
————
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Fra. 8. ‘The changes in the surface pressure vi
soybean lecithin wonulayoes upoie hydrolysis by
snake venom Naju i u (20 #£.). The subsolution
consists of tris (0.05 4/) -- .l (0.02 M) 4 CaCl:
0.01 A1), pH 7.2, wt 25-C,

A i
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HYDROLYSIS OF SOYBEAN LECITHIN
8Y SNAKE VENOM WNa/g naja
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1. 9. The deerease in the surfuee potentinl of
soybean lecithin monolayers at various surfuce
pressures upon hydrolysis by snake venom Nuja
naja (20 ug.). The subsolution consists of ris (0,03
M) + NaCl (0.02 M) + CaCly (0.01 M), pH 7.2,
aL 25°C.

chain length and the degree of unsaturation

of fatty acyl chains together with the state

of compression of monolayers determine the
solubility of lysolecithin in the subsolution,
The changes in surface potential indicate
that considerable hydrolysis occurs in dio-
leoyl lecithin monolayers cven up to a sur-
face pressure of 40 dynes/cm. (Iig. 11).

The compression of a monolayer results in
an inerense of surface concentration of mol-
ceules and simultancously « decrease in the
'n‘\tormoleculm' spucing in the monolayer,
The former inercases the rate of hydrolysis
by inereasing the frequency of collision be-
tween enzyme and substrate molecules,

whereas the latter decreases the rate by pre-

venting the penetration of the enzyme mol-
ccule into the monolayer. These counter-
balancing factors, which divectly influence
the rate of hydrolysis, determine the opti-
mum surface pressure for hydrolysis of leci-
thin monolayers. Figure 12 shows the initial
deerease in surface potentinl in 2 minutes
(which is considerered to be proportional to
the initial rate of renction) plotted against
surface pressure. It is cvident that the opti-
mum surface pressures for hydrolysis are 10,
15, 20, und 25 dynes/cm. for dipalmitoyl,
egg, soybean, und dioleoyl lecithins, respec-
tively. At optimum surface pressures, their
initial rate of reaction is in the order: dio-
leoyl lecithin > soybean lecithin > egg leci-
thin > dipalmitoyl lecithin. This is also the

HYDROLYSIS OF DIOLEOYL LECITHIN
8Y SNAKE VENOM Naja naja
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I"16. 10, The changes in the surface pressure of
"dioleoy! lecithin monolayers upon hydrolysis by
snake venom Naje waju (20 ug.). The subsolution
consists of tris (005 44) + NuCl@.020) + CaCly
0.01 M), pH 7.2, uL 25°C.
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HYDROLYSIS OF DIOLEOYL LECITHIN
B8Y SNAKE VENOM WNa/a na/a
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Fia. 11 The deerease in the surface potential
of dioleoy! lecithin manolayers at various surfaces
pressures upon hydeolysis by snake venom Nuju
naja (20 pg). The subsolution consists ol tris
(0.05 M) 4 NaCl (0.02 1) + CaCls (0.01 M), pH
7.2, at 25°C,

order for the final surface pressures ut which
hydrolysis does not procced. Morveover, the
aren per moleeule and henee the intermolecu-
lar spacing in lecithin monolayers follow the
same order (Fig. 2). These results suggest
that the rate of hydrolysis of lecithin mono-
layers is determined by the wnsaturation’ of
Jally acyl chains and hence the indermolecular
spacing in monolayers, Figure 13 shows sche-
matieally the offect of wnsaturation of futty
aeyl ehains on intermolecular spacing in leci-
thin monoluyers, '

Recently Moove and Willinms (13) have
shown that the rate of hydrolysis of different
species of lecithin in the bulk veaetion follow
a similar ovder; this was attributed to the

SHAH AND SCHULMAN

specificity of phospholipase A, The 1 “ulis
presented heve indicate that different Files
of hydrolysis of lecithins ave related (o e

intermolecular spacing of lecithin ‘moleenle.

rather than to the enzyme. Since the est g
bond at the B-position of lecithin is involye
in this process, a larger intermoleculwr Spe
ing should inerease the probability of forng,
tion of an cnzyme-substrate complex |
henee inerease the rate of hydrolysis, ( ]y
ciceo and Rapport (14) reported 12 dy
em. to be the optimum surlace pressur
hydrolysis of egg lecithin monolayers, 'l
difference of 3 dynes/em. which we findl is
‘presumably due to a difference in techniques
employed.

Influence of Metal Lons and Chelating A gents
on Hydrolysisof Lecithin A1 onolayers
The presence of Ca*+ is essential for hy-

drolysis of lecithin monolayers by - snake

venom Naja naja. Other divalent eati i
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Fra. 12, The effeet of surface. pressuve on initini
vate of hydrolysis, as measured by the initial de-
erease of surface potential in the first 2 minutes,
for various lecithin monolayers. The subsolution .
consists of tris (0.05 M) 4 NuCl (0.02 M) + CaCl-
(0.01 .M), pH 7.2, at 25°C.
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ENZYMIC HYDROLYSIS OF LECITHIN MONOLAY]{)RS
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Fia. 13, A schematic vepresentation of the influence of unsuturation on the intermoleeular spacing
W lsvithin monolayers, ‘The lecithin moleculos are shown in the order from left to vight: divleoyl lecithin,

wiyboan lecithin, egg lecithin, dipalmitoyl lecithin,

wich as Mg*t, S+, and Batt are unable to
woplaeé Catt for hydrolysis (IFig. 14). How-
ever, the presence of an equivalent amount of
Mgt in addition to Cat+ causes significant
reduction in the rate of hydrolysis. Dipal-
mitoyl lecithin monolayers ave employed in

EFFECT OF METAL IONS AND CHELATING AGENTS O*
HYOROLYSIS OF DIPALMITOYL LECITHIN
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Fla, 14, The effect of metal ions and chelating
:tu‘uls an hydrolysis of dipalinitoyl lecithin mono-
WER, ab o surface pressure of 13 dynes/em., by
o ke venom Vo naja (20 pg.) on subsolutions of
i (0,0'50 ) + NaCl 0.02 M) + additives, pH
‘llh\:l”-(“‘:? (.‘ 'l:lw additives are as follows: @— 0.01
‘ !»"l‘k\‘\?m("l"" BaCly, or 0.01 M CaCls 4 0.01 M
o N (or Nuy citrate); O— 0.01 M CaCly;
«"\-.(:l(,)l(-:.l(.)‘fx)(iusl: if)-lo.()l MO MgCly; g— 0.01 W0

. WO M IEDTA Ny ; O— 0.01 M CaCl,
00 ] P, 1; O— 001 M CaCly +

this study since they exhibit maximal inter-
action with metal ions (3). '
In relation to the role of Cat+ in hydrolysis
of lecithin by phospholipase A, it should be
emphasized that dioleoyl lecithin, which in-
teracts least with Cutt (3, 13), shows the

highest rate of hydrolysis, This suggests that

the specificity and requirement of Cutt in
the hydrolysis reaction are due to the enzyme
phospholipase A and not due to charge re-
quirements of the substrate (leeithin mol-
ceules). When equivalent amounts of Cutt
and o chelating agent (Nuy citvate or EDTA-
Nuy) are present in the subsolution, hydrol-
ysis does not oceur. However, when the che-
lating agent is present with excess of Cut+,
hydrolysis oceurs ut o higher rate than in the
presence of Cat+ alone (Mg, 14), This ugrees
with the results reported by Dawson using
bulk reaction kineties (16). As previously
mentioned, a comparison of the rate of hy-
drolysis and the interaction of Cat* with
different lecithins suggests that the binding
of Ca*t to lecithin monolayers reduces the
rate of hydrolysis, The presence of chelating
ageuts in the subsolution reduces the bind-
ing of Catt to lecithin monolayers and there-

by incrcases the rate of hydrolysis. The

excess Cutt is required for the activation of
phospholipase A. This conclusion is further
supported by the rvate of hydrolysis of leci-

- thin monolayers on citrate buffer, which also

prevents the binding of Cu* to lecithin
monolayers (sce I'ig. 15).

Influence of Buffer Solutions on Hydrolysis
of Ivgg Lecithin A onolayers

It has been shown (17) from the bulk re-
action kineties that the rte of hydrolysis of
cgg lecithin by phospholipuse A varies in
different buffers at the same pH. Figure 15



116

HYDROLYSIS OF EGG LECITHIN
BY SNAKE VENOM WNagja naja

- BUFFERS ]

160 Cilrate
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Veronal

SURFACE POTENTIAFDECREASE {(mv)
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F16. 13, The effect of various buffers on hydrol-
ysis of egg lecithin monolayers, at a surface pres-
sure of 15 dynes/cm., by snake venom Naje naja
(20 ug.) vu subsolutions of huffer (0.05 M) + CaCly
(0.0L ), pH 7.2, ut 23°C., '

shows the changes in surfuce potential upon
hydrolysis of egg lecithin monolayers at a
surface pressure of 13 dynes/em. The changes
in swrfuce pressure upon hydrolysis were
the same as shown in Fig. 6 at the same sur-
fuce pressure. The rate of hydrolysis is high-
est on citrate buffer owing to inability of
Cu to interact with lecithin monolayers in
the presence of citrate ions, This conclusion
is supported by surface potential measure-
ments (see Fig. 17). The ratos for the other
three buffers are in the order: tris > veronal
> collidine. Collidine buffer is widely used
in bulk studies and is known to vield com-
plete hydrolysis of lecithin (17), wherens in

SHAH AND SCHULMAN

the surface reactions reported herc | o,
pletely inhibits hydvolysis (Fig. 15,
interesting to note’ that the order for 1
rate of hydrolysis found in the surlfaee pe,.
tion is the reverse of the order found iy
bulk reaction (i.e., in bulk, collidin,.
veronal > tris) (17). To investigate e oo
sibility of interaction of buffer ions wij il
thin, surface pressure and potential oy .,
lecithin monolayers were measured gy ),
sume buffer subsolutions.

The Surface Pressure-Area and ~ luv
Polential-Area Curves of Egg Lecithin
Monolayers on Various Buffer Solulimx

Surface tension measurements of bulle.
showed that tris and citvate buffers worc hot
surfuace active (i.c., their surface tension w.
close to that of water), whereas veronul i
collidine were surface uctive and show| syr
face tensions of 66 and 57 dynes/em., ropee
tively. Iigure 16 shows the surfuace pre, une
area curves of cgg lecithin monolay. . .
various buffer (0:05 )/ ) solutions cont: nine
0.01 A7 CaClyat pH 7.2 and 25°C. On Ve
and collidine buffers tho lecithin monokiyers

’
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Fia. 16. Surface pressure-area curves of vuy

lecithin monolayers ou subsolutions of bulier
(0.05 A7) 4 CuCl, (V.01 1), pH 7.2, at 26°C,
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Fia. 17, Surfnee potentinl-aves curves of ogg
within monalayers on subsolutions of butter
005 M) + CaCls (0.01 M), pil 7.2, at 25°C, The
alled cireles (@) also indicate the surface potens
nal uf egg lecithin un subsolutivns of citrate o
1is butlers without CaCly in the cubsolution, pt
T 2s°C,

dowed 2 larger area per moleeule, indicating
penet eution of buffer ions (veronal and colli-
dine) into the monolayers. This results in
_foduced stubility of the monolayers, which
W flm\\'n by the lower collapse pressures of
lecithin monolayers on veronal and collidine
buller solutions, On the other hand, surface
PResSUTE-aTeR Curves on tris andreitrate butfer
solwtions are identical to that obtained on
‘u\').‘\'ulusiuns of 0.02 M NaCl (Fig. 2).

.l he internetion of buffer ions with leei-
thin wonolayers is strikingly shown by =sur-
faee ’\mlm\h:\l-:\reu curves on these buffer
wlutions (Mg, 17). Suriace potentials on
i\"vrun:ll and eollidine buflfers are 175 my. and

f00 mv. lower than on tris buffer solution,

ndicating strong interaction of veronal and

',]1 "

SURFACE POTENTIAL DECREASE mv
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collidine buffer jons with lecithin mono-

layers.

These results enable us to explain the re-
versal of the rate of hydrolysis in surface
reaction ns compared to bulk renction. In
hydrolysis of monolayers, the adsorption and
penetration of pbuffer ions (veronal and colli-
dine) prevent the formation of an enzyme-
substrate complex, which results in the lower
rate -of hydvolysis. On the other hand, in
bulk reaction, the surfnce-nctive veronal and
collidine buffers act us lipid dispersing ngents
(or lipid dispersants) incrensing the arew of
the lipid/water interface and consequently
incrense the rate of hydrolysis.

Although the m-area curves of egg leci-
thin on tris and citrnte buffers ave identical
(Fig. 16), the surface potentinl on tris i
higher than that on citrate buffer, both con-

THE EFFECT OF SPACER MOLECULES (15 MOLE %)
ON HYDROLYSIS OF EGG LECITHIN
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F1c. 18, The elleet of the presence of various
spacer molecules (13 mole ) in egy lecithin monoy-
layers, nt u surface pressure of 13 dynes/em., ou
hydrulysis by snke venom Naja naje (20 pg.) O
subsolutious of tris 0.05 M) + NaCl (0.02 M) +
CaCls (0.0L M), pll 7.2 and 25°C. Eicosanyl tri-
methylammonium bromide is denoted by CwTAB,
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taining 0.01 3/ CaCl, (Iig. 17). This indi-
cates that Cat added to tris buffer interacts
with egg lecithin but when added (o citrate
it does not. This is supported by the follow-
ing observitions: () surface potentials were
identieal on citrate buffer in the presence or
absence of CuaCl, and (b) the surfuce poten-
tial on tris buffer without added CaCls wns
identieal to that on citrate bulfer. Thus, cit-
rate buffer prevents the binding of Ca++ to
lecithin monolayers and consequently in-
creases the rate of hydrolysis,

Influence of Spacer Molecules on
Hydrolysis of gy Lecithin M onolayers

It is known that the presence of small
amounts of charged lipids signifieantly in-
fluences the hydrolysis of lecithin monolayers
(18,19). The added lipid moleeules which in-
fluence the spucing between lecithin mole-
cules are termed spacer molecules. In the pres-
ent study, 15 mole ¢ of four different types
of spacer molecules, unamely, anionie, eati-
ouie, and nonionie (liquefying und solidi-
fying) were separately added to ege lecithin
to study the effect of surface charge and
state of monolayers on hydrolysis, It has
been shown (20) that cholesterol tends to
liquety and dipalmitin tends to solidify leei-
thin monolayers, suggesting that cholesterol
i3 o liquid spacer and dipalmitin a solid
spucer molecule. ,

Recently Dawson reported (21) that ad-
dition of 15¢0 dicetyl phosphorie acid (but
not stearylamine) to yeust lecithin monolay-
ers increased the loss of P2 from high-pres-
sure films due to hydrolysis by snuke venom.
In contrast to this observation, none of the
spueer molecules used in the present study

. were able to initinte hydrolysis of egg leci-
" thin monolayers at a surface pressure of 30
dynes;cem., where phospholipase A is unable
to hydrolyze ege lecithin monolayers (I'ig.
7). Hydrolysis at this surface pressure does
not oceur even upon inereasing the amount
of spacer moleeules to 30 mole ¢ in cge leci-
thin monolayers. The discrepaney between
our results and those of Dawson (21) is pre-
sumably due to the differcnce in fatty acid
composition of egg and yeast lecithing ().
At low surfaee pressure (13 dynes, em,),
the presence of spacer molecules in egg leci-

SHAH AND SCHULMAN

thin monolayers produced significan diller
ences in hydreolysis, Figure 18 shows chinngy..
in surface potentials of egg lecithin monaly,

ers in the presence of different SPACCr i),
cules (15 mole %) upon injection of 20 B o
venom into the subsolution. The presenee o
cholesterol, which is a nonionie liquid spaeer
does not influence the hydrolysis of ege fee

thin monolayers. Ou the other hand, )
mitin, n nonionic =solid spucer, redue. ),
rate of hydrolysis. This suggests that -
fiention (i.e., higher surface viscosity o

lecithin monolayers reduces hydrolysis, I

presence of dicetyl phosphate in egg lecithin,
monoluyers reduces the o of hydrolysis
This agrees with the results reported iy
Dawson (16) ‘on hydrolysis of lecithin parti
cles in the presence of diethyl ether, The ney
ative charges of dicetyl phosphate presun
bly act in a similar way as the negative
charges of liberated free fubby acids. The oy
cess of negative charge in the monol o
would tend to inerease the binding of ¢ -
to the monolayer, which in turn would
duce the rate of hydrolysis, The presence of
cicosnnyl trimethylammonium bromide (.
TAB) in egy locithin mounolayers strikingly
incrensed the rate of hydrolysis, This is
caused by a combination of factors, namely,
repulsion of Ca*+ from the vicinity ol the
monolayer due to the positively  chered
trimethylammonium groups of Coy TAB, -l
neutralization of negative charges of li v

ated fatty acids by the cationie Cy TAL It -

is known from the mixed monolayers of :.i-
oni¢ and eationic surfactants that the oppm-
site charges neutralize cach other, forming
ionie salt linkages in mixed monolayers (22),
Therefore, the presence of CoTAB in lovi-
thin monolayers does not allow initial aceu-
mulation of negative charges, which aceun-
late only after all CooTAB is neutralized by
free fntty acids. However, it is interesting o
note that in bulk reactions the presence of
CwTAB along with lecithin particles o =

not significantly influence hydrolysis (1t

The difference is due to the fact that '
TAB is soluble and CoWTAB insoluble in
water; this could influcnce the structural v
rangement ol these spucer molecules in rela-
tion to the polur group of lecithin,d The
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results presented here suggest that both the
,rface charge and the state of monolayers
aro of considerable importance in hydrol-
yuis of lecithin.
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