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The role of the carboxyl and amino groups of polyene macrolides
in their interactions with sterols and their selective toxicity.
A 'P-NMR study

M. Hervé '%, J.C. Debouzy ', E. Borowski 2, B. Cybulska > and C.M. Gary-Bobo

! Serlm'e de Bwphyanue, Département de Biologie., CEN / Saclay, Gif-sur-Yvette (France),
I Technology and Biochemistry. Technical University. Gdansk (Poland)
and ? UFR Santé Médecine Biologie Humaine, Université Paris X111, Bobigny (France)

(Received 6 December 1588)

Key words: Polyenc ide; Large uni vesicle:

gal antibiotic; NMR., ¥'P-

The permeability induced by amphotericin B and vacidir. A derivatives in large unilamellar lipidic vesicles containing
various sterols has been studied using the proton-cation exchange method and ' P-NMR spectroscopy. Derivatives
whiclh have a free ionizable carboxyl group induce biphasic ‘all or none’ permeability typical of channel-forming
ionophores, whatever the sterol present. In sterol-free membranes, they have no significant activity. Denvatives which
lack a free ionizable carboxyl group exhibit this channel-like mode of actmn only in or
sterols with an alkyl side like that of 1. In b hol or sterol whose side-chain is alike,
a slow and pmgresswe permealnllty is observed at high concentrations. This activity is observed in sterol-free

as well. ining sugars with substituted amino groups always have lower ionophoric activity
than those which are ituted. The in activity was observed for V-acetyl derivatives. Substitution
of the amino groups has no effect on the mode of action. A model of interaction of polyenes with sterols is presented
accounting for the data obtained on vesicles and the observed selective toxicity of polyene derivatives in biological
membranes.

Introduction Zwitterionic and negatively charged polyenes, which all
have a I'ree ionizable carboxyl group, belong to a first
The selective toxicity of polyene lide antibi group, hereafter di d group I. They exhibit a poor
tics for fungal cells relies on the greater sensitivity to selectivity, that is a similar efficiency (ellher lugh or
their ionophore action oi membranes containing tow) on both chol I- and
£ than those 1{1,2). membranes. In both membrane types, they induce per-
From data obtained on both biclogical and modei meability according to an ‘ali-or-none’ process like
membranes (3,4} it appears that the aminc group of the gramicidin D, and typical of ‘channel-forming’ ionv-
amino sugar moiety and the C-18 carboxyl gmup. both phores [6]. The other group, hereafter denoted group II.
constituting the ‘polar head’ of the lid ins the positively charged polyenes. which all lack
are of primary importance for ionophoric activity. a free carboxyl group, this being either absent or sub-
A comparative study, using *'P-NMR spectroscopy. stituted (esterified or id These latter poly
of this ionophoric ac(ivity for various aromatic and exhibit a quali ly diff behavior dependis
non-aromatic polyenes m large unilamellar lipidic upon the sterol. In ergo: 1 ini b
vesicles (LUVs), i either chol 1l or they behave like ‘channel-formers’, but, in cholesterol-
g , has led to concl which are important containing membranes, they induce a slow and progres-
for the nd ding of polyene selective toxicity {S]. sive permeability at high concentrations. In conse-
Depending on the dificati on the two polar quence, they appear generally less efficient in cholesterol
headgroups, poly were classified into two groups. membranes than in ergosterol membranes.

From these results, several questions can be raised. Is

it the actual presence of a positive charge which is

Correspondence: M. Hervé, Service de Biophysique, Département de important, or rather the absence of an ionizable carbo-
Biologie, CEN/Saclay, 91191, Gif-sus-Yvette, France. xyl group? What is the role of the amino group of the
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amino sugar? Which structural factors in sterol de-
termine the permeabilizing properties of the polyene?

There is a large body of experimental data on the

lonophonc properties of polyenes which indicates con-

ly that these pounds form ch: 1-like struc-

tures in association with membrane sterol, and several

models have been proposed {7-9] in which amphoteri-

more preClsely On this basis, a model of sterol-polyene

ion is proposed, for the greater activ-
ity in ergosterol—comaining membranes of the polyene
antibiotics which belong to the so-called group II, i.e.,
lacking a free carboxyl group.

Materials and Method:

cin B forms a 1-to-1 complex with sterol to form a
channel spanning the membrane bilayer.

The intrinsic properties of ionic channels formed by
various antibiotic molecules have been intensively
studied, especially in black films, but few studies havc
been devoted to antibi lipid i
Most g 1y, the ch Is are multimolecular assem-
blies of antibiotics either with themselves or, as it is the
case for polyenes, with lipidic b

Antibiotics and d: rivatives

AMB was a Squibb product. Methods of preparation
of derivatives have been reported previously [10-12).
The compounds to be tested were dissolved immediately
before use in dimethylsulfoxide at a concentration of
1-5 mg/ml and were applicd to the vesicular suspen-
sion in rmcrohter amounts. FCCP was from Bochringer-

The channel properties are related to the structure and
the stability of these molecular associations in the mem-
brane, which fluctuate between different siates. ‘Open
states’ are those in which the molecules properly associ-
ated provide a chanrel exhibiting generally a very high
ionic conductance, and ‘closed stales those in which
either the molecules are dissociated or are iated in
non-conducting structures.

Let us consider a cell, or LUV, suspension in which a
given concentration of a given polyene is added. The
extent of the ionic permeability induced most probably
depends primarily on the stability of the sterol-polyene
complex, which is assumed to be the basic structure of
the open channel.

From this point of view, how crucial is the structure
of the polar headgroups of the polyene and their ability
to interact through H-bonds with the sterol OH group
in the formation of the ? Group II poly

Mannt (Indi: lis, IN) and was used as an
ethanolic solution.

Lipids
L-a-Phosphatidylcholine was prepared from egg yolk
accordmg to the method of Palel and Sparmw 13}
hatidic acid was d from it

[14] Cholesteml was fmm Fluka Ergos;erol 7-dehy-

vl
chloride and cholesteryl methyl ether were from Sigma
Chemical. Brassicasterol was from Research Plus
(USA).

Preparation of vesicles

The preparation of LUVs by reverse-phase evapora-
tion according to the method of Szoka and Papahadjo-
poulos [15] has been described previously [6). The lipid
composmon of LUVs was L-a-phosphatidylcholine/

show a much higher efficiency in membrancs containing
ergosterol than in those hol The

acid/sterol in a molar ratio 80:10:10.
For free sterol LUVs, the molar ratio was 90:10. The

major difference between the two sterols is in the num-
ber of the double bonds. Can these influence the forma-
tion of the complex"' This would mean that Van der
Waals i b the hydrophobi of
both molecules in the membrane environment could be

very important, besides the hydrogen bonding t

of the aq dium was 400 mM so-
dium phosphate/1 mM EDTA dissolved in 40% 2H,0
(pH 5.50). After vesicle formation, the suspension was
diluted four times in 400 mM sodium sulfate, obtmmng
a final lipid cc ion of 18 mM. Seq) ly, the
suspensmn was filtered through polycarbonate porous

the polar groups.

In an attempt to answer these questions, the iono-
pheoric properties of a series of modified polyenes, whose
biological activity in yeast and red blood cells has been
established already [3), has been studied in LUVs by
3'P.NMR spectroscopy. Furthermore, experiments have
been carried out in LUV containing sterols differing in
the number and location of double bonds, in the pres-
ence or absence of a free 38 OH group, and of alkyl
substituents in the side-chain, as well as in sterol-free
LUVs.

The results of these studies allow the respective role
of the carboxyl and amino groups of the polyenes, as
well as the role of the sterol structure, to be assessed

CA) of 1, 0.4 and
0.2 pm pore size. After flltratlon, the suspension was
fairly homogeneous in size (= 0.17 pm [16]).

#P-NMR spectroscopy
The pH of 2.5 ml of the filtered vesicle suspension
was brought from 5.5 to 7.5 by addition of sodium
hydroxide. 10 ul of 1 mM FCCP solution in ethanol
were added to provide a non-limiting proton efflux in
the presence of antibiotics [6]. The desired amount of
anuoblotlcs was then added. At the end of the desued
ion period, the suspension was ferred into a
10 mm bore NMR tube, together with 20 pl of 100 mM
MnCl, solution, in order to quench the *P-NMR peak
of the external medium. In all spectra shown here, as in




the previous studies [6], the »P-NMR signals are en-
tirely attributable to the internal phosphate ions (P,,,),
the b signai being igible at the
concentration of lipids used. Conservation of the total
siznal intensity monitors the integrity of the vesicles.
3P-NMR spectra were recorded at 36.4 MHz with

proton noise decoupling on a Bruker WH 99 spectrome-
ter.

Results

Principle of the method
In the presence of a pH gradient between the internal
(pH 5.5) and the external (pH 7.5) vesicular medium,
the permeability induced by a given ionophore can be
measured by the electroneutral proton-cation Na*/H*
exchange method described previously [6]. In this
method, the cation permeability can be followed by
monitoring the proton movement through the mem-
brane either in the external medium by the pH-stat
technique {4,6] or in the internal medium by *'P-NMR
spectroscopy [5,61.
Using orthophosphate ions as a probe, the chemical
shm of lhe internal phosphate NMR signal reflects the
lar pH [17]. Tk the monitoring of the
internal phosphate peak allows a direct observation of
the intravesicular medium on the basis of internal pH
Both the change with time of the position and the
intensity of the NMR sigiii &iicr 2ddition of antibiotic
ionophore reflects its activity and its mede of action.
The mobile carrier, valinomycin, induces at low con-
i dening and a shift of the
initial phosphate sngnal (&= +0.25 ppm, pH 5.5, to-
wards its final, equilibrium position (8 =2.2 ppm, pH
7.5). This shift reflects the equilibration, through the
Na*/H" exchange, of the entire LUV population. The
proton flux measured by NMR, as well as by the
pH-stat method, obeys first-order kinetics {6].
The; channel-forming icidin D at low a-
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per bility of the ionoph and its exchange rate
between vesicles. The rate of exchange of valinomycin
molecules betwceen vesicles is relatively fast compared to
the ion flux rate they induce. This latter parameter is
the limiting factor of the permeability observed. On the
contrary, the rate of exch of gramicidin D molecul
is slow compared to the very high permeability induced
by its channels, and therefore the exchange rate is the
limiting factor. The only Kinetics data obtained by
NMR are on the rate of channel formation in vesicles
permeabilized in the first place. Due to the ability of the
NMR method to distinguish subpopulations of vesicles
on the basis of their internal pH, the two modes of
action of carrier and channel ionophores may be easily
vizualized on the basis of proton flux measurements.
However. this distinction can be made only at low
ionophore concentrations: a final equilibrium phos-
phate signal at § = 2.2 ppm is obtair:d at high enough
concentrations of any antibiotic. As a consequence, the
channels are primarily characterized by the observation
of an inshifted signal at & = 0.25 ppm. whereas in the
carrier ionophore, the eatire initial signal shifts.

This method has been applied to the study of poly-
ene antibiotics [5]. This was made possible because the
rate of polyene exchange in LUV is much slower than
in SUV [18,19]. It has beer shown that amphotericin B
methy! ester (AME), as well as vacidin methyl ester
(VME), which both belong to group II polyenes, induce
a permeability quite comparable to that observed with
the gramicidin, i.e.. they induce channel-like permeabil-
ity in ergosterol-conlammg vesicles only, whereas they
induce a carrier-like per: ility in choll
ing vesicles. It onght to be recogmzed that this observa-
tion does not mean that the same polyene is able to
form channels or to be a mobile carrier depending on
the sterol present. As mentioned earlier, the differences
d d by NMR sp py refer to kinetic proper-
ues whlch can be very different in ergosterol- and

tions induces a biphasic all-or-none evolution of the
phosphate signal: upon gramicidin D addition, the ini-
tial phosphate signal immediately splits into two dis-
tinct signals. The first cne remains centered at § = 0.25
ppm, its initial position, the second appears at 8 =2.2
ppm, the equilibration value. This second sxgna] in-
creases at the expense of the first. No inter

- as has been shown
by the study of ionic conductance in black lipid mem-
branes [20-22]. This imporiant point will be discussed
later.

In the present paper, we report the result of such a
study on a group of selected polyene derivatives, listed
in Table 1. Hereafter. these polyenes will be referred to
by the abb ions shown in Table 1.

signal is detected, and, the first signal, as long as it can
be detected, remains at 8 = 0.25 ppm [6].

The statistical law of distribution shows that, at low
concentrations, a significant fraction of the vesicle
population has not enough - or even no - antibiotic
molecules in their membrane to induce ion flux. In this
condition, the quah(anve dniference observed in the
behavior of the phospt ignal b icidin D
and valinomycin can be mterpreled [6] as the result of
the interplay of two kinetics parameters, the intrinsic

In all spectra shown, the polyene concentration used
is expressed as the antibiotic-to-lipid molar ratio, R.
The lipid concentration was the same in all experiments
(18 mM). As shown in p: studies [3.4], d
sponse curves cover a range of one order of magnitude
and the concentration of antibiotics was chosen roughly
at the 50% efficiency dose. It was chosen to be high
enough to induce a change in the initial spectrum after
a 10 min incubation and low enough to avoid equi-
librium being reached after the same incubation time.
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TABLE !
Molecular structures and properties of amphotericin B and derivatives and of aromatic polyenes studied
Amphotericin B

Mame Symbol Substituent in site Charge  Group

1 2 pH75
Amphotericin B AMB Co0~ NH7F + - 1
N-Acetylamphotericin B Ac-AMB CO0~ NHCOCH, - I
Amphotericin B-methyl ester AME COOCH, + u
N-Acetylamphotericin B methy! ester Ac-AME COOCH, NHCOCH, o ¢4
N,N,N-Trimethyl-amphotericin B methyl ester DMS-AME COOCH, N*(CH;); + n
N-(N’,N"-Dimethylglycyl)- diMeGIyAME ~ COOCH, NHCOCIL;NH(CY;),  + i

amphotericin B methyl ester
N-Glycylamphotericin B methyl ester GlyAME COOCH, NHCOCH,NH7 + n
Amphotcricin B-n-propylamide AMBPr CONH(CH;),CH; NHj3 + n
Amphotericin. B-3(N",N- AMA CONH(CH,);NH(CH,);  NHJ ++ I
dimethylamino)propylamine
1
HZNQ/“\
Vacidin A
Name Symbol Substituent in site Charge Group
1 2 3 pH7S

Vacidin A VAC C00~ NH} OH + - 1
Vacidin methyl ester VME COOCH, NHj OH + 1
N, N’-Diacetylvacidin Nav Co0~ NHOOCH; OH - 1
Perimycin PE CH,3 OH NHj + n
N’-Acetylperimycin NAP CH; OH NHCOCH, 0 n

Obviously, the equlhbnum spectrum (single peak at pl-I
7.5) would be ob of any it

AMA. In splte ol‘ these d\fferences, all four polyenes

and in the presence of any sterol at high enough anti-
biotic concentration.

Effect of the carboxyl group ar C-18

In Figs. 1A-D the spectra obtained in ergosterol-
and cholesterol-containing vesicles with AME, Ac-AME,
AMBPr and AMA are given pair-wise. These four de-
rivatives of AMB cannot form carboxylate anions be-
cause their carboxyl group has been substituted (see
Table I). However, they differ by the type of substitu-
tion: either by methyl esterification (AME and Ac-
AMe), or amidation (AMBPr and AMA). These sub-
stitutions are such that the four AMB derivatives differ
by their net electric charge: none for Ac-AME, one
positive for AME and AMBPr and two positive for

exhibit id
vesicles, upon addition of lhe polyene, the initial P,
signal splits into two separate peaks and, with time, the
peak at 8= +2.2 ppm increases at the expense of the
initial peak at 6 = +0.25 ppm. The disappearance of
this initial peak without any shift is a characlenzauon
of the ‘ch 1-forming’ h No inter
signal is observed. After complete equilibration of the
system, only one peak at § = +2.20 ppm is detected.
The area included under this peak is equal to the area
measured under the initial P, signal before polyene
addition. This indicates that dunng the experirent there
is no signifi leak of i hosph that
is, that no vesicle destruction occurs.

In cholesterol-containing vesicles, the four antibiotics
induce 4 permeability at higher concentration with a
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Fig. 1. Evolution as a function of time of the intravesicular phosphate NMR signal in cholesterol- and ergosterol-containing vesicles induced by
polyene derivatives having no ionizable carboxy! gioup. (A) AME, (B) AMBPr, (C) Ac-AME and (D) AMA. R indicates the polyene/lipid molar
ratio in the vesicle suspension.

different mode of action. Upon addition of the polyene, case also, the area under the equilibrium peak is equal
the evolution of the sp is ct ized by the to the area measured under the initial peak. The same
broadening of the sharp initial P, signal and its pro- behavior has been observed with all the other AMB
gressive shift towards its equilibrium position. In this derivatives tested which lack a free carboxyl group:
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DMSAME, DiMe-Gly-AME, Gly-AME (group II, spec-
tra not shown, but see Table I). Moreover, this has also
been observed with aromatic polyenes: VME, PE and
NAP (see Table I) [S].

From these and earlier data [5] it is possible to
answer the question concerning the role of the carbexyl
group.

Flrstly, the difference m the mode of action in
and ini membranes ap-

Consxdenng lhe efﬁclency of polyenes of group II in
one observes that
AME is 6—10-nmes more efficient than Ac-AME and
that PE is 50-times more efficient than NAP. Compara-
ble differences are observed in cholesterol-containing
membranes. Likewise, the relationship between ef-
ficiency and chemical structure of the amino group is
similarly applicable for the first group of polyenes:
VAC is 50-times more efficient than NAV in

pears to be a very geneml 43 istic of poly of
the aromatic and non-aromatic series which lack the
free ionizable carboxyl group, whether it is due to a
substitution by esterification or amidation, or occurs
naturally (PE). On the other hand, all polyenes tested
which have a free carboxyl group exhibit the same mode
of action pertaining to the ‘channel-forming’ type,
whatever the sterol present in the membrane (results not
shown, but see Table I).

Secondly, it appears that the dlfference in the mode
of action in ch 1- and erg ining mem-
branes is not related to the elecmc charge of the mole-
cule. The behavior is the same whether the polyene
bears a single charge, two positive charges or no charge
(being a non-el lyte). It can be luded that it is
the lack of the ionizable carboxyl group in itself and not
the charge of the molecule which counts.

This leads to a new definition of the two groups
proposed above. They were defined by the electric charge
of the molecules, and now, they should be defined by
the presence (group I) or absence (group II) of a free
carboxyl group.

The behavior of these two groups of polyenes m
LUVs correlates with their known biol

vesicles and 10-times more effi-
Clelll in choleslero]wonmmng vesicles.

In general, in both groups of polyenes, the greatest
efficiency is obtained when the amino group is unsub-
stituted. The lowest efficiency was observed for N-acetyl
derivatives in which the protonable amino group “vas
changed into a neutral amide. The efficiency decreases
witih substitution in the order: -NH, > -NH->> NH-
CO-. This observation on LUVs correlates perfectly
with the data in biological membranes [3]. For instance,
the concentrations necessary to obtain 50% K* leak in
yeast cells (expicssed in pg/ml in the suspension
medium) are 0.28 for AME, 0.31 for Gly-AME, 1.0 for
DMSAME and 10 for Ac-AME. For these four antibio-
tics, the concentrations necessary to obtain 50% K * leak
in red blood cells are 0.76, 1.40, 2.70 and 12, respec-
tively. The same observation can be made for the poly-
enes of group 1. The general conclusion is that substitu-
tion of the amino group of the amino sugar always
results in a drop of efficiency whlch may reach two
orders of de in The itude of
the effect seems primarily related to the proton donor
abxlny of the amino group, which is greatest for the

[3,4). The concentration of polyenes of group II neces-
sary to obtain a 50% K™ leak out of human red blood
cells, is systematically 3-5-fold greater than on yeast
cells, whereas polyenes of group I are roughly equally
active on both cell types. Thus, a clear correlation can
be made between the selective toxicity of a polyene and
differences in the mode of action in cholesterol- and

Effect of the amino group
As shown above, substitution on the carboxyl group
always resulls ina dlflerence in the mode of action in
gosterol- and ch ining membranes. Sub-
stitution on the amino group of the amino sugar moiety
does not have this effect. It only induces an increase in
the polycne concentration which is necessary to induce
permeability in LUVs, whatever the group type of the
polyene.
In the present work, no systematic dose-response
curves have been obtained, but from comparisons of the
of the pol which were used to
observe the development of the permeability process,
some conclusions may be drawn.

d amino group. But these substitutions never
modify the mode of action, which is governed by the
modification on the carboxyl group only.

Effect of sterol

It has been established long ago that the ability to
induce ionic permeability requires the presence of sterol
in the membrane, and more specifically, sterols having
their OH group in the 8 position. The mode of action
of group II poly in chol ing mem-
branes raises the question of whether this requirement is
absolutely general. In order to check this point, experi-
ments have been carried out in sterol-free vesicles, and
in vesicles containing either cholesteryl chloride or
cholesteryl methyl ether, that is, sterols lacking the OH
group.

Control experiments of the stability of sterol-free,
cholesteryl-chloride or cholesteryl-methyl-containing
vesicles were carried out first. The results are given in
Fig. 2. These experiments show that in the presence of a
2-unit pH gradient and of the protonophore FCCP but
in absence of polyene, the P, signal shifted very slowly.
This shift became significant only after more than 24 h.
The whole vesicle population was involved and the




signal, which ¢id not decrease appreciably, scarcely
reached its equilibrium position at 8 =2.2 ppm after 3
days or more. This means that in spite of the large
proton permeability induced by FCCP, the permeability
to Na™ jon in absence of polyene is practically negligi-
ble, as already shown in cholesterol- and ergosterol-con-
taining vesicles [6].
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Ref. 5). Only quantitative differences in efficiency are
observed, corroborating the results obtained by other
authors. In particular. it was already shown on black
films [20] that the life-time and frequency of the con-
ducting events induced by AMB depend on the number
and position of double bonds in the steroid molecule.
All these results indicate that in the case of AMB and

The action of AMB and AME, rep ive of
groups I and II, respectively, has been tested in these
vesicles. Typical spectra are shown in Fig. 2.

In the case of AMB, the permeability induced in
sterol-free vesicles as well as in vesicles containing
cholesteryl methy! ether or chloride is practically negli-
gible. The evolution with respect to time can be dis-
tinguished from the evolution observed in control ex-
periments without polyene only at very high concentra-
tions (R =1072) as shown in Fig. 2. This result is in
agreement with observations made long ago by many
authors.

In the case of AME, the induced permeability is
about the same, at the same concentration, in the three
types of vesicle as it was in cholesterol-containing mem-
brane. This result indicates clearly that AME is able to
induce ionic permeability without forming complexes
*with sterol.

Since the only difference between cholesterol and
argosterol is in the number and location of double
bonds in the steroid nuclei and alkyl sxde-cham, we are
led to the hypothesis that hydi

poly of group I the hydrophilic interaction between
the 38 OH group of the sterol and the polar headgroup
of the polyenes is the only necessary condition for
channel formation, the hydrophobic interaction appear-
ing only as a modulating factor. In the case of AME,
the spectra, as expected, depend on the sterol. These
spectra are given in Fig. 3, along with those previously
shown, obtained with cholesterol and ergosterol, for
comparisen.

lz appears thal v.he spectrum obtained in 7-dehydro-

b is similar to the spec-

trum obtained in chol 1 membranes:
AME induces a progressive Lrozdening and shift of the
initial Py, signal iowards the final obtained at equi-
librium. However. the spectrum obtamed in brassi-

terol b is i ical to that ob-
tained with ergosterol, which is characteristic of a chan-
nel-forming ionophore.

In the spectra of d ini b
a slight shift of the initial peak is detected without
sngmflcant broadening. In the spectra of stigmasterol-

be responsible for the differential affinity of poly

for both sterols.

In order to test this hypothesis, the action of AMB
and AME was tested in vesicles containing various
sterols, whose structures are given in Scheme 1.

In the case of AMB, the same ‘channel-like’ type of
ionic permeability is observed whichever the sterol pre-
sent (spectra not shown, they are all alike, see Fig. 2 of

may t two sharp peaks typical of an
1l one bilizing process are recorded until 2
hincub followed by a broad: with shift of the

initial peak.

The conclusions which may be drawn from this series
of experiments are the following: the presence of a
second double bond in the steroid nucleus seems to
have no influence on the type of permeability induced
by AME; 7-dehydrocholesterol has this second double

~CHs R A Chy
Ch:
CHy CHy
\) —
i
DESMOSTEROL ERGOS™EROL
i
CHy
HaC, Hy HEA
=
CHy CHy
HO" X

7-DEHYDROCHOLESTEROL

STIGMASTEROL

BRASSICASTEROL

Scheme 1. Structural formulae of the sterols studied.
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Fig. 2. Evolution as a function of time of the intravesicular phosphate NMR signal induced by AMB and AME in (A) sterol-free vesicles, (B)
hyl-eth ining vesicles and (C) cholesteryl-chlorid ining vesicies. R as in Fig, i.

bond and the induced permeability is the same as in The structure of the alkyl chain seems to be the
holl ol vesicles; t i )l does not have this dominant factor. As shown in Table II, cholesterol and
second double bond and the permeability obtained is ‘I-dehydrocholesteroi have the same saturaied alkyl chain

the same as in ergosterol. and brassicasterol has the same alkyl chain as ergosterol,
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Fig. 1.

with a double bond at the C-22 position. Stigmasterol methyl at the C-24 position. Desmosterol has a double
has the same double bond in the alkyl chain as bond, but in the C-24 position. Therefore, it appears
ergosterol, but with a bulky ethyl group instead of a that the stability of the AME sterol complex is highly
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dependent on the precise structure of the sterol alkyl
chain,

The presence of an unsaturated chain seems to be a
factor of primary importance for channel-type permea-
bility, but the efficiency of the channels is related to the
exact position of the double bond in the chain and the
absence of a buiky substituent.

Discussion

The generally pted hanism of ionophoric ac-
tion of the large ring polyene is based on the assump-
tion that these molecules form complexes with sterol.
Sterol-poly pl which org; lves in

h ls have been ated only
in the case of non-ionophoric small ring polyenes, such
as filipin [23]. Unfortunately, in spite of many attempts,

it has been impossible to provide any direct evidk of

pattern of phosphollpld—sterol interaction. It was shown
that polyene molecul the t most
probably as olij align th ]

parallel to sterols and phospholipid molecules [28] with
their polar heads at the membrane/ water interface. In
this position, the polyene polar head functional groups
may interact by H-bonding with the 38 OH of the
sterol. Hydrophobic interactions between the steroid
nucleus and its alkyl tail, and the rigid polyenic part of
the macrocyclic ring can also be established. Both inter-
actions contribute to the stability of the sterol-polyene
complex [29].

The conclusions from this assumption about the
sterol—polyene interaction which can be drawn from the
present results and from the data previously obtained
[5] may be resumed as follows. First, the efficiency of
the polyene permeabilizing activity in forming ionic

such complexes in the case of amphotericin B or nysta-
tin [2]. For this reason, the different pore models pro-
posed [7-9], which account for most of the known
permeability data, are not yet supported by any struct-
ural evidence. The present study does not provide such
evidence either, but allows a more precise definition of
the molecular parameters important for the formation
and stability of polyene-sterol channels..

Considering the polyene-sterol association, it must be
noted first that sterols already interact with phospholi-
pids, and that there is competition between polyene and
phospholipids for sterol in the membrane: this has been
shown recently by a comparative study of AMB-sterol
and AMB-sterol-phospholipid mcnolayers [24]. The
numerous studies of cholesterol-phospholipid interac-
tions have shown [25,26] that, firstly, the 38 OH group
of ¢t 1 can form a hyd: bond to the carbony!
oxygen of the sn-1-chain of the phospholipid and sec-
ondly, the B face of the steroid nucleus, out of which
protrude the two angular methyl groups, is in contact
with the sn-2-fatty acyl chain (generally unsaturated)
while the a face is in close contact with the saturated
sn-1-fatty acyl chain to maximize the Van der Waals
contacts.

Although data on ergosterol are scarce, as compared
to those on cholesterol, it is reasonable to assume the
same pattern of interaction in both cases. However,
there is evidence that the ergosterol—phosphohpxd inter-
action is weaker than the chol id in-

d ds on the proton donor ability of the
ammo group of the amino sugar. This indicates that the
hydrophilic interaction must occur through a H-bond
between this amino group and the 38 OH of sterol Two
groups of poly can be i d

g to their i ic properties. Polyenes of
group I are characterized mainly by the presence of a
free jonizable carboxyl group in the C-18 position in the
macrolide ring. They all form channel structures of high
jonic permeability in sterol-containing membranes,
regardless of the structure of the sterol molecule, pro-
vided a 38 hydroxyl is present. In sterol-free mem-
branes or in membranes containing sterol lacking in 38
OH, they do not form channels and ionophoric proper-
ties are hardly observed.
Polyenes of group II are characterized mainly by the
of free ionizable carboxyl groups. They all form
channel- hke struclures of high ionic permeability in
sterol it but the requi con-
cerning the sterol structure seems to be very specific.
Besides the presence of the 38 OH, a specific structure
of the alkyl side-chain, such as that of ergosterol, is
necessary. On the other hand, in membranes containing
other sterols, as well as in sterol-free membranes, they
exhibit quite significant ionophoric properties at rela-
tively high concentrations.

From the functional data, and from the crystal struc-
ture data of cholesterol {30,31], ergosterol [32] and AMB
[33], a hypothesw can be formulated on the role of

" .

b

teraction [27]. This might account for the oeservauon
that polyenes of both groups are more efﬁcxent in
erg; l- than in chol
Even if it is assumed that both sterols interact in the
same way with polyenes, the competition with phos-
phelipids would be more favorable in the case of
ergosterol.

It may be reasonably assumed that the pattern of
interaction between polyene and ster<! is similar to the

poly t in the mode of action of
polyene: the specific antifungal activity of polyenes
which is chi ized by the ab of free ionizabl
carboxyl group has been taken into account.
Essentially, a II'Lond would be esiablished between
the protonable amino group of the polyene amino sugar
as hydrogen donor, and the sterol’s 38 OH as acceptor.
For steric reasons, it appears probable that, according
to situations observed before [34,35}, this H-bond is
established through an intermediary water molecule as
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Fig. 4. i ion of the H-bond fc between the
polyene derivatives polar headgroups and the sterol OH group in the
case of (A) derivatives with free ionizable carboxyl group and (B)
derivatives with blocked carboxyl.

depicted in Fig. 4. The H-bond formation depends
mainly on the state of the polyenes carboxyl group: in
the case of a free and ionized carboxyl group, a strong
electrostatic interaction with the amino group maintains
the amino sugar moiety in a fixed conformation in
space and a complementary binding is established be-
tween the carboxylate and the sterol (Fig. 4A). Such a
complete H-bond system is very strong and can ensure,
by itself, the stability of the poly terol lex. The

m

state’. Assuming that polyenes form channels in associa-
tion with sterols, the strength on this association ap-
pears as a pred factor ditioni t‘mr ef-
ficiency and y their ivity for

containing a specific sterol, as observed in the case of
the polyenes of group II.

It remains to be clarified by which mechanism these
polyenes are uble to induce a significant ionic permea-
bility in the .:bsence of any sterols. The fact that phe-
nomenologically they behave as carriers does not mean
that they do so in practice. They may form, by self-as-
sociation. very ble ck Is of low cond

Like the previous channels models proposed, the
hypothesis made presently on the basis of functional
data must find structural support. In order to do so, a
structural NMR study of the behavior of '*C-labelled
C-3 site of cholesterol has been undertaken in the
presence of AMB and AME in LUVs. Preliminary
results support our hypothesis somewhat, showing the
involvement of the 38 OH group in an interaction in
the case of AMB but not in the case of AME. Further-
more, a study of the energetics of polyene-sterol inter-
actions by computer modeling has been undertaken.

The model presented here is mainly based on data
obtained on hpld membrane models. The presence of
proteins in biol 1 b may play a signifi
role in this sterol-polyene association as shown recently
[36]. In any event, there is a good correlation between
data obtained in LUVs and biological b 31

Whatever the actual molecular mechanism, it appears
that the selective toxicity of polyenes of group II is
based not only on quanmatlve dlfference in efficiency
in ergosterol- and chol b but
also most probably on a qualitative difference in the
mode of action. This provides hope that it will be

P

hydrophobic interactions are of secondary importance.
1f the carboxyl group is blocked, the amino sugar is free
to rotate; the H-bond between the amino group and the
sterol is still established, but under less favorable condl-
tions. Furthermore, there is no !

P to design better, and much less toxic drugs in
antifungal chemotherapy, which are more and more
needed in view of the i ing number of i d
pressed patients today.

with the carboxyl (Fig. 4B). Therefore, !he H-bond
system is relatively weak, and the hydrophobic interac-
tions are of primary importance to the stability of the
lex. Since the itude of the disp forces is
1y d dent upon the di of closest ap-
proach and the matching of hydrophobic surfaces, the
specificity of the sterol structure shows up.
A particular structure of the sterol alkyl chain, more
precxscly the double bond at the C-22 position, appears
, it is possible that this very struc-
ture hmders the mteraclnon of the same sterol with the
acyl chain of the phospholipids.
According to the classical channel theory, the iono-
phoric properties of a channel depend on both its
intrinsic ionic permeability and the life-time of its ‘open
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