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Summary

38 cytolytic agents of mainly microbial origin were investigated with respect
to membrane-damaging activity on human diploid fibrobiasts. Increased plasma
membrane permeability was measured as leakage of three defined cytoplasmic
markers of various sizes: a-aminoisobutyric acid, uridine nucleotides and
ribosomal RNA. The relative leakages of these markers, caused by different
concentrations of the various cytolysins, yielded a leakage pattern for each sub-
stance. Five distinct types of leakage patterns were obtained. These were trans-
formed into numerical expressions by calculating the ratios between the
amounts of cytolysin needed to release 50% of the nucleotide and ribosomal
RNA markers and the amounts required to release 50% of the a-aminoiso-
butyric acid marker (EDs, ratios).

A classification of the cytolysins into five groups was arrived at on the basis
of the different types of leakage patterns with the aid of reference cytolysins
with wellknown mechanisms of membrane interaction. These groups com-
prised: (1) detergent-like agents, (2) agents interacting with only certain con-
stituents of the cell membrane, (3) agents interacting with specific receptor
molecules in the membrane, (4) agents inducing small functional holes of a
definable size, and (b) agents inducing only a very limited increase in plasma
membrane permeability. The system may be useful for characterization and
differentiation of new cytolytic agents of various sources as it divides mem-
brane-damaging agents into separate groups on the basis of their principal func-
tion on intact human cells.

* To whom correspondence should be directed.



157

Introduction

Cytolysins can be defined as agents capable of causing physical dissolution of
mammalian or other cells in vitro. Cytolytic agents are elaborated by a variety
of organisms in nature, microorganisms as well as plants and animals. The basis
for their cytolytic effects is their membrane-damaging activity which depends
on a direct interaction between cytolysin and the plasma membrane of sensitive
cells [1]. This interaction alters the chemical and/or structural configuration of
the cell membrane, leading to changes in membrane permeability and finally
lysis of the cell.

Some cytolysins enzymically hydrolyze the phospholipids of the cell mem-
brane (phospholipases A and C) [2] while the majority are non-enzymic. For
some of the latter cytolysins a receptor molecule in the membrane has been
defined, although complete information regarding the precise mechanism of the
membrane damage may still be lacking. In many other cases virtually nothing is
known about the nature of the membrane interaction.

A seemingly relevant basis for classification of cytolysins is the traditional
grouping according to origin, i.e. microbial, plant or animal. However, some
cytolysins of widely different origins have a common membrane receptor. This
may be exemplified with thiol-activated haemolysins (from different species
of true bacteria), polyene antibiotics (from Streptomycetes), metridiolysin
(from sea anemone) and some of the plant-derived saponins, which all bind to
membrane sterols [3,4]. Sharing the same receptor, however, does not neces-
sarily imply a common cytolytic process.

The chemical character of a cytolysin would constitute another ground for
its classification. The above mentioned cholesterol-interactive agents represent
rather diverse chemical structures; the thiol-activated hemolysins and metri-
diolysin are proteins [4], the polyene antibiotics are macrolides [5] and the
saponins are glycosides of varying chemical compositions [6]. However, the
precise chemical structures of many cytolysins have not yet been elucidated.

Bacterial cytolysins, which dominate in the present study, have traditionally
been classified according to their modes of membrane interaction into: (i)
thiol-activated (oxygen labile), (ii) phospholipases, (iii) surface active, and (iv)
unknown mode of action [1,7].

The ability to produce lesions in the target-cell membrane is the most critical
character of a cytolysin. It has been suggested that different kinetics of
haemolysis displayed by different cytolysins are determined by the different
types of primary lesions or holes * produced in the membrane [8,9]. The aim
of the present work was thus to measure changes in the permeability of a
human diploid cell membrane caused by various biological cytolysins, and to
explore the possibility of using such membrane-damaging effects as a criterion
for classification of cytolysins. To determine the type of primary membrane
lesion, leakage of three differently sized radioactive markers from the cyto-
plasm of human diploid fibroblasts was measured [10—12]. The molecular size

* The modern concept of biomembranes as dynamic fluid structures seems to exclude the possibility of
fixed holes present in the membrane. The word ‘hole’ is used herein as a purely operational term to indi-
cate a change in membrane permeability allowing leakage of cytoplasmic substances,
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of leaked marker(s) was considered indicative of the size of the functional holes
induced in the membrane.

The various types of leakage patterns obtained with different cytolytic sub-
stances are described herein. A new classification scheme is suggested on basis
of these patterns. In order to transform the patterns into numerical expres-
sions, the relative sizes of the induced functional holes were estimated by the
use of ED;, ratios.

Materials and Methods

Chemicals. Eagle’s minimal essential medium and Hank’s balanced salt solu-
tion were obtained from the National Bacteriological Laboratory, Stockholm,
Sweden; trypsin was fromFlow Laboratories, Ltd., Irvine, Scotland, [5-*H]-
uridine (spec. act. >25 Ci/mmol), «-[{1-'*C]aminoisobutyric acid (spec. act.
>50 Ci/mol) and Aquasol ® Universal Cocktail from NEN Chemicals GmbH,
Frankfurt, F.R.G.

TABLE I
CYTOLYTIC AGENTS OF MICROBIAL ORIGIN

If no source is given in the table, the agents were purified in our laboratory to at least the same degree of
purity as obtained in the indicated reference of purification.

Orizin Toxin Reference of Source
purification

Aeromonas hydrophile Aerolysin 13 A. Ljungh

Cytotoxic protein 14 A. Ljungh
Aspergillus fumigatus Asp-haemolysin 15 K. Yokota
Bacillus cereus Cereolysin 16

Phospholipase C 17
Bacillus natto Surfactin 18 Y. Kameda
Bacillus polymyxa Polymyxin B Not given Sigma Chemicals
Clostridium perfringens Phospholipase C (a-toxin) 19

8-Toxin 20

§-Toxin 21 J. Alouf

Corynebacterium ovis

Phospholipase D

R. Mollby and
G. Blomquist/

unpublished
Fucidium coccineum Sodium fusidate Not given Leo Pharmaceuticals
Derivative PR-1144 Leo Pharmaceuticals
of sodium fusidate
Listeria monocytogenes Listeriolysin 22
Pseudomonas aeruginosa Haemolysin 23 A. Ljungh
Staphylococcus aureus «-Toxin 24
B-Toxin 25
y-Toxin 25
§-Toxin 26
Streptococcus pyogenes Streptolysin O 27
Streptolysin S 28 W. Hryniewicz
Streptomyces spp. Filipin complex Not given Upjohn and Co.
Nystatin Not given Squibb Institute
Amphotericin B Not given Squibb Institute
Methyl ester of Semisynthetic Squibb Institute
amphotericin B
Vibrio parahaemolyticus Vibriolysin 29 F. Takeda
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TABLE II
CYTOLYTIC AGENTS OF PLANT AND ANIMAL ORIGIN

Origin Toxin Reference of Source
purification
Medicago sativa Saponin (alfalfa) 30 S. Shany
Quillaja Saponin (white) Not given BDH
Chemicals Ltd.

Apis mellifera (bee venom) Melittin 31 E. Habermann

Haemachatus haemachatus (cobra venom) Direct lytic factor 32 D. Eaker

Naja naja (cobra venom) Direct lytic factor 33 P.G. Lankish
Phospholipase A Crude venom Sigma

Cytolytic agents. A total of 38 cytolysins were investigated. These are listed
in Tables I—III with reference to source and purification procedures. Donators
of purified substances and commercially not available pharmacological agents
are gratefully acknowledged for their generous gifts.

Cultivation and labelling of cells. Human diploid embryonic lung fibroblasts
(line MRC-5) were cultivated in Eagle’s medium [34] in polystyrene wells to a
cell density of 105 cells/cm?. The cells were labelled with [*H]uridine or
a-['*C]aminoisobutyric acid as previously described [10,11]. Labelling with
aminoisobutyric acid was slightly modified as follows: monolayers were washed
with Hank’s balanced salt solution and then incubated with aminoisobutyric
acid (1 uCi/ml) in the same medium at pH 7.4. After incubation for 60 min at
37°C this buffer was changed to Eagle’s medium with serum, and the incuba-
tion at 37°C was continued for another 30 min. The cytoplasmic markers had
the following molecular sizes: a-aminoisobutyric acid-label 103; nucleotide
label <1000 and RNA-label >200 000.

Testing procedure and calculation of results. Labelled, washed confluent cell
monolayers were incubated for 30 min at 37° C with cytolytic agents diluted in
Tris-buffered saline using at least six different concentrations. Then the incuba-
tion media containing leaked cytoplasmic markers were removed and centri-
fuged (1000 X g, 10 min, 4°C), and radioactivity in 0.1-ml aliquots of the
supernatants was measured by liquid scintillation as earlier described [10].

A maximal release of each marker was obtained by treating control cells for
30 min with a 0.06 M sodium borate buffer (pH 7.8) and scraping with a
rubber policeman. This treatment ruptured the cell membrane leaving the

TABLE III
SYNTHETIC CYTOLYTIC AGENTS

Trade name Chemical name Source

Triton X-100 Polyoxyethyleneglycol(9-10)p-t-octylphenol Rohm and Haas

Triton X-114 Polyoxyethyleneglycol(7-8)p-t-octylphenol Rohm and Haas

— Sodium dodecylsulphate (SDS) E. Merck
Sodium deoxycholate E. Merck

Brij 35 Polyoxyethylenealcohol E. Merck

Cetrimide N-cetyl,N,N,N,-trimethylammonium bromide E, Merck
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nuclei intact [10]. The following formula was used to express the relative
leakage of each marker:

experimental release — spontaneous release

. - X 100
maximal release — spontaneous release
When the spontaneous release of any of the markers occasionally exceeded

30% the experiment was discarded. The spontaneous release during standard

incubation (30 min at 37°C in Tris-buffered saline) was 3—7% of the maximal

release in the case of RNA and nucleotide labels and 15—30% for the a-amino-
isobutyric acid label.

Estimation of EDs, ratios. The effective dose releasing 50% of cytoplasmic
label, EDs,, was calculated for each cytolytic agent by interpolation from the
doseresponse curves with the three different sized markers. From these EDs,
values two kinds of EDs, ratios were calculated:

(a) nucleotide/a-aminoisobutyric acid, i.e. the ratio between the concentra-
tions of cytolysin needed to release 50% of the nucleotide and «-aminoiso-
butyric acid labels, respectively, and

(b) RNA/a-aminoisobutyric acid, i.e. the ratio between the concentrations
of cytolysin needed to release 50% of the RNA and «-aminoisobutyric acid
labels, respectively.

Haemolytic and phospholipase C assays. Haemolytic activity of bacterial
toxins was assayed as previously described [35,36]. Phospholipase activity was
determined by a titrimetric method on egg yolk suspension as substrate [19].

Results

Different leakage patterns were produced with the various cytolysins and
five groups were established on the basis of the character of these leakage
patterns and the calculated EDs, ratios. Examples of leakage patterns typical of
the five groups are presented in Fig. 1.

Group 1 (detergent group)

Substances comprising the first group (Fig. 1/1, Table IV) in duced func-
tional holes large enough to permit an equal leakage of both the high molecular
weight RNA label and the smaller nucleotide and a-aminoisobutyric acid labels.
Thus, the three leakage curves ran closely to each other and EDs, ratios were
calculated to about one.

All the examined detergents, except for cetyltrimethylammonium bromide,
belonged to this group. Also the commercial Quillaja saponin and the cobra
(Naja naja) venom extract, marketed by Sigma as phospholipase A, produced
similar leakage patterns. Among substances of microbial origin the fungal anti-
biotic sodium fusidate was classified in Group 1, and the only bacterial cyto-
lysin was the haemolysin from Pseudomonas aeruginosa. A typical representa-
tive of group 1 is seen in Fig. 1A. The leakage pattern of another common non-
ionic detergent, Triton X-100, was presented earlier [12].

Group 2
Agents producing an almost equal leakage of the a-aminoisobutyric acid- and
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Fig. 1. Leakage patterns of Groups 1--5. RNA, nucleotide- and aminoisobutyric acid-labelled cells were
treated for 30 min at 37°C with the test substances diluted in Tris-buffered saline (pH 7.0) at the con-
centrations indicated in the figure. The concentration are expressed as haemolytic units per ml in 1, 3 and
5, as % (w/v) in 2, and as ug/ml in 4. Note that the x-axes in 4 and 5 are logarithmic. Leakage of
radioactivity was expressed as % of maximal release: 1. Haemolysin of Ps. aeruginosa: 2. alfalfa-saponin:
3A. §-toxin of 8. gureus; 3B. Asp-haemolysin; 4, nystatin; 5. 6-lysin of C. perfringens. 0
isobutyric acid label; 0————C, nucleotide label; &————4, RN A label,

1, ¢-amino-

TABLE IV

GROUP 1

Cytolytic agent EDg g ratio nucleotide/ EDsg ratio RNA/
a-aminoisobutyric acid a-aminoisobutyric acid

Pseudomonas haemolysin 0.9 1.0

Sodium-fusidate 1.4 1.9

Saponin (Quillaja) 0.8 1.1

Phospholipase A 0.6 0.9

Triton X-100 1.0 1.0

Triton X-114 1.0 1.0

SDS 1.2 0.9

Sodium deoxycholate 1.6 1.2

Brij 35 1.4 1.8

EDgs g ratios range 0.6—1.6 0.9—1.9

median 1.0 1.0
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TABLE V
GROUP 2
Cytolytic agent EDjsg ratio nucleotide/ EDjsg ratio RNA/
a-aminoisobutyric acid a-aminoisobutyric acid
Surfactin 4.8 6.1
Phospholipase C 2.1 4.4
Alfalfa-saponin 1.5 5.7
Melittin 3.6 8.2
EDgsq ratios range 1.5—4.8 4.4—8.2
median 2.1 5.7

nucleotide labels, but a distinctly lower release of the RNA label at low con-
centrations, were classified in the second group (Fig.1/2, Table V). In this
group the RNA/«a-aminoisobutyric acid ED;, ratios were somewhat higher than
the nucleotide/a-aminoisobutyric acid EDs, ratios.

At higher concentrations of these cytolytic agents, the RNA label leaked out
and the three curves approached each other. Cytolytic agents producing such
leakage patterns may thus be said to cause somewhat smaller functional holes
at low concentrations than the detergent-like agents (Group 1).

The basic polypeptide melittin from bee venom was assigned to this group,
as well as the saponin purified from alfalfa roots. Two bacterial toxins were
found in Group 2, viz. surfactin from Bacillus natto and phospholipase C from
Clostridium perfringens. The leakage pattern caused by alfalfa-saponin (Fig. 1/
2), illustrates the lowered leakage of RNA label as compared to that elicited by
the detergent group.

Group 3

The agents classified in Group 3 (Fig. 1/3, Table VI) at low concentra-
tions always caused a clearly lower release of nucleotide label than of a-amino-
isobutyric acid label, and the RNA label was even more retained than with
Group 2. This kind of leakage pattern results in nucleotide/«-aminoisobutyric
acid EDs, ratios of around 5—15 and RNA /a-aminoisobutyric acid EDs, ratios
in the region of 20 to more than 100. Thus the primary functional holes in the
membrane, produced by this group of cytolytic agents were of considerably
smaller dimensions than those induced by agents assigned to Groups 1 and 2.
Many of the bacterial cytolysins belonged to this group.

The leakage patterns induced by the two first-mentioned agents in Table VI,
aerolysin and staphylococcal §-toxin, significantly differed from the majority
of the agents in this group. The leakage curves of these cytolysins converged
with increasing toxin concentrations (as exemplified with staphylococcal
§-toxin, Fig. 1/3A). By contrast, none of the other substances in Group 3 (as
exemplified with the Asp haemolysin, Fig. 1/3B) caused a RNA leakage above
25% at the obtainable activities. In those cases the RNA/a-aminoisobutyric acid
ED;, ratio was designated as exceeding the obtained quotient (Table IV). These
differences in RNA leakage were not time-dependent since RNA label was
released to the same extent even when the incubation time was prolonged up to
3 h (f-toxin, Fig. 9 in Ref. 10).
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TABLE VI

GROUP 3

Cytolytic agent EDsg ratio nucleotide/ EDsg ratio RNA/

a-aminoisobutyric acid a-aminoisobutyric acid

Aerolysin 15 26

6-Toxin (S. aureus) 10 70

Cytotoxic protein 6 >40 *

Asp-haemolysin *** 3 >15

Cereolysin 12 40

6-Toxin 8 >31

Listeriolysin 7 >70

Streptolysin O 7 >50

Filipin 1 >200

Virbriolysin 12 21 **

Direct lytic factor (Haemachatus) 4 >12

Direct lytic factor (Naja) 38 >100

Cetyltrimethylammonium bromide 3 >33

EDgsg ratios ragne 138 26—>200
median 6

* The figure for RNA /a-aminoisobutyric acid ED 5¢ ratio was designated as exceeding the obtained
quotient when it was not possible to release as much as 50% of the RNA label.
** EDj ¢ ratios, i.e. ratios between the concentrations causing 10% release of the respective markers.
**#* Incubated at 20°C which is the optimum temperature for the lytic activity of this haemolysin [15].

The classification of cereolysin and vibriolysin was not absolutely clear since
the maximum available concentrations of these toxins were only 5 times as
high as those releasing 50% of the ¢-aminoisobutyric acid label. Because of this
ED,, ratios were given. This complication was due to the fact that, by contrast
to the synthetic agents, the maximal available concentrations of biological
cytolysins are limited by the specific activities obtained in each preparation.

Group 4

Group 4 (Fig. 1/4, Table VII) comprises cytolytic agents which caused release
of a-aminoisobutyric acid label at low concentrations, whereas much higher
concentrations were needed to release the nucleotide label. The RNA label was
poorly released, if at all, even at high concentrations. Thus the ED;, ratios were
very high and sometimes indeterminable since no leakage at all was detected

TABLE VII

GROUP 4

Cytolytic agent EDs g ratio nucleotide/ EDso ratio RNA/
a-aminoisobutyric acid a-aminoisobutyric acid

a-Toxin (S. eureus) >4 oo *

Nystatin 132 >200

Amphotericin B 2500 5000

Amphotericin B methyl ester >17 o

EDs5 g ratio range >4—2500 >200

* No RNA label was released.
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TABLE VIII
GROUP 5

All EDs5 ¢ ratios were oo, i.e. only c-aminobutyric acid was released.

Phospholipase C (B. cereus)
Polymyxin B

§-Toxin (C. perfringens)
Phospholipase D

Sodium fusidate derivative PR-1144
Phospholipase C (S. aurcus; §-toxin)
y-Toxin

Streptolysin S

(denoted as o). This leakage pattern reflects small functional holes in the cell
membrane,

Two clinically uses polyene antibiotics belonged to this group together with
Staphylococcus «-toxin. The leakage pattern of nystatin (Fig. 1/4) was very
similar to that found for amphotericin B [12]. The leakage pattern of «-toxin
was presented earlier [37]. The methylester hydrochloride derivative of ampho-
tericin B was also assigned to this group although it differed significantly from
the parent substance since no RNA release could be produced at any concentra-
tion tested [38].

Group 5

Substances releasing the «-aminoisobutyric acid label only were classified in
Group 5 (Fig. 1/5, Table VIII), constituting the smaller extreme with regard to
the size of induced functional holes. In this case the term hole is probably
seriously misleading as the changes in the cell membrane permeability are very
subtle. Indeed, these agents induce only few other detectable cytotoxic effects,
which indicates the sensitivity of this membrane-specific test {12,39].

All the agents belonging to this group were of bacterial origin except for the
semisynthetic derivative PR-1144 of sodium fusidate. The S. aureus y-toxin was
most active, releasing about 80% of the a-aminoisobutyric acid label at a con-
centration of 16 haemolytic units [37]. However, the other substances in this
group gave rise to release of significant but limited amounts of the a-aminoiso-
butyric acid label as exemplified in Fig. 1/5 with the §-lysin from C. perfringens.

Discussion

In the study of interactions between cytolysins and cell membranes, erythro-
cytes have hitherto been the preferred target-cell type. However, erythrocytes
as a test system present unwanted variations which are avoidable in other cell
systemns. Erythrocytes necessarily come from different sources in different
laboratories and furthermore the membrane composition of erythrocytes varies
in relation to cell age [40]. In this investigation human diploid embryonic
fibroblasts were used in order to present a ‘normal’ cell membrane of a
metabolizing human cell to the cytolysins in a wellstandardized test system
[121].

The standard incubation time (30 min) was chosen so as to obtain optimal
differences in leakage between the three cytoplasmic markers. Since interest
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was focused on the primary lesions caused by the cytolysins it was important
to keep the incubation time as short as possible, a factor crucial for the
character of the leakage patterns obtained. 38 cytolysins were tested and
classified into five groups according to leakage patterns illustrated in Fig. 1 and
ED;, ratios presented in Tables IV—VIII.

Five of the six detergents tested were classified in Group 1, i.e. they induced
large functional holes in the fibroblast plasma membrane. It should be noted
that the induced holes were of large size over the entire range of membrane-
damaging concentrations, i.e. also at concentrations causing no observable
alterations of cellular morphology. This result is consistent with the fact that
detergents extract membrane lipids and proteins, thereby disrupting the
structural integrity of the membrane [41]. Although much work has been done
to elucidate the mechanism of membrane interactions of selected detergents
[41—43], there is no evident explanation of the fact that the cationic detergent
cetyltrimethylammonium bromide did not induce any significant release of
RNA label, suggesting that the functional holes were of small dimensions. An
as yet unexplored possibility is that RNA label could not leak out because
cetyltrimethylammonium bromide caused an accumulation of positive charges
that inhibited the passage of RNA molecules.

The classification of commercial Quillaja saponin in Group 1 is in agreement
with the well-known detergent activity of the non-cardiac active saponins [6].
The haemolysin from Pseudomonas aeruginosa was the only bacterial toxin
associated with Group 1. This result is consistent with the surfactant activity of
this glycolipid, which is capable of solubilizing various phospholipids [44,45].

The detergent-like effect of the phospholipase A from cobra venom was
expected, since such crude preparations also contain direct lytic factor. This
basic polypeptide and the phospholipase A exert a synergistic effect on cell
membranes [46—48]. However, two purified preparations of direct lytic factor
alone induced only a limited membrane lesion. This result is in accordance with
Lankisch et al. [49], who demonstrated both an osmotic and non-osmotic com-
ponent of direct lytic factor-induced haemolysis. Phospholipase A from differ-
ent sources may vary considerably in its effects on cell membranes [50]. In
our experiments a highly purified phospholipase A from Naja nigricollis (kindly
supplied by D. Eaker, Uppsala) did not affect the membrane permeability of
human fibroblasts (unpublished data).

The molecular configuration of sodium fusidate resembles that of the cholic
acids. As might be expected from its structure the substance is strongly surface
active [51] and in agreement with this it belonged to the ‘detergent group’.
However, the derivative PR-1144 of sodium fusidate was classified into
Group 5, indicating that the detergent activity of the parent molecule had been
completely removed.

Each substance in Group 1 has earlier been stated to have ‘surfactant’ or
‘detergent-like’ activity. Surface active polypeptides, however, showed different
leakage patterns. The polypeptide melittin from bee venom has been shown to
be surface active [52,53] by interacting with the fatty acids of membrane phos-
pholipids [54]. However, its membrane interaction differed from that dis-
played by the agents in Group 1 since melittin induced a relatively lower
release of RNA label. This result is in accordance with a recently proposed
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model for the interaction of melittin with membranes, postulating that melittin
causes a wedge effect in membranes, which can not be equated with the effects
induced by simple detergents [65]. A similar leakage pattern was obtained with
surfactin, a result in agreement with its amphipathic nature reminiscent of that
of melittin [9,18].

The C. perfringens phospholipase C induced relatively large holes as com-
pared to the other phospholipases C in this investigation. Indeed, the clostridial
phospholipase C has the broadest substrate specificity of these enzymes,
hydrolysing all ordinary phospholipids of the mammalian cell membrane, Phos-
pholipase C from B. cereus hydrolyses the glycerophospholipids but not
sphingomyelin. Staphylococcal f-toxin on the other hand, is specific for
sphingomyelin [2]. The latter two phospholipases caused only subtle increases
in the permeability of the fibroblast membrane (Group 5) which indicates that
hydrolysis of both sphingomyelin and phosphatidylcholine is required to
induce large functional holes. This is further supported by the fact that a com-
bination of §-toxin and B. cereus phospholipase C, induced a similar type of
lesion to that caused by clostridial phospholipase C [50,56].

Highly purified alfalfa-saponin is known to bind to membrane cholesterol.
However, interaction of saponin with cholesterol is not dependent on a 3-3-
hydroxyl group as is the case for both polyenes [567] and the thiol-activated
haemolysins [7]. Assa et al. [68] suggested that breakdown of the erythrocyte
membrane with alfalfa-saponins was caused not only through the binding to
cholesterol but also because of non-specific interactions of saponins with mem-
brane proteins and phospholipids. This may explain why the lesions induced
with alfalfa-saponin (Group 2) in the fibroblast membrane were larger than
those induced by the thiol-activated haemolysins (Group 3).

True surface active substances, with the exception of cetyltrimethylammo-
nium bromide, were classified in Group 1, and the basic amphipathic poly-
peptides in Group 2. The surface active protein §-toxin, however, at low con-
centrations caused even smaller holes. These differences might be correlated to
the molecular sizes of the membrane-damaging agents. Furthermore, in the case
of cetyltrimethylammonium bromide and 6-toxin, the smaller holes may be
explained by the cationic nature of these cytolysins [25].

All the tested thiol-activated haemolysins (8-toxin, streptolysin, listeriolysin
and cereolysin), as well as the polyene antibiotic filipin-induced leakage
patterns characterized by a low RNA release. These agents are thought to exert
their cytolytic effect by interaction with membrane cholesterol [59—61]. How-
ever, the facts that the thiol-activated haemolysins share a common receptor
and induce similar leakage patterns do not prove that the subsequent lytic
events are identical (unpublished data).

Some recently purified cytolysins, the Asp haemolysin, cytotoxic protein
from Aeromonas hydrophila and vibriolysin, induced leakage patterns of a
similar character as the thiol-activated haemolysins. It may be speculated that
the membrane interaction of these agents also involves a specific receptor mole-
cule, limited in amount or availability in the membrane. However, the nature of
possible receptors cannot be deduced from our results. Besides cholesterol,
possible receptors are specific gangliosides, (glyco)proteins, or phospholipids.
For example, the vibriolysin has been claimed to attach to gangliosides [62].
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Nystatin and amphotericin B produced remarkably smaller functional holes
in the fibroblast membrane than the related polyene filipin and were classified
into Group 4. This result is in agreement with the current concept of polyene
antibiotic membrane interaction, i.e. that filipin forms disruptive aggregates with
cholesterol in the membrane interior, whereas nystatin and amphotericin B
induce narrow transverse pores by stereochemically defined reactions with the
membrane sterols [63—66]. Very high concentrations of nystatin and ampho-
tericin B caused a significant release also of the RNA label. At these concentra-
tions coalescence of the large number of transverse pores may déstroy the
permeability barrier function of the membrane. Alternatively, at high con-
centrations these polyenes might cause a more general membrane disorganiza-
tion.

Staphylococcal a-toxin is surface active which may explain some of its mem-
brane-damaging effects in different systems [67,68]. Its strongly haemolytic
activity on rabbit erythrocytes is thought to be mediated by interaction with a
high affinity glycoprotein receptor [69]. It is not known if such high affinity
receptors are present on the human fibroblast surface. However, the increase in
fibroblast membrane permeability induced by «-toxin was more probably due
to its general surface activity since the same degree of membrane damage was
induced in several other cell lines (unpublished data).

Two of the agents assigned to Group 5 were phospholipases C with rather
narrow substrate specificities (as discussed above) and the phospholipase D, a
specific sphingomyelinase [70]. Polymyxin B has been claimed to exert is
membrane-damaging effect by specific reaction with certain phospholipids
[71,72], while the mechanisms of membrane interaction displayed by strepto-
lysin S, y-toxin and the &-lysin of C. perfringens have not been identified.
Although the latter toxins are haemolytic they do not cause cytolysis when the
membrane of a metabolizing cell is exposed to them, probably since the subtle
membrane damage can be counteracted by an active repair [73].

This investigation has led to a classification of cytolytic agents based upon
the characteristics of the membrane-damage they induce. This classification
system may be of value for characterization and differentiation of new mem-
brane-damaging agents. With a slight simplification, the groups could be
characterized as follows.

1. Detergent-group comprising detergent-like agents which non-specifically
solubilize the membrane constituents.

2. Substances interacting with only certain constituents of the cell mem-
brane, either by solubilization or degradation.

3. Cytolysins interacting with specific receptor molecules in the cell mem-
brane, thus giving rise to membrane lesions of limited size.

4. Substances which induce small holes of a definable size (e.g. pores with
approx. 5 A diameter).

5. Substances inducing only a very limited increase in the permeability of the
plasma membrane.

However, this classification cannot be used for a direct characterization of
membrane receptors or for elucidation of the final steps in the cytolytic
process, although indirect evidence is obtained as discussed above. The
proposed system may be used to assign a wide variety of biological cytolysins
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and other membrane-damaging agents into separate categories on the basis of
their principal function,
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