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SUMMARY 

The natural basic polypeptide, Gramicidin S, and the synthetic basic ~-amino 
acid copolymers, poly-ornithine-leucine, poly-ornithine-leucine-alanine and poly- 
lysine-leucine, similarly to the direct lyric factor of Ringhals cobra venom, render 
the phospholipids in osmotic erythrocyte ghosts susceptible to the hydrolytic action 
of Vipera paleslinae phospholipase A (phosphatide acyl-hydrolase, EC 3.1.1.4). The 
synthetic basic ~-amino acid polymers, poly-ornithine, poly-lysine and the copolymer 
poly-ornithine-valine were inactive in this respect. 

The basicity of the polypeptides, by promoting electrostatic attraction, is held 
responsible for their attachment to the membrane, whereas the lipophilic side chains 
are invoked in the facilitation of the approach of the phospholipase to the phospho- 
lipid substrate situated inside the membrane. 

Gramicidin S and the synthetic basic copolymers active in facilitating the 
splitting of phospholipids are strongly hemolytic. The basic polyamino acids, which 
are inactive in enhancement of phospholipid splitting, and the Ringhals cobra direct 
lyric factor have little hemolytic activity. 

INTRODUCTION 

Hemolysis by cobra venom involves, in addition to its phospholipase A (phos- 
phatide acyl-hydrolase, EC 3.i.i.4), the so-called direct lyric factor, which, in itself 
weakly hemolytic, is able to facilitate the action of the phospholipase on the erythro- 
cyte membrane phospholipids 1. The recently isolated Ringhals cobra direct lytic factor 
was found to be a single-chain basic polypeptide with a molecular weight of about 
7000, and containing hydrophobic side chains in addition to basic ones 2. With the 
aim of obtaining information on the mode of action of direct lytic factor on the erythro- 
cyte membrane, a study of the hemolytic and membrane phospholipid splitting- 
enhancing action of some synthetic model polypeptides was undertaken. The natural 
basic peptide antibiotic, Gramicidin S, was similarly studied. The inability of Vipera 
palestinae phospholipase A to hydrolyze erythrocyte-ghost phospholipids unless the 
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ghost membrane is damaged, for example by direct lytic factor 1, was utilized for 
studying the action of the model compounds. 

MATERIALS AND METHODS 

Basic polymers and basic copolymers of amino acids were prepared in the De- 
partment of Biophysics, The Weizmann Institute of Science s. The following substances 
were used: poly-Orn, poly-Orn-Leu, poly-Orn-Leu-Ala, poly-Lys, poly-Lys-Leu and 
poly-Orn-Val. Molecular weights of the polymers, as estimated in the analytical 
ultracentrifuge Spinco Model E, were respectively, 22ooo, 47000, II32O, 7680 and 
53 80o. The molecular weight of poly-Orn-Val was not determined. Gramicidin S was 
kindly provided by Dr. L. BICHOWSKY,The Weizmann Institute of Science, Rehovoth, 
Israel. The phospholipase A fraction from V. palestinae venom and direct lyric factor 
preparation from Ringhals cobra venom were obtained by procedures described 
previously2,4. 

Blood collection from normal human subjects and separation of erythrocytes 
was performed as described previously 5. Osmotic ghosts were prepared by adding 3 
volumes of distilled water to i vol. of washed packed erythrocytes with continuous 
stirring for IO min. Following refrigerated centrifugation at 3000 × g for IO rain 
the ghosts were resuspended in the same medium and then counted in a Neubauer 
counting chamber under the phase microscope. In one series of experiments gradual 
osmotic hemolysis was applied 6. 

Hemolytic activity of polyamino acids was estimated on samples of washed 
erythrocytes in phosphate-buffered saline (pH 7.4), containing 6-lO s cells per ml by 
determination of hemoglobin released during incubation for 2 h at 37 °. The con- 
ventional acid hematin or benzidine procedure 7 was applied. 

Phospholipid hydrolysis in osmotic erythrocyte ghosts by phospholipase A in 
the presence of polyamino acids was measured by  quantitative chromatographic 
determination. The phospholipids were extracted from the ghosts with chloroform- 
methanol (2: i, v/v), after spinning them down at IOOOO × g in a Sorvall centrifuge 
model RC-2 rotor SS-34. The phospholipids were separated by two-dimensional thin- 
layer chromatography on silica gel without binder (Camac). Chromatoplates ( 2o cm × 
20 cm) of 500 nl~ thickness were prepared using a Desage apparatus. The plates were 
subjected to ascending chromatography with chloroform-methanol-water (65 : 25 : 4, 
v/v) as the first developing mixture s, and chloroform-methanol-3o % NH4OH (14:6 : i, 
v/v) as the second developing mixture 9. For identification of phospholipids on the 
chromatogram appropriate markers were used. In addition choline-containing phos- 
pholipids were detected by the Dragendorff procedure 1°, secondary amide bonds 
in sphingomyelin by the method of BRESLER 11, and free amino groups by ninhydrin 
staining. Phosphatidylinostitol was not separated, similarly to the results obtained 
with thin-layer chromatography of erythrocyte phospholipids by BRADLOW et al. 12. 
For localization of the phospholipids in the quantitative analytic procedure I2 vapor 
was used. After the 12 had evaporated from the plate, the outlined spots were scraped 
directly into digestion flasks, phosphatidylethanolamine, phosphatidylcholine and 
phosphatidylserine being collected into one flask, and sphingomyelin and the lyso- 
compounds of phosphatidylethanolamine, phosphatidylcholine and phosphatidyl- 
serine evolved in the reaction, into a second. Blanks of silica gel of sizes corresponding 

Biochim. Biophys. Acta, 15o (1968) 15-23 



BASIC POLYPEPTIDES AND ERYTHROCYTE PHOSPHOLIPID HYDROLYSIS 17 

to the two collected spots were determined. The material was digested with conc. 
H2S04-7o % HCI04 (3: 2, v/v). Phospholipid phosphorus was estimated by the method 
of BERENBLUM AND CHAIN la. The percentage hydrolysis was calculated by determi- 
nation of phospholipid phosphorus of the substrate (phosphatidylethanolamine plus 
phosphatidylcholine plus phosphatidylserine/ acted upon by phospholipase A, in the 
absence of polyamino acids (control, taken as IOO % substrate) and in their presence. 
The estimation of sphingomyelin and lysocompounds was carried out for recovery 
calculations. Total phospholipid phosphorus was also determined in all chloroform- 
methanol extracts in order to verify that no phospholipids were lost during the proce- 
dure prior to chromatography. In another series of experiments the hydrolysis of phos- 
pholipids was followed by quantitative determination of unesterified fatty acids 
(DOLE 14 procedure) evolved in the reaction. The percentage hydrolysis was calculated 
from the amount of unesterified fatty acids released in the reaction system and the 
amount of fatty acid present in phosphatidylethanolamine plus phosphatidylcholine 
plus phosphatidylserine, the phospholipid phosphorus of these together was assumed 
to represent 7 ° % of the total phospholipid phosphorus of the erythrocytes. 

Solubility of the basic polymers and copolymers in lipid solvents was examined 
qualitatively by applying one-dimensional thin-layer chromatography and using the 
following solvent systems: chloroform-methanol-water (60:35:8, v/v/v), chloro- 
form-methanol-3o % ammonia (14:6: i, v/v/v) and propanol-water (7:3, v/v). 

RESULSTS 

Hemolytic activity of basic polymers and copolymers of amino acids 
All basic polymers and copolymers of amino acids examined caused hemolysis 

on incubation with washed erythrocytes, the extent of hemolysis increasing with 
increasing polymer concentration (Fig. I). The rate of hemolysis produced by the 
copolymers was higher than that by the polymers (Fig. I). The strongest hemolytic 
substances were poly-Orn-Leu, poly-Orn-Leu-Ala and poly-Lys-Leu. The hemo- 
lytic activity of poly-Orn-Val was only slightly higher than that of poly-Orn or poly- 
Lys. Gramicidin S was strongly hemolytic, as were the copolymers. Direct lytic factor 
had only a very weak hemolytic activity. It is noteworthy that the percentage values 
for hemolysis obtained with the above substances varied widely from blood to blood, 
but the difference in the hemolytic activity between the various polymers and co- 
polymers of amino acids was always observed. 

Effect of basic polymers and copolymers of amino acids on splitting of erythrocyte-ghost 
phospholipids by phospholipase A 

The results of the hydrolysis experiments, obtained by measuring either de- 
crease in ghost phospholipid substrate (Table I) or unesterified fatty acid release (Table 
II), show that whereas V. palestinae phospholipase A was unable to induce phospho- 
lipid hydrolysis in erythrocyte ghosts, it was able to do so in the presence of poly- 
Orn-Leu, poly-Orn-Leu-Ala or poly-Lys-Leu. Gramicidin S and direct lyric factor 
had a similar effect, the latter having the strongest activity. Poly-Orn, Poly-Lys and 
poly-Orn-Val were ineffective. Fig. 2 illustrates the effect of poly-Orn-Leu. 

For the amount of ghosts used, 2. lO 9 cells, at constant peptide concentration 
the percentage of phospholipid splitting did not change significantly when increasing 
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the amount of phospholipase above 200/,g.  When erythrocyte ghosts were incubated 
with a constant amount of phospholipase A and increasing amounts of active co- 
polymer, the percentage of phospholipid splitting increased. In a representative ex- 
periment in which 2. IO" cells were incubated with 4oo ~g phospholipase A and 5oo vg, 
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Fig. I. Hemolyt ic  activity of synthet ic  and na tura l  basic peptides. O, Orn-Leu ;  G,  Lys -Leu ;  
E3, Orn -Leu-Ala ;  × ,  Gramicidin; O,  Orn;  h ,  Orn-Val ;  m, Lys and * ,  direct lytic factor. 

T A B L E  I 

E F F E C T  O F  BASIC POLYMERS AND COPOLYMERS OF AMINO ACIDS ON ERYTHROCYTE-GHOST PHOSPHO- 
LIPID SPLITTING BY V. palestinae PHOSPHOLIPASE A, MEASURED BY PHOSPHOLIPID ANALYSIS 

Incuba t ion  sys tem:  2. io  ° erythrocyte  ghosts per ml medium containing 500/zg polyamino acid 
and 400/~g (protein content,  LowRY reaction) phospholipase A. Incuba t ion  time, 2 h at 37 °. 
For  abbreviat ions  and calculation of percentage splitting, see METHODS. 

Substance a d d e d  Phospholipid phosphorus (yg) % Splitting 

P hosphatidyl- Sphingomyelin 
ethanolamine plus plus lyso 
phosphatidylcholine compounds 
plus phosphatidylserine 

6 . 2 0  

Poly-Orn 6.48 
Poly-Lys 5.99 
Poly-Orn-Val  5.89 
Po ly-Orn-Leu  3.9 ° 
Poly-Orn--Leu-Ala 3.89 
P o l y - L y s - L e u  3.97 
Direct lytic factor 2.49 
Gramicidin S 3.66 
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Fig. 2. Enhancemen t  of phospholipid split t ing by poly-Orn Leu. Two-dimensional thin-layer chro- 
ma tog raphy  of erythrocyte-ghost  phospholipids. A, treated with V. paleslinae phospholipase;  B, 
t reated wi th  V. palestinae phospholipase and Poly-Orn-Leu.  Chromatogram of ery throcyte-ghost  
control  was identical to A. Reaction sys tem as in Table I. The plates were developed with Solvent I 
(ch loroform-methanol -water ,  65 : 25:4, v/v) followed by Solvent I I  (ch loroform-methanol -3o  °, o 
NH4OH, 14:6 : i ,  v/v). Abbreviat ions  are: PE, phosphat idyle thanolamine;  PS, phosphat idyl-  
serine; PC, phosphatidylcholine;  SPH, sphingomyelin;  LPE,  lysophosphat idyle thanolamine;  
LPS, lysophosphat idylser ine;  LPC, lysophosphat idylcholine;  UFA, unesterified fa t ty  acids. The 
non-marked spots in B are analogous to the phospholipids marked in A. 

T A B L E  I I  

EFFECT OF BASIC POLYMERS AND COPOLYMERS OF AMINO ACIDS ON ERYTHROCYTE-GHOST PHOSPHO- 
LIPID SPLITTING BY PHOSPHOLIPASE A, MEASURED BY UNESTERIFIED FATTY ACID RELEASE 

Incuba t ion  sys tem:  8-lO 9 erythrocyte  ghosts  per 4 ml medium containing 2000 #g polyamino 
acid and 16oo/zg (protein content,  LOWRY reaction) phospholipase A. Incuba t ion  time, 2 h at  37 °. 
The value of unesterified fa t ty  acid evolved in the control containing phospholipase bu t  no pep- 
tide, was subst rac ted  from each value of the above experiments.  For  abbreviat ions and calculation 
of percentage spli t t ing see METHODS. 

Substance added Unesterified % Splitting 
fatty acid 

Poly-Orn o o 
Poly-Lys o.o 5 2 
Poly-Orn-Val  o.o9 4 
Po ly -Orn-Leu  o.63 30 
Po ly -Orn -Leu-Ala  o.92 43 
Po ly-Lys-Leu  o. 87 4 I 
Direct  lytic factor 1.83 87 
Gramicidin S o.94 44 
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IOOO tag or 150O tzg poly-Orn-Leu, the percentage hydrolysis of the phospholipase A 
-substrate  (phosphatidylethanolamine plus phosphatidylcholine plus phosphatidyl- 
serine) was 27, 61 and 77, respectively. 

In order to examine whether the active copolymers remove phospholipid from 
the erythrocyte ghosts and thus the phospholipase might act in the medinm, 8. lO 9 
ghosts were incubated with 2000 ~g poly-Orn-Leu in a 2-ml suspension for 2 h at 37 °. 
The supernatant obtained after centrifugation at 15ooo × g for IO rain was freeze- 
dried and examined for phospholipid. Out of a total of 88/zg of erythrocyte-ghost 
lipid phosphorus, 0.4 t~g was released into the medium containing the copolymers, 
whereas in the control, 0.5 t*g was released. Furthermore, phospholipid was not 
released into the medium when ghost-phospholipid hydrolysis was produced by the 
joint action of basic copolymer and phospholipase A. The recovery of phospholipid 
phosphorus in the erythrocyte ghosts after hydrolysis had occurred was in agreement 
with these findings as may be seen from the data in Table I. 

Attempt to induce erythrocyte-phospholipid hydrolysis by phospholipase A during gradual 
osmotic hemolysis 

IO ml of phosphate-buffered o.15 M NaC1 solution containing 4.1o 9 washed 
erythrocytes and 800 tzg phospholipase A were dialyzed against 0.o38 M NaC1 solution 
for 2 h at 37 °. A control without phospholipase was run. No split products were de- 
tected in the ghosts on thin-layer chromatography. 

Solubility of basic polymers and copolymers of amino acids in lipid solvents 
Thin-layer chromatography using various lipid solvents showed movement of 

only those synthetic peptides which had hemolytic and membrane phospholipid 
splitting-enhancing activity (according to Table I). Fig. 3A illustrates the movement 
of poly-Orn-Leu, poly-Lys-Leu and poly-Orn-Leu-Ala; poly-Orn, poly-Lys and poly- 
Orn-Va] remained at the application point. As seen in Fig. 3B, Gramicidin S moved 
well in the lipid solvent whereas direct lytic factor stayed at the starting point. 

A 

v 

Orn Orn-Leu Lys 

j ,  

Lys-Leu 

Fig. 3. Thin-layer chromatography of synthetic (A) and natural  (B) basic peptides. Gra, gramicidin 
and DLF, direct lytic factor. Solvent: chloroform-methanol water (6o:35:8, v/v). Ninhydrin 
staining. 
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DISCUSSION 

It  appears that  the common characteristic of the presently studied synthetic 
and natural basic polypeptides which determines their ability to facilitate membrane 
phospholipid splitting by V, palesSinae phospholipase A depends both on their basicity 
and the possession of lipophilic groups. Fulfilling these two criteria among the poly- 
peptides studied are, in addition to the natural compounds, cobra direct lytic factor 
and Gramicidin S, the synthetic copolymers poly-Orn-Leu, poly-Lys-Leu and poly- 
Orn-Leu-Ala. The synthetic polymers composed of basic amino acids only, poly-Lys 
and poly-Orn, were inactive. 

In previous studies it was demonstrated that basic polyamino acids are ad- 
sorbed to the surface of erythrocytes 15, as they are to various other cells 16. It  is reason- 
able to assume that one condition for the phospholipid splitting-enhancing action of 
the basic polypeptides is their becoming attached to the erythrocyte ghost by virtue 
of their positive charge. However, the mere attachment of the polypeptides appears 
to be insufficient for the facilitation of phospholipase action on the membrane, and 
a decisive additional function must be ascribed to their lipophilic groups. It  is an 
attractive idea to relate the membrane phospholipid splitting-facilitating action of 
the lipophilic groups of the polypeptides to their penetration into the lipid structure 
of the membrane 17, thereby enabling the phospholipase to reach the phospholipid 
substrate. In agreement with this interpretation would be the observation that for 
the membrane phospholipid splitting-facilitating action of cobra direct lytic factor, its 
simultaneous presence with phospholipase is required, pretreatment of the membrane 
with direct lytic factor and subsequent removal by heparin prior to phospholipase 
addition being ineffective t. Thus, the polymer's basicity is responsible for its approach 
and its lipophilic property for its paving the way for the enzyme. An analogy to the 
presumed penetration of the lipophilic groups of the basic polypeptides into the cell 
membrane may be found in the property of Gramicidin S and of the active synthetic 
copolymers to move in lipid solvents on thin-layer chromatography. The inability of 
direct lytic factor to dissolve under these conditions might point to its lipophilic 
groups not being oriented to the outside of the molecule. In that  case, action of the 
lipophilic groups of direct lytic factor on the cell membrane might presuppose a 
conformational change in the peptide molecule when it becomes attached to the 
cell. 

Modern concepts of cell membrane structure appear to be consistent with the 
hypothesis of the importance of the lipophilic group of the basic polypeptides in 
determining their action on the membrane. One common denominator of the various 
models proposed for cell membrane structure ~8-21 is the orientation of the lipophilic 
groups of the membrane phospholipids away from the cell surface. It  has been pro- 
posed 22 that  the predominant force binding the protein envelopes to the phospholipids 
in the cell membrane is hydrophobic bonding of the non-polar side chains of the 
protein to the lipophilic portions, i.e. the fa t ty  acid residues, of the phospholipids. 
Possibly, the lipophilic groups of the active copolymers disturb these protein-phos- 
pholipid bonds in the membrane, thus making the phospholipids available to the 
enzyme action. The importance of the lipophilic groups of the basic natural and syn- 
thetic polypeptides for their action on the cell membrane is strengthened by the 
observation previously made that saponin, which causes a rearrangement in the mem- 
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brane lipids 23,~4, is also able to facilitate the action of V. palestinae phospholipase on 
ghost phospholipids. 

The hypothesis of the specificity of the mode of action of the active peptides 
being determined by their lipophilic groups is further supported by the negative 
result of the experiment in which erythrocytes were subjected to gradual osmotic 
hemolysis in the presence of phospholipase. From previous studies by us 25 and others 28 
it is known that  large molecules, such as albumin, fetal hemoglobin and even ferritin, 
are able to penetrate the erythrocyte membrane during the process of hemoglobin 
release through pores kept open temporarily by suspending the cell in a medium of 
gradually increasing hypotonicity. Such pores, as measured by SEEMAN 26, may attain 
a width of 300 A. If phospholipase did penetrate during the gradual osmotic hemo- 
lysis, the absence of membrane phospholipid splitting would indicate that contact 
of the enzyme with the phospholipids requires specific rearrangement in the mem- 
brane lipids, such as is brought about, presumably, by the lipophilic moieties of the 
active basic polypeptides, or by saponin 27 

Finally, the lack of parallelism between the strong facilitating action in the 
splitting of membrane phospholipids and the relatively weak hemolytic action of 
direct lytic factor indicates that the route by which phospholipase is enabled to reach 
the membrane phospholipids is different from that by which hemoglobin escapes from 
the cell. The dual property, strong hemolytic and strong phospholipid splitting- 
facilitating action, of Gramicidin S and the synthetic basic copolymers would then 
point to their action on the membrane being of a two-fold nature. The difference in 
hemolytic activity between direct lyric factor on the one hand, and Gramicidin S and 
the synthetic basic copolymers on the other, is not easily interpreted. Possibly, it is 
related to a difference in steric configuration : whereas the synthetic polyamino acids 
are linear chains 1~ and Gramicidin S is a cyclopeptide 28, direct lytic factor is a chain 
folded upon itself due to three S-S bonds ~ 
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