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S U M M A R Y  

The action of purified phospholipases on monomolecular films of various 
interfacial pressures is compared with the action on erythrocyte membranes. The 
phospholipases which cannot hydrolyse phospholipids of the intact erythrocyte 
membrane, phospholipase C from Bacillus cereus, phospholipase A 2 from pig 
pancreas and Crotalus adamanteus and phospholipase D from cabbage, can hydrolyse 
phospholipid monolayers at pressure below 31 dynes/cm only. 

The phospholipases which can hydrolyse phospholipids of the intact erythro- 
cyte membrane, phospholipase C from Clostridium welchii phospholipase A2 from 
Naja naja and bee venom and sphingomyelinase from Staphylococcus aureus, can 
hydrolyse phospholipid monolayers at pressure above 31 dynes/cm. It is concluded 
that the lipid packing in the outer monolayer of the erythrocyte membrane is com- 
parable with a lateral surface pressure between 31 and 34.8 dynes/cm. 

I N T R O D U C T I O N  

Phospholipases from different sources have been used to reveal information 
regarding the localization of the lipids within the erythrocyte membrane [1--4]. 
These phospholipases show a great variety of behaviour against biological membranes 
and model systems. Some phospholipases can hydrolyse the phospholipids of the 
intact erythrocyte membrane which can lead to hemolysis of the cell. Other phos- 
pholipases cannot hydrolyse the phospholipids of the intact cell but can hydrolyse 
the phospholipids of ghost membranes [4]. Questions as why only some phos- 
pholipases can degrade the phospholipids of intact cells are difficult to answer from 
studies on biological membranes. It would be of interest to know if the phospholi- 
pases have different abilities to penetrate the membrane or if the lipid composition 
could play a role. Monolayers have shown to be a useful tool in the study of inter- 
facial properties of phospholipids and to study enzymatic hydrolysis [5-8]. The 
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molecular packing of lipids can be changed by compressing the monolayer to a 
different extent. The monolayer composition can be varied to a large extent by the 
use of  synthetic and isolated lipids. The enzymatic degradation by phospholipase C 
can be easily follewed by detecting the surface radioactivity of  a methyl-labelled 
phospholipid. In this paper the effects of  surface pressure and lipid composition are 
examined for different phospholipases. The results on monomolecular films are 
compared with those on intact erythrocyte membranes [4]. 

MATERIALS AND METHODS 

The following phospholipases were purified as described in the preceding 
paper [4]. Phospholipase A 2 from porcine pancreas, phospholipase A 2 from bee 
venom (Apis mellifica), phospholipase A 2 from Naja naja, phospholipase A2 from 
Crotalus admanteus, phospholipase C from Bacillus cereus, phospholipase C from 
Clostridium welchii, sphingomyelinase C from Staphylococcus aureus and phospholi- 
pase D from savoy cabbage. In 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidyl- 
choline a ~4C-labelled methyl group was introduced into the choline moiety accord- 
ing to the method of Stoffel et al. [9]. Sphingomyelin from pig brain was labelled by the 
same procedure. 

Phosphatidylserine was isolated from pig brain. All phospholipids used were 
chromatographically pure. The phospholipase C from B. cereus and C. welch& 
sphingomyelinase C and phospholipase D action on phospholipid monolayers was 
followed by a simultaneous recording of  the surface pressure and surface radio- 
activity during the experiment. Measurements were performed at 37 °C in a thermo- 
stated box. Monolayers were spread in a circular trough 8 cm in diameter and 3 cm 
deep. The trough was filled with l0 -2 M Tris-acetate buffer pH 7.4. In the case of  
phospholipase A 2 from N. naia and phospholipase D the buffer contained 10 mM 
CaCl2. The Ca 2+ requirement of the other phospholipases A2 was met by the addi- 
tion of  1 mM CaC12. In the case of phospholipase C from C. welchii the buffer 
contained 1 mM CaC1 z and 0.1 mM ZnCI 2. In the case of  sphingomyelinase from 
S. aureus 0.25 mM MgC12 was added. For phospholipase C from B. cereus the Ca 2 +, 
bound to the enzyme, was sufficient for the enzymatic hydrolyses. The phospholipase 
A 2 action on long chain phospholipids was also measured in the way described above. 
The action of  phospholipases on a short chain phosphatidylcholine, dinonanoyl 
phosphatidylcholine, was measured with the zero order trough as described by 
Verger and de Haas [8]. 

RESULTS 

At the concentration used, the pure phospholipases showed no surface 
activity when injected in the subphase. The effect of the molecular packing of 14C_ 
labelled palmitoyl-oleoyl phosphatidylcholine on the phospholipase C degradation 
is shown in Fig. 1. Fig. IA and B show the actual recordings of  the degradation. At 
a pressure of  29.4 dynes/cm a rapid release of  the phosphate-choline moiety is 
measured by the decrease in radioactivity, after a lack period of 4 min. The degrada- 
tion is completed in about 12 min (Fig. 1A). The simultaneous measurement of  the 
surface pressure shows a decrease due to the transformation of  phosphatidylcholine 
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Fig. 1. A (left) and B (right). Change in surface radioactivity (Ra) and surface pressure of ~4C- 
labelled palmitoyl-oleoyl phosphatidylcholine monolayers upon hydrolysis by phospholipase C from 
B.  cereus  (0.16 I.U.). The subsolution consists of 10 -2 M Tris pH 7.4at 37 ~C. C, Relation between 
the change in surface radioactivity and the initial surface pressure of 14C-labelled palmitoyl-oleoyl 
phosphatidylcholine monolayers upon hydrolyses by phospholipase C from B. cereus  (0.16 I.U.). 

to diacylglycerol. At an initial surface pressure of 34.8 dynes/cm no phosphatidyl- 
choline degradation can be measured even when additional amounts of phospholi- 
pase C are injected (Fig. 1B). A detailed surface pressure dependance (Fig. 1C) 
shows a rapid hydrolysis of palmitoyl-oleoyl phosphatidylcholine at pressures below 
30 dynes/cm. Above 31 dynes/cm hydrolysis stops completely. Sphingomyelin 
cannot be degraded by phospholipase C from B. cereus. For the human erythrocyte 
it was demonstrated that the outer layer consists mainly of phosphatidylcholine and 
sphingomyelin [1]. The phospholipase C from B. cereus does not produce phos- 
pholipid degradation in these intact cells. It could be questioned if sphingomyelin 
would affect phosphatidylcholine degradation by phospholipase C from B. cereus. 
Therefore, the phospholipase C (B. cereus) degradation of mixed monolayers of 
phosphatidylcholine and sphingomyelin (molar ratio 65 : 35) is studied (Fig. 2). The 
molar ratio used is close to the ratio found in the mammalian erythrocyte membrane. 
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Fig. 2. Relation between the change in surface radioactivity and the initial surface pressure of mixed 
monolayers of l+C-labelled palmitoyl-oleoyl phosphatidylcholine and sphingomyelin, molar ratio 
65 : 35, upon hydrolyses by phospholipase C from B. cereus .  (0.16 I.U.). The subsolution consists 
of 10 -2 M Tris pH 7.4 at 37 °C. 

The rate of radioactivity change is somewhat reduced compared to the pure phos- 
phatidylcholine film (Fig. 1) due to substrate dilution. The maximum surface pressure 
at which degradation is still possible is only slightly affected. Above pressures of 
33 dynes/cm no enzyme activity is found. As described in the preceding paper [4] 
phospholipase C was found to hydrolyse phosphatidylcholine in erythrocyte mem- 
branes when the cell was pretreated with sphingomyelinase from S. aureus. Fig. 3 
shows that when the sphingomyelinase activity (S. aureus) is tested upon 1+C- 
methyl-labelled sphingomyefin degradation is possible at all surface pressures obtain- 
able. Also in mixed monolayers formed of phosphatidylcholine and sphingomyelin 
(molar ratio 65:35) sphingomyelin is converted to ceramide by sphingomyelinase 
(S. aureus) at all monolayer pressures even at pressures reaching the collapse pressure 
of the monolayer. Sphingomyelinase from S. aureus cannot degrade phosphatidyl- 
cholines. When this sphingomyelinase is injected underneath a mixed monolayer of 
phosphatidylcholine and sphingomyelin of 42 dynes/cm the pressure decreases to 
37.5 dynes/cm due to the formation of ceramide (Fig. 4). At this pressure phospholi- 
pase C (B. cereus) is not able to degrade a pure phosphatidylcholine film (Fig. l) or 
a mixed monolayer of phosphatidylcholine and sphingomyelin (Fig. 2). However, 
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Fig. 3. Relation between the change in surface radioactivity and the initial surface pressure of t+C- 
labelled sphingomyelin monolayers upon hydrolysis by sphingomyelinase C from S.  a u r e u s  (0.16 
I.U.). The subsolution consists of 10 -2 M Tris and 0.25 mM MgCI2, pH 7.4 at 37 "C.  
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Fig. 4. Change in surface radioactivity and surface pressure of a mixed monolayer of ~4C-labelled 
palmitoyl-oleoyl phosphatidylcholine (PC) and sphingomyelin, molar ratio 65 : 35, upon subsequent 
hydrolysis by sphingomyelinase C from S.  a u r e u s  (0.16 I.U.) and phospholipase C from B.  cereus  

(0.16 I.U.). The subsolution consists of 10 -2 M Tris and 0.25 mM MgCI2, pH 7.4 at 37 °C. 

when phospholipase C (B. cereus) is injected underneath this film a rapid enzymatic 
degradation is observed by the change in surface radioactivity and surface pressure. 
The presence of ceramide formed by the sphingomyelinase treatment allows phos- 
pholipase C (B. cereus) activity at pressures above 31 dynes/cm. The enzymatic 
degradation by phospholipase C (B. cereus) at high surface pressures can also be 
achieved by other compounds such as diacylglycerol, negatively and positively 
charged compounds (Fig. 5). It can be seen that phosphatidylcholine monolayers 
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Fig. 5. Relation between the change in surface radioactivity and the initial surface pressure of mixed 
monolayers of respectively: 14C-labelled palmitoyl-oleoyl phosphatidylcholine and myristoyl-oleoyl 
diacylglycerol molar ratio 1 : 1 (O); 14C-labelled palmitoyl-oleoyl phosphatidylcholine and ceramide, 
molar ratio 65:35 ((3); t4C-labelled palmitoyl-oleoyl phosphatidylcholine and phosphatidic acid, 
molar ratio 80 : 20 (A);  ~4C-labelled palmitoyl-oleoyl phosphatidylcholine and stearylamine, molar 
ratio 80 : 20 (El) upon hydrolysis by phospholipase C from B.  cereus  (0.16 I.U.). The solution con- 
sists of 10 -z M Tris, pH 7.4 at 37 °C. 



102 

~- 2 . 0  

b~ 

a~ 
I.u 

1.0 

tO 

I I 

o & & 

I ~"Xo___o_o I 
2 0  30 40  

INITIAL SURFACE PRESSURE dynms/cm 
Fig .  6. Relation between the change in surface radioactivity and the initial surface pressure of mixed 
monolayers of respectively: 14C-labelled palmitoyl-oleoyl phosphatidylcholine, sphingomyelin and 
cholesterol, molar ratio 15 : 12 : 9 ((2)); J 4C-labelled palmitoyl-oleoyl phosphatidylcholine, sphingo- 
myelin and cholesterol 15 : 12 : 25 ( A )  upon hydrolysis by phospholipase C from B. cereus (0.16 
I .U. ) .  The subsolution consists of 10 2 M Tris ,  p H  7.4 at  37 °C. 

containing ceramide (prepared from sheep erythrocyte sphingomyelin) and myristoyl- 
oleoyl diacylglycerol both enhance phosphatidylcholine degradation at pressures 
above 31 dynes/cm. The presence of  20 mol ~o phosphatidic acid shows a marked 
enhancement of  enzymatic activity at higher pressures. The positively charged 
stearylamine also shows stimulation, but to a lesser extent. Low concentrations of 
cholesterol (molar ratio phosphatidylcholine/sphingomyelin/cholesterol 15 : 12 : 9) do 
not show much enhancement of  the phospholipase C (B. cereus) activity (Fig. 6). 
At molar ratios of phosphatidylcholine/sphingomyelin/cholesterol (15 : 12 : 25), phos- 
phatidylcholine breakdown can be detected at high pressures. Phospholipase C from 
C. welchii can hydrolyse the phospholipids and lyse the erythrocyte cell membrane 
[4]. The phospholipase C from C. welchii can degrade phosphatidylcholine as well 
as sphingomyelin. The degradation of 14C-labelled palmitoyl-oleoyl phosphatidyl- 
choline, by phospholipase C from C. welchii proceeds at a lower pressure (28 dynes/ 
cm) (Fig. 7) than by phospholipase C from B. cereus (Fig. 1C). However, the 
degradation of ~ 4C-labelled sphingomyelin is possible at all surface pressures, although 
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Fig.  7. Relation between the change in surface radioactivity and initial surface pressure of the fol- 
lowing monolayers: 14C-labelled palmitoyl-oleoyl phosphatidylcholine ( 0 ) ;  14C-label led  sphingo- 
myelin ( O ) ;  14C- labe l led  palmitoyl-oleoyl phosphatidylcholine sphingomyelin/cholesterol molar 
ratio 15 : 12 : 9 (11) u p o n  h y d r o l y s i s  by phospholipase C from C. welchii (0.16 I .U.) .  The subsolution 
consists of 10 -2 M Tris ,  1 m M  CaC12, 0.1 m M  ZnCI2,  p H  7.4 at  37 °C. 
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the rate is reduced at high surface pressures. In contrast to phospholipase C from 
B. cereus the phospholipase C from C. welchii degrades mixtures of phosphatidyl- 
choline/sphingomyelin/cholesterol (15 : 12:9) up to the highest pressure attainable 
(Fig. 7). This is also the case for mixtures of phosphatidylcholine/sphingomyelin/ 
cholesterol (15:12:25). 

Some of  the phospholipases A2 have been shown to hydrolyse the phospholipids 
of the erythrocyte membrane whereas phospholipases A 2 from other sources do not. 
The enzymatic activity of phospholipases A 2 cannot be followed accurately by sur- 
face radioactivity as is the case with phospholipase C. The degradation products of 
phospholipase A 2 activity on physiological phosphatidylcholines, fatty acids and 
lysophosphatidylcholines are not readily water soluble. The departure from the inter- 
face is dependent on the surface pressure and on the collapse pressure of the products. 
The rate of  enzymatic degradation can be accurately measured with the zero order 
trough as described by Verger and de Haas [8], with dinonanoyl phosphatidylcholine 
as substrate. The reaction products of  this short chain phosphatidylcholine are water 
soluble. 

Phospholipases A 2 from pig pancreas and from Cr. adamanteus are not able 
to attack intact human erythrocytes. Fig. 8A and B shows that phospholipase A 2 
enzymatic activity from pig pancreas and from Cr. adamanteus stops at pressures of 
16.2 and 23.3 dynes/cm respectively when dinonanoyl phosphatidylcholine is used 
as a substrate. Injection of  higher amounts of these phospholipases does not result 
in an enzymatic activity at higher pressures. To ensure that the maximum pressure 
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Fig. 8. Relation between the degradation velocity and initial surface pressure of dinonanoyl phos, 
phatidylcholine (measured by the change in surface area [8]) and t4C-labelled palmitoyl-oleoyl 
phosphatidylcholine (measured by the change in surface radioactivity), upon hydrolysis by respec- 
tively: phospholipase A2 from pig pancreas (A); phospholipase A2 from Cr. adarnanteus (B); phos- 
pholipase A2 from N. naja (C); phospholipase A2 from bee venom (D) (0.20 I.U.). The subsolution 
consists of 10 -2 M Tris, 1 mM CaCI2, pH 7.4 at 37 °C. In the case of phospholipase A2 from N. 
naja, the buffer contained also 10 mM CaCI2. PC, phosphatidylcholine. 
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measured for dinonanoyl phosphatidylcholine is also valid for a physiological phos- 
phatidylcholine, some qualitative measurements were done with palmitoyl-oleoyl 
phosphatidylcholine as substrate. Measurements of the change of the initial surface 
radioactivity show indeed a practically identical pressure dependance for these two 
phosphatidylcholines. Phospholipases Az from N. naja and bee venom can attack 
the phospholipids of intact human erythrocytes. When the enzymatic activity of 
p h o s p h o l i p a s e  A 2 from N. naja and bee venom is tested towards dinonanoyl phos- 
phatidylcholine monolayers it can be demonstrated that the enzymatic activity is 
retained up to surface pressures of 34.8 and 35.3 dynes/cm, respectively (Fig. 8C 
and D). Corresponding behaviour is found when palmitoyl-oleoyl phosphatidyl- 
choline is used as a substrate measuring the change in initial surface radioactivity. 
In the above experiments the enzymatic activity of phospholipases on monolayers 
was compared with the activity towards intact erythrocytes. Phospholipase C from 
B. cereus and phospholipase A 2 from pig pancreas are not able to attack the intact 
erythrocyte membrane. However, when trapped in resealed erythrocyte ghosts, 
these two phospholipases are also able to hydrolyse the phospholipids of the inner 
membrane [4, 10]. It has been shown that the outer membrane surface of the erythro- 
cyte consists mainly of phosphatidylcholine and sphingomyelin whereas the inner 
membrane surface consists of phosphatidylethanolamine and phosphatidylserine as 
the most prominent phospholipids. The difference in hydrolysis of phospholipids as 
present in the outer and inner surface are tested in monomolecular films. Mono- 
molecular films of dioleoyl phosphatidylethanolamine/phosphatidylserine, molecular 
ratio 2 : 1, are hydrolysed by pig pancreas phospholipase A z at pressure of even 39 
dynes/cm. Also, a similar mixture of dioleoyl phosphatidylcholine/phosphatidylserine 
showed to be readily converted at pressures of 36 dynes/cm. Pure films of dimyristoyl 
phosphatidylglycerol/phosphatidylserine are also hydrolysed at high pressures. 
Hydrolysis by pig pancreas phospholipase A 2 of dioleoyl phosphatidylcholine pro- 
ceeds at pressures below 20 dynes/cm. 

Phospholipase C from B. cereus, only able to attack the inner erythrocyte 
membrane surface, hydrolyses mixtures of  dioleoyl phosphatidylethanolamine/ 
phosphatidylserine and dioleoyl phosphatidylcholine/phosphatidylserine (molar 
ratio 2 : 1) at pressures of 39.4 and 37.0 dynes/cm, respectively. A pure film of 
phosphatidylserine is hydrolysed at 39.6 dynes/cm. The degradation of dioleoyl 
phosphatidylethanolamine by phospholipase C from B. cereus is practically the same 
as the respective phosphatidylcholine. Phospholipase D from cabbage, which does not 
produce hydrolysis of phospholipids in the intact cell, shows in monomolecular films 
of palmitoyl-oleoyl phosphatidylcholine an activity only at pressures below 20.5 
dynes/cm. 

DISCUSSION 

Many investigators have already shown the use of monolayers in the study of 
phospholipase action. In most cases the enzymes were not of a defined purity to 
correlate the monolayer action and the degradation of phospholipids in a biological 
membrane. 

As mentioned already, phospholipase C from B. cereus cannot attack the 
phospholipids of the intact cell. The monolayer studies show that palmitoyl-oleoyl 
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phosphatidylcholine with interracial pressures of more than 31 dynes/cm is not 
broken down (Fig. 1C). The maximum enzymatic activity is between pressures of 27 
and 12 dynes/cm. The reduced activities at pressures below 10 dynes/cm can be 
attributed to surface denaturation as was found for phospholipase from C. welchii [7]. 
For palmitoyl-oleoyl phosphatidylcholine, the critical interfacial pressure of 31 dynes/ 
cm corresponds with a molecular area of 60 A2/mol. The same molecular area was 
found to be critical for dimyristoyl phosphatidylcholine and palmitoyl-linoleoyl phos- 
phatidylcholine. The saturated, long-chain phosphatidylcholine, dipalmitoyl phos- 
phatidylcholine, was found to be hydrolysed also at smaller areas per molecule. In 
agreement with the experiments on the erythrocyte membrane, monolayer experiments 
show phospholipase C (B. cereus) activity at pressures above 31 dynes/cm after 
pretreatment of a phosphatidylcholine-sphingomyelin monolayer with sphingo- 
myelinase (S. aureus). The presence of neutral molecules as ceramide, the degradation 
product of sphingomyelinase action, enhance the breakdown at high pressures (Fig. 
5). Diacylglycerol, the phospholipase C degradation product, also shows this effect. 
Differential scanning calorimetry and electron microscopy showed that these two 
neutral lipids do not form a homogeneous phase with phospholipids. For membranes 
showing phase separation, high ion permeability [11 ] and penetrability by pig pan- 
creas phospholipase A 2 [12] is demonstrated. The high compressability at the phase 
borders or increased mobility of the polar headgroup could enhance phospholipase C 
(B. cereus) action. Due to electrostatic repulsion, positively and negatively charged 
lipids can increase the mean molecular area of neutral molecules. The increased 
molecular areas could explain the degradation of phosphatidylcholine in the presence 
of stearylamine and phosphatidic acid. The negative charge gives a higher stimulation 
than the positive charge. Bangham and Dawson [5] found that for the action of 
phospholipase C from C. perfringens a net positive charge at the interface is required. 
The stimulating effect of negatively charged lipids on the B. cereus phospholipase C 
degradation explains also why this phospholipase, which cannot attack the intact 
cell, can hydrolyse lipids of the inner layer when trapped inside. The inner erythrocyte 
membrane consists mainly of phosphatidylethanolamine and phosphatidylserine in 
contrast to the outer layer which consists mainly of phosphatidylcholine and sphingo- 
myelin. Monolayers of phosphatidylethanolamine/phosphatidylserine (molar ratio 
2 : 1) are hydrolysed at pressures of 39 dynes/cm in contrast to pure phospha- 
tidylethanolamine monolayers. Erythrocyte membranes contain a high content of 
unesterified cholesterol. The total phospholipid/sterol ratio is close to unity. In 
monomolecular films, the addition of 25 mol % cholesterol to a mixture of phospha- 
tidylcholine and sphingomyelin did not seem to have much effect on the enzymatic 
activity of phospholipase C from B. cereus. However, molar concentrations of 50 % 
cholesterol in a phosphatidylcholine/sphingomyelin film show degradation also at 
high pressures. The latter result is difficult to correlate with the inability of B. cereus 
phospholipase C to hydrolyse phospholipids of the intact erythrocyte membrane. 
Until now there has been little experimental evidence about the distribution of 
cholesterol in the cell membrane and about the concentration in the outer layer. 
Recent 3~p NMR studies have indicated that in vesicles the ratio of cholesterol in the 
inner layer to cholesterol in the outer layer can be larger than 1 (de Kruyff, B., 
personal communication). Also proteins, interacting with cholesterol as demonstrated 
for the myelin membrane [13], could be feasible for the erythrocyte membrane. 
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Phospholipase C from C. welchii hydrolyses phosphatidylcholines as well as sphingo- 
myelins. This enzyme is able to lyse erythrocytes due to the hydrolyses of both phos- 
pholipids. Monolayers of pure palmitoyl-oleoyl phosphatidylcholine are hydrolysed 
at pressures below 28 dynes/cm. However, sphingomyelin is hydrolysed also at high 
pressures. The behaviour of phospholipase C from C. welchii towards monolayers 
correlates well with the action on erythrocytes since monolayers of  phosphatidyl- 
choline/sphingomyelin/cholesterol molar ratio 15 : 12 : 25 and 15 : 12 : 9 the phos- 
pholipids are hydrolysed at pressures above 31 dynes/cm. The low concentrations of 
cholesterol (25 mol ~o) enhance already the hydrolysis by phospholipase C from 
C. welchii in monolayers by this for erythrocytes lytic enzyme. Besides the phos- 
pholipase C from B. cereus also the phospholipases A 2 from pig pancreas and 
Cr. adamanteus are by themselves not able to hydrolyse phospholipids of  the intact 
erythrocyte membrane. On monolayers, the two latter phospholipases show 
an even lower maximal pressure than phospholipase C from B. cereus. This means 
that the molecular pressure of  the erythrocyte is too high for these phospholipases to 
penetrate and hydrolyse the lipid core. The phospholipases A 2 which are able to 
hydrolyse membrane phospholipids, phospholipase A 2 from N. naja and bee venom, 
show a maximal pressure above 31 dynes/cm. Several years ago Shah and Schulman 
[14] studied already the enzymatic hydrolysis of various phosphatidylcholine mono- 
layers by N. nqja venom, employing the surface pressure and potential technique. 
These authors found that the rate of hydrolysis of different phosphatidylcholines de- 
creased in the same order as their molecular areas. The limiting pressure for egg 
lecithin was 30 dynes/cm and for soybean lecithin 37 dynes/cm. The action of 
phospholipases on erythrocyte membranes and on monomolecular films is summa- 
rised in Table |. The phospholipases which cannot hydrolyse phospholipids of the 
intact erythrocyte membrane, phospholipase C from B. cereus, phospholipase A2 
from pig pancreas and Cr. adamanteus, phospholipase D from cabbage show maximal 
pressures below 31 dynes/cm. The phospholipases which can hydrolyse phospholipids 
of  the intact erythrocyte membrane, phospholipase C from C. welchii, phospholipase 
A 2 from N. naja and bee venom, sphingomyelinase from S. aureus, show maximal 

T A B L E  I 

C O M P A R I S O N  OF  T H E  E F F E C T S  O F  D I F F E R E N T  P H O S P H O L I P A S E S  ON E R Y T H R O -  
C Y T E  M E M B R A N E S  A N D  T H E  M A X I M A L  S U R F A C E  P R E S S U R E  AT W H I C H  THESE 
P H O S P H O L I P A S E S  C A N  H Y D R O L Y S E  M O N O M O L E C U L A R  FILMS 

Phosphol ipases  Erythrocytes  Monolayers  
(dynes/cm) 

Phosphol ipase  A2 (pig pancreas)  16.5 
D (cabbage) 20.5 
A2 (Cr. adamanteus) 23.0 
C (B. cereus) - 31.0 
A2 (N. naja) ~ 34.8 
Az (bee venom)  -~ 35.3 

Sphingomyel inase  (S. aureus) ! ~ 40.0 
Phosphol ipase  C (C. welchii) -F > 40.0 
Phosphol ipase  C (B. cereus) 1 - ;> 40.0 
Sphingomyel inase  (S. attreus) t 
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pressures above 31 dynes/cm. From the above results it can be concluded that the 
membrane pressure o f  the erythrocyte is likely to be between 31 and 34.8 dynes/cm. 
This is a higher lateral pressure within the bilayer membrane than suggested by 
Mar~elja [15]. This author derived from order parameter calculations and N M R  
measurements a pressure of  20 dynes/cm. The experiments described in this paper, 
showing an excellent correlation between the action of  phospholipases on monolayers 
and erythrocyte membranes, are a more direct measure o f  the lateral pressure. This 
pressure is close to the highest lateral pressure in monolayers.  

In 1925 Gorter and Grendel [16] measured the area occupied by the lipids 
extracted from erythrocyte membranes, to estimate if the amount of  lipid present is 
sufficient to cover the erythrocyte cell with a bilayer. Bar et al. [17] repeated these 
experiments and found that the ratio of  monolayer film area to erythrocyte cell area 
depended greatly on the film pressure. A ratio o f  the film area to cell area of  2 is 
possible at a surface pressure of  approx. 9 dynes/cm. The lateral film pressure of 
31-34.8 dynes/cm suggested in this paper would lead to a ratio of  film area to cell area 
of  1.3-1.7. This might implicate the remaining area of  the cell membrane is occupied 
by intrinsic membrane proteins. 
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