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Abstract---Macrocyclic polyenic antibiotics were compzued. on the basis of their hemolytic efficiency 
(expressed as critical occupancy fevel and as mean intrinsic association constantl with each other and with 
other cboIe~~ol~~~c hemolytk agems, such as digitor& and s~epto~ys~ 0. 

Kn all cases, except for tk larger polyenic antibiotics ~~phote~cio B and nystatin), the ex~r~eR~ 
results were compatibie with the existence in the membrane of a large number of identical binding sites w&h 
are independent from each other. 

Sirnui~eo~ edition of two ~~~eot agents gave either syn~gisti~ or ~ta~ooistic effects, ~dic~ing that 
digitonin, s~eptolys~ 0 and filipin have dierent m~hanisms of action from each other and from the 
rn~os~~~con~~n~g polyenes. 

P&y&c antibiotics are known to increase the permea- 
bility of st~ol~on~mg mem~~es towards water- 
soluble substauces I 11, The most plausible hypothesis 
for tkir mechanism of action is the formation, upon 
i~te~ction of these polyenes with rn~b~~~ sterols, of 
aqueous pores, several antibiotic. molecules being in- 
volved in the formation of each pore f2-51. 

In previous work [6j we showed that, in phospho- 
lipid~holesterol vesicles, the polyenic antibiotic Iucen- 
somycin increased membr~e ~eability only after 
having occupied approx~ately one-half of the total 
number of binding sites. 

Such a study could also be extended to bovine 
erythrocytes; in this system, since direct spectroscopic 
evocation of tbe gmclmg of the polyenes to the mem- 
brane was obscured by the presence of ~~moglob~, the 
minimal levei of occupancy necessary for hekolysis 
Could be derived by measuring the ~o~~n~at~ous of 
polyene which caused 50% h~olysis at different coo- 
centrations of erythrocytes f61. A comparative study 
using this method, of various hemolytic agents which 
are known to have a specific unit for membr~e 
cholesterol, is presented in this paper. 

MATERIAL!+ AND MlX’i’HODS 

I&ensomyciu (trade name: ~~sc~yci~*~ and N- 
a~~ty~~~censorny~~ were kind gifts of Prof, M, Ghione, 
F~rn~~ia, Milan, Italy. Filipin (conings 96% filipin 
III) was donated by Dr. G, B. ~iffie1~ Jr., Upjohn 
Co,, K&tmazoo, MI, USA). ~photer~~in I3 and nys- 
tatin were gifts of E. R. Squibb gt Sons Inc., Princeton, 
NJ, USA and pimaricin (trade name; Na~ic~~~ was 
from Gist Brocades N.V., The Netherlands. 

The methyl ester of ~-a~yllu~nsomyc~ was pre- 
pared by reaction, at O”, of ~-~tyllu~nsomyc~ dis- 
solved in rne~~ol~i~orneth~e, and subsequent pu- 
ritication by silica gel chromato~aphy~ using ethyl 
acetate-methanol (7:3) as a solvent. 

~igitonin was from Merck, ~ms~dt, W. Ger- 
many. S~eptolys~~ 0 was a lyophiliz~ preparaticm 
from the Istituto S~~oterapico Sclavo, Siena, Italy, and 
was used without further purification ~medi~eiy after 
re~nst~~tion with 77 mM NaCl in 79mM N-K 
phosphate buffer, pH 6.5. 

All polyenes were dissolved medianly before use 
in a rn~irn~ amount of dime~ylsulfox~de, and then 
dilute in 140 mM NaCl-15 mM phosphate buffer, pH 
7.0. Digiton~ was similarly dissolved in a m~imal 
amount of methanol, and then diluted in the same 
but&r, In both cases, the organic solvent had been 
dituted to such an extent (over 200-fold) that it had no 
effect by itself. For the experiments with StreptoIysin 0, 
the NaCl phosphors huffier, pH 6.5, was used. 

Egg lecithin was prepared according to Pangborn 
f 71. Cholesterol was recrystatlized from hot acetic acid, 
Liposomes were formed by evaporating chloroform 
gluttons of lecithin with or without choIestero1 under 
reduced pressure and allowing the solid residue to swell 
in Nail-phosphate buffer for 15 hr at room tempera- 
ture under constant ~gi~tion. ~~ti~tive d~~mina- 
tion of phospholipids was performed by the ~monium 
moly~~~~rnoniurn vanadate eolorime~ic method 
[no. 159205 of Boehringer, Mannbeim, W. Germany. 
Cholesterol was determined by the Liebermann-Eur- 
chard reaction and/or by the Boebringer 15 73 2 choles- 
terol oxidase colarimetric test. 

Bovine ~ro~~~s were freshly collected in the 
presence of citrate from the slaughterhou~ and kept at 
4” until used (not more than 4 days later). Just before 
use they were washed free of plasma ~dresus~nded in 
the Na~l~hosph~te buffer,except when ~eptoIys~ 0 
was used subsequently, when the NaCl phosphate 
buffer, pH 6.5, was used instead. For iysis ex~r~en~, 
known numbs of er~~ytes were added in a Anal 
volume of 4 ml to varying coneen~ations of the hemo- 
lytic agent(s~ Experiments with streptolysin 0 were 
then incubated at 37O ; all other experiments were per- 
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formed at room temperature. After an interval which 
was sufficient for completion of hemolysis (4 hr in most 
cases), the degree of hemolysis was evaiuated from the 
concentration of hemoglobin in the supernatant after 
low-speed centrifugation. 

Fluorescence measurements were performed with an 
Aminco-Bowman spectrophotofluorometer, with an 
excitation wavelength of 308 nm and an emission wave- 
length of 410nm [81. 

Analytical treatment of the experimental data. The 
binding of a membrane-specific hemolytic agent.l. to a 
population of erythrocytes can be described by a gener- 
ation function, @, where each i-th term indicates which 
fraction of that population has a number, i. of sites 
occupied: 

~=~=l+(:!K,rLI+(~)R:rL]Z+.... 

0 ; IqLJ’ -I- . . . ZqL]’ (1) 

where If.1 is the concentration of the free hemolytic 
agent, &I is the total concentration of erythrocytes, 
[El is the concentration of completely unoccupied 
erythrocytes, t is the total number of sites per cell, and 
K,, KZ, Ki and K, are the mean association constants for 
occupancy of I, 2, i and t sites. In the most general case, 
K, can be considered equal to R x_f?j), where x is the 
intrinsic association constant of the isolated site andfli) 
is a function of the level of site occupancy denoting how 
occupancy of a certain number of sites affects further 
binding of the antibiotic to other sites in the membrane. 
The total concentration of the lytic agent, &I. is then 
given by: 

[La,] = [I,] + [E] x i ii) x i x K’ x (j-(# X [,!a]’ 

xix {K xf(i) x [L]j’ 
- 
x {R xf(i) x [L]Y 

12) 

Within this framework, lysis of a single erythrocyte can 
be visualized as occurring only when a number of sites 
equal to or greater than (n + 1) has been occupied. The 
fraction of non-lysed cells, F.y. is then: 

where [L *I is the concentration of free hemolytic agent 
giving (1 - FX) lysis. 

If all the sites are identical and independent,f(f(i) = 1. 
Equations l-3 then become: 

Q, = (1 + h; x [L])’ (1’) 

In this case, when F, = l/2, since both t and R have 
very large values, the solution of equation 3’ is: 

K x [Lq 
n = r x 1+ R x CL*] 

Substituting in equation 2’, we find that the total 
concentration, [L :I, of the lytic agent which causes 
50% lysis at an erythrocytes concentration [&I is given 
by: 

CGI = & x ; + n x [E,] (4) 

In a double log~ithmic plot of IL :I vs i&l, the 
curve interpolating the ex~rimental data will then have 
a horizontal asymptote with ordinate 

1% 
n 

(t-n) xi?’ 

and an oblique asymptote crossing the ordinate axis at 
log n. 

RESULTS 

Dependence upon erq’throcyfes concentration of tke 
50% lyric concentration of the wuriolcs polyenes. Figure 
la shows a comparison, in the double log~i~mic plot 
of [L $1 vs &I, of the lytic efficiencies of filipin, Iucen- 
somycin, pimaricin. and the methyl ester of N- 
acetyllucensomycin. 

From the positions of the oblique asymptotes it 
appears that filipin, as compared to lucensomycin, 
requires a much lower level of site occupancy (i.e. a 
lower value of n) in order to cause hemolysis. Since the 

(b) 
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Fig. 1. Dependence of the 50% lytic concentration, iL zl. of 
various small-ring polyenes on erythrocytes concentration 
l/&l. Both scales are logarithmic. (a): ~-----l_i, Pimaricin: 
O---O. N-acetyllucensomycin methyl ester: A--A, lu- 
censomycin; A- A, filipin; the asymptotes of the lucenso- 
mycin and Iilipin curves are indicated by dash-dotted lines. 
(b): S----O, N-acetyllucensomycin; the two broken lines 
illustrate how the experimental curve can be reconduced, in 
the framework of the proposed model (see text). to the 
combination of two simpler binding curves (dashed lines). 
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Fig. 2. Fluorometric titration of egg lecithin-cholesterol vesicles with lucensomycin (open symbols) and 
pimaricin (closed symbols). Final cholesterol concentrations were 5 /AM (O+,O.A) or 20 PM Q,m). The 
lecithin-cholesterol ratio (w:w) was either 2: I (3,&m, A) or 4: 1 (0 ,a). Open symbols represent lucenso- 
mycin, closed symbols represent pimaricin. Fluorescence is expressed in both cases as a fraction of the 
maximal fluorescence which can be obtained with lucensomycin. The difference in the ordinate scales should 

be noted. 

position of the horizontal asymptote is, however, prac- 
tically the same for f&pin and lucensomycin, if we 
further assume that the total number of binding sites per 
cell, t, is the same for both poiyenes, the intrinsic 
association constant x would be about 40 times lower 
for filipin than for lucensomycin. 

Pimaricin and N-acetyllucensomycin methyl ester 
appear to have, as far as lysis is concerned, a value of n 
very close to that of lucensomycin (which has a chemi- 
cal structure closely related to theirs). They differ from 
lycensomycin by having a much lower value ofX. (This 
is especially true of pimaricin.) By taking advantage of 
the fact that the fluorescence intensity of macrocyclic 
tetraenes, such as pimaricin and lucensomycin, under- 
goes a conspicuous increase upon interaction with 
cholesterol, the different aflinity of these two polyenes 
for cholesterol can be verified by fluorometric titration 
(Fig. 2); the ~teraction of pimaricin with cholesterol is 
found to be, compared with that of lucensomycin, more 
closely dependent on the absolute concentration of the 
sterol and on the sterol-lecithin ratio. 

A somewhat different behaviour is exhibited by N- 

acetytlucensomycin, a compound which has a net nega- 
tive charge at neutral pH. As shown in Fig. 1 b, only in 
the extreme regions is the polyene concentration needed 
for 50% hemolysis either fully ~de~dent or strictly 
proportional to the number of erythrocytes. This behav- 
iour can be explained by the existence of more than one 
value of K; as shown in Fig. lb, and as it has been 
demonstrated for similar plots in a different system 191, 
such an experimental curve may be seen to be a combi- 
nation of at least two populations (indicated by the 
dotted curves of Fig. lb) having diierent values of K, 
the low-tinity population being the most abundant 
one. Since iV-acetyllucensomycin is known to interact 
poorly with cholesterol when in the ionized state [ 81, it 
can be assumed that the two populations correspond to 
the existence of the polyene in the ionized (low &nity) 
and non-ionized (high affinity) forms, rather than to a 
variety of sites. 

A study of the hemolytic efEciency of the larger 
polyenes (nystatin and amphotericin B) shows (Fig. 3) 
that the dependence of the 50% lytic concentration of 
the polyene on the concentration of the erythrocytes 

I I I 1 
7 8 9 IO 

log [E,]. erythrocyteslml 

Fig. 3. Dependence ofthe 50% lytic concentration ILf I, of amphotericin B (O----0)or nystatin (A-----A) 
on erythrocyte concentration I&l. Both scales are logarithmic. 

B.P. 28/ic%s 
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[Lucensomycln], PM [Filipin], pM 

Fig. 4. Effect of the association between small ring polyenic antibiotics. (a) Synergistic effect of pimaricin on 
hemolysis by lucensomycin. Open symbols, lucensomycin alone; closed symbols, lucensomycin + 13 PM 
pimaricin. Final erythrocyte concentration was lO”/ml. (b) Antagonistic effect of lucensomycin on hemo- 
lysis by filipin. Open symbols, filipin alone; closed symbols, filipin + 8.6 PM lucensomycin. Erythrocyte 

concentration was 2.5 x lO’/ml. 

can be described, in the double logarithmic plot, by a 
straight line of slope 0.14 (nystatin) or 0.25 (amphoter- 
icin B), no region with a slope of either 0 or 1 being 
detectable. This pattern can hardly be compared to that 
obtained with the small polyenes, and appears to indi- 
cate an extremely heterogeneous distribution of x 
values. 

Hemolysis by association of two dIrerent polyenic 
antibiotics. As mentioned in the introduction, several 
polyene molecules are supposedly involved in the for- 
mation of a single aqueous pore, and such pores are 
responsible for the increase in membrane permeability. 

If we assume that pore formation occurs upon occu- 
pancy of an [(n + 1)/t] fraction of the cholesterol sites 
in the membrane, the simultaneous addition of two 
different polyenes to a limited number of erythrocyte 
membranes may then be expected to result in a clear cut 
synergism if the two antibiotics share a common mech- 
anism of action to the point of forming mixed polyene 
pores, or in antagonism if they compete for cholesterol 
sites but are unable to cooperate in the formation of the 
same pore. 

Figure 4 shows that if we perform such experiments 
by adding a known number of erythrocytes to pre- 
formed mixtures of two different polyenes, synergism 
can be seen upon association of lucensomycin with its 
derivatives (N-acetyllucensomycin or N-acetyllucenso- 
mycin methyl ester) or with pimaricin (Fig. 4a), i.e. 
with compounds which have a chemical structure very 
similar to that of lucensomycin itself. 

Association of filipin and lucensomycin fails to pro- 
duce any shift of the lysis curves, except when, as in Fig. 
4b, hemolysis by filipin in the presence or absence of 
sublytic amounts of lucensomycin is examined at very 
high erythrocyte concentrations. In this case, it can be 
shown that occupancy by lucensomycin of a certain 
number of membrane sites results in an increased resist- 
ance to filipin. 

The large polyenes (nystatin and amphotericin B), 
act synergistically with lucensomycin. In this case, 
however, as shown in Fig. 5, this does not affect all the 
erythrocytes: out of the whole population of red blood 
cells, a fraction is lysed by the large polyene alone (i.e. 

occupancy is >n), another behaves as if all polyene- 
binding sites were completely free, while a third one, 
which has an intermediate behaviour and is lysed by a 
smaller concentration of lucensomycin, seems to exist 
as a well-defined subpopulation (possibly with occu- 
pancy 9212). 

Hemolysis by non-polyenic cholesterol-spectjic 
agents. Other substances, completely unrelated to the 
polyenic antibiotics, are also known to increase mem- 
brane permeability through interaction with choles- 
terol. Figure 6 shows that with both digitonin. which is 
a spirostane glycoside [ 101, and with streptolysin 0, 
which is a protein [ 111, the 50% lytic concentration 
depends on the erythrocyte concentration in a manner 
similar to that found with lucensomycin. A most curi- . 

p--m I #A-/7 I . 

-.-. ! 
I 

I I , , , 

0. I 0.2 0.5 I 1.2 

[Lucensomycin], pM 

Fig. 5. Stepwise synergistic effect of nystatin on hemolysis by 
lucensomycin: O---O, lucensomycin alone; n a, 
lucensomycin + 6 FM nystatin; A-A, lucensomy- 
tin + 12 PM nystatin. Final erythrocyte concentration was 

38 x 106/ml. 
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Fig. 6. Dependence of the 50% lytic concentration IL. :I of digitonin (O-O) and streptolysin 0 
(A-A) on erythrocyte concentration [&,I. Both scales are logarithmic, the ordinates being chosen so as to 
superimpose the graphical interpolations of the two sets of data; the broken lines indicate the asymptotes. 

ous finding is that digitonin and streptolysin 0 are 
equivalent in terms of lytic efficiency; the curves of Fig. 
6 can be superimposed on each other if the “arbitrary 
unit” of streptolysin 0 is taken (although there is no 
theoretical justification for such an assumption) to be 
equivalent to 50 nmoles of digitonin. 

Nevertheless, these two substances act as antagonists 
not only toward lucensomycin (Fig. 7), but also to each 
other, 10 milliunits of streptolysin 0 causing (Fig. 7a) a 
shift of 0.5 nmoles of digitonin. 

DISCUSSION 

The study of the dependence of IL :I on &I allows 
us to derive the critical level of occupancy, n, and the 
intrinsic association constant, ??, provided that the 
binding sites for the lytic agent are identical to and 
independent from each other. 

Since all the hemolytic agents used in the present 
investigation are known to be fairly specific for choles- 
terol, the former condition (homogeneity of sites) is 
likely to hold, while the latter (independence of neigh- 
bouring sites) still needs to be verified. In fact, the 
results illustrated in Figs. la, 3 and 6 appear to indicate 

that both assumptions hold, within the limits of the 
experiment, for lucensomycin, N-acetyllucensomycin 
methyl ester, pimaricin, filipin, digitonin and streptoly- 
sin 0. It is therefore possible, for this first group of 
compounds, to give an estimate of n and of x, as shown 
in Table 1. 

Since the mean erythrocyte area is 140pm2, the 
values of n thus obtained would correspond to a center- 
to-center “critical” mean distance between two adjacent 
occupied sites of approx. 40 A for lucensomycin and 
approx. 300 A for filipin. The corresponding values of 
X, i.e. 1.8 x lo5 M“ for lucensomycin and 
4.6 x lo4 M-i for filipin are similar to those obtained 
by spectroscopic techniques [ 12- 141. 

The “anomalous” behaviour of N-acetyllucensomy- 
tin, nystatin and amphotericin B (Figs. lb and 3) 
appears to indicate some kind of heterogeneity at the 
level of the binding sites. In the case ofl\r-acetyllucenso- 
mycin, this behaviour can, as previously mentioned, be 
referred to the protonated and unprotonated forms of 
the antibiotic, the latter having a lower aflinity for 
membrane cholesterol. With nystatin and amphotericin 
B, a most appealing explanation is that of some positive 
interaction between neighbouring sites, favouring the 

/ 
Y 
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[Digitonin], PM [Streptolysin 01, milliunits/ml 

Fig. 7. Antagonism between the lytic effects of lucensomycin, digitonin and streptolysin 0. (a) O-O, 
hemolysis of 4 x 10’ erythrocytes/ml by digitonin alone; A-A, hemolysis by digitonin in the presence of 
10 milliunits/ml of streptolysin O;O---O, hemolysis by digitonin in the presence of 0.4 PM lucensomycin. 
(b) Hemolysis of 10’ erythrocytes/ml by streptolysin 0 alone (U -U) 

lucensomycin w). 
or in the presence of 0.5 PM 
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TaMe 1. Comparison of lysis parameters of the various ebolcsterol..s~~~c hemoiytjc agents 
-.. .__ ._- _~ 

Interaction Amount able to 
&,,,I for if Intrinsic K,,, with shift I nmole 

Hemolytic agent 50% lysis (molecules/cell) (M-l) lucensomycin lucensomycin 
__l_~ .--l”l .~ .-.. ~.-_ ~-- 

~ucensomycjn O.S- 1 pia 8-12 x IO6 1.4-2.2 x I@ 

N-Acetyllucensomycin 3.3 PM 
50 PM 

18 x 106 n.d+ Synergism 9 nmnles 

~-Acety~lu~ensomycin 
methyl ester 31.1M IO-16 x 106 0.6-1.1 x lo5 Synergism 3.1 nmoles 

Pimaricin 3 7-40 /.lM I6 x 106 0.85 x 104 Synergism 80 nmoles 

A fraction of 
Amphotericin B n.m. * mm. (<I X 105?) n.m. Partial synergism 

i 

RBC is lysed 
Nystatin n.m. n.m. f<6 x 106?) n.m. Part& synergism a 2.5 times lower 

concen~tion 

Filipin 
Digitonin 
Streptolysin 0 

* Not measurable. 

0.65 PM 0.2 x 106 0.46 x I@ Partial ~~gonisrn 0.04 nmoles 
0.5 FM 4.2 x 106 0.65 x 103 An~gon~srn 2 nmoies 

10 units/l (1.4 X lo+ units/cell) Antagonism 38-42 x IF3 units 
I_- 

For explanation of the symbols, see text. Concentrations are expressed in ~moles/liter‘*, except in the case of streptolysin for 
which the conventional “combining units” defined according to Hodge and Swift [ 181 were used. The intrinsic association 
constant R is calculated from equation 4, assuming that there are 134 x IO6 cholesterol molecufes per erythrocyte membrane, 
and that the cholesterol-polyene stoichiometry is 2: 1 16, 8, 121, while the cholesterol-digitonin stoichiometry is 1: 1 1 101. 

farmation of pores even under conditions of low overall 
occupancy. In such a case, the fun~t~on~~) (equation 2) 
would assume different values according to the occu- 
pancy level i. so that no general derivation of II, R and 

Ji) can be obtained from equatians f-3. This hypothe- 
sis is indeed supported by the results shown in Fig. 5, 
which suggest the existence, in the presence of sublytic 
amounts of nystatin or of ~m~boter~cin B, of well- 
defined erythrocyte subpapulatians. Thebe results may 
be tentatively related to the finding by Amati and Lago 
that different mammalian cell lines exhibit differential 
sensitivity to amphotericin B [ 151, but not to lucenso- 
mycin (P. Amati, personal communication). 

target, only some of them share a common mechanism 
of action at the molecular level. 
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