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Sterols as Complex-forming Species

D.V.Ioffe

The formation of complexes of sterols with different compounds determines the biological properties of both sterols and
various natural substances such as saponins and polyene antibiotics. Complex formation by sterols with phospholipids, steroid
saponins, and polyene antibiotics is determined by the same characteristic features of the structure of the sterol molecule. The
principal role in complex formation is played by the hydrophobic reaction of the cyclopentanoperhydrophenanthrene ring. The
formation of a hydrogen bond between the hydroxyl group of the sterol and a proton acceptor, which is assumed in most
complexes, has been proved only in the complexes of sterols with water and acids.
The bibliography contains 122 references.
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I. INTRODUCTION

The ability of sterols in general and cholesterol in
particular to form complexes t with steroid saponins was
detected much earlier than the determination of the struc-
tural formula of cholesterol. 2 Since then, a large number
of studies have shown that sterols form complexes with a
number of organic compounds: alcohols, phenols, acids and
their derivatives, amines, carbohydrates, various hetero-
cyclic compounds, and recently proteins, and also with
inorganic acids and salts. Complex formation with saponins
has found extensive practical application in the preparative
and analytical chemistry of sterols,3 > l t and complex forma-
tion with salts and alcohols is used to separate and purify
sterols. 5 > 6 The formation of complexes of sterols with
saponins forms the basis of the use of the latter as hypo-
cholesterolemic agents, 7 ' 8 and in recent years it has been
used to develop sorbents which selectively extract the
cholesterol of blood plasma. 9 - 1 1 However, it is not so much
these applied aspects that are attracting interest in the
complexes of sterols as the fact that complex formation
determines a large part of the biological functions of sterols.
Thus it was established at an early date that the biological
action of polyene antibiotics is determined by the fact that
they form complexes with membrane sterols. The same or
a similar reaction explains the action of various toxins, for
example tetrodotoxin and saxitoxin,1 2 and also the membrano-
tropic action of triterpene glycosides.1 3 The incorporation
of sterols into biological membranes takes place as a result
of the formation of complexes with other components of the
membranes, primarily phospholipids. Finally, in recent
years there has been considerable interest in the reaction
of sterols with proteins in lipoproteins, lipid-protein com-
plexes which brind about the transport of lipids in living
organisms.

The aim of the present work was to systematise individual
scattered data on complex formation by sterols with various
compounds, and to try to determine which intermolecular
interactions are responsible for the high complex-forming
power of sterols and which structural functions of their

molecules are involved in these interactions. It should be
stated at once that there are few published data on the
quantitative study of sterol complexes. The published
papers generally give no information on the stability con-
stants of the complexes, their energies of formation, etc.
Thus the present review is also based chiefly on qualitative
relationships between the structure of sterols and their
ability to form complexes.

I I . COMPLEXES WITH STEROID SAPONINS

In 1909, Windaus2 found that cholesterol forms a sparingly
soluble complex with digitonin, a steroid saponin ( la) .
Complexes of this kind, which are called digitonides and
which contain equimolar quantities of digitonin and a sterol,
have been obtained for a whole series of sterols, and the
solubility of the digitonides of different sterols depends on
the nature of the latter These differences in the stability
of the complexes have been widely used to separate sterols
with similar structures, particularly epimers.

Hi ί-

H - Xyl—Clc

ri r.ic

tAccording to Ref.l, the term "complex" signifies a
molecular unit formed by the association of two compounds
without change in the nature of the bonds within each part.

b) Η-Xyl—Clc—Gul —

Gal

c) a = r,ic—r.ui—

Xyl = xylose, Glc = glucose. Gal = galactose

In the course of these studies, data were accumulated,
relating the structure of a sterol to its ability to form a com-
plex with digitonin. It should be emphasised, however,
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that the classification into sterols precipitated by digitonin
and sterols not precipitated, frequently encountered in the
literature, is extremely relative. The formation of a complex
with digitonin is not determined entirely by the structure of
the sterol; the dissociation of the complex is determined to
a large extent by the reaction conditions, and in particular
by the solvent and temperature. Thus digitonides have
the minimum solubility in ethanol, in which they are pre-
pared, but dissociate completely in such solvents as pyridine,
dimethylformamide, and dimethyl sulphoxide. l l f The com-
plexes dissociate when studied by chromatography on silica
gel1 5 and with increase in temperature; when cholesterol
digitonide is heated in a vacuum to 240°, the cholesterol
distils off practically completely.16 Thus generalisations
relating the stability of digitonides to the structure of
sterols must be based on experiments carried out under
rigorously comparable conditions, and there have been few
such studies; the aim of most published work has been the
preparative separation of isomers. Only a few authors 1 7 " 1 9

have determined quantitative characteristics of the stability
of the digitonides of different sterols, namely the solubility
product S. It is suggested that the lower the solubility and
the value of S, the greater the ability of the sterol to form a
complex. The data in Table 1 show that the lowest solubil-
ities correspond to the digitonides of 3 3-hydroxyl deriva-
tives of the 5a-gonane series (II), that is compounds with
trans -connection of the A and Β rings, and also the corre-
sponding Δ 5-derivatives. All these compounds have a more
planar molecule, compared with the 53-conformers (III) and
the 3g-configuration of the hydroxyl group:

Table 1. Influence of the structure of the sterol on the
solubility of the digitonide. 1 7 ~ 1 9

(p)HO

H(a) (II)

5 α-series A/B-trans

J' 5j3-series A/B-cis

R=H

R = G , H S

R=CH (CH3) (CH2)2CH3

R=CH (CH,) (CH2)3CH (CH3)2

androstane

pregnane
cholane
cholestane

(f)HO-

a—OH-group in the axial position, e—OH-group in the equatorial position.

The 3 3-hydroxyl group plays a decisive role in the forma-
tion of the complexes; its acylation leads to a sharp increase
in the dissociation of the complex, and this forms the basis
of one method for separating sterols from digitonides. Not
only acylation, elimination (separation or reduction), or
oxidation at the keto-group, however, but even epimerisation
of the 33-hydroxyl group has a marked influence on the
stability of the complexes. All 3a-hydroxy-derivatives
of the 5cx-series form complexes with S > 1100 χ 10"8 mole2

litre"2, that is they are much more soluble than the 33-deriv-
atives.

Compound

5a-ChoIestan-3(3-ol
5a-Cholestan-3a-ol (epicholestanol)
30-Acetoxy-5a-cholestane
Cholest-5-en-3/J-ol (cholesterol)
3(5-Acetoxycholest-5-ene
5(3-Cholestan-3/3-ol (coprostanol)
50-Cholestan-3a-ol (epicoprostanol)
S tigmasta-7,22-dien-3;3-ol (stigm asterol)
5a-Ergost-7,22-dien-3(3-ol (ergosterol)
Methyl 3(3-hydroxy-5a-androstan-

17-carboxylate
Methyl 30-hydroxy-5(3-androstan-

17-carboxylate
5a-Pregnan-30, 20(3-diol
5(3-Pregnan-3(3, 200-diol
5a-Pregnan-20-keto-3(3-ol
5/3-Pregnan-2O-keto-30-ol
Piegn-5-en-2O-keto-30-ol
5a-Androstan-3(3-ol
5-Androstcn-3/3-ol
5a-Androstan-17-keto-30-ol
5a-Androstan-17-keto-3a-ol
5(3-Androstan-17-keto-3(3-ol
3a-Methyl-5a-androstan-3(3-ol
3/J-Methyl-5a-androstan-3a-ol
5a, 22-Spirostan-3)3-ol (tigogenin)
50, 22-Spirostan-3ff-ol (sarsapogenin)
Cholest-4-en-3-one

Configuration of the
3-OH-group 10 8 S, mole2litre~2

2200 (900)
1100

4
>1100

70
2200

>2200

140
>11OO

4
1100

4
8
35
140
2200
1100
35

1100
70 (16)
280 (970)

>2200

The difference in the reactivities of epimers of sterols
with different conformations of the 3-hydroxyl group is
well known. Equatorial hydroxyl groups are less shielded
than axial groups, so that they undergo certain reactions
more readily For example, they are more readily acylated,
and the corresponding esters are more readily hydrolysed.
Epimers with an equatorial hydroxyl group are more
strongly sorbed on various carriers, indicating that they
form more stable complexes,2 0 '2 1 possibly by hydrogen
bonding. 2 2 It is logical to assume that the differences in
the ability of epimeric sterols to form digitonides is also
related to the equatorial or axial arrangement of the
3-hydroxyl groups. It has been suggested, however,
that in complex formation with digitonin, the decisive role
is played not by the equatorial or axial arrangement of the
3-hydroxyl groups but by their a- or 3-arrangement
relative to the cyclic system. 3 ' 2 3 This generalisation
appears unjustified. It can be seen from Table 1 that
among epimeric compounds, the lower solubility is shown
by the equatorial 3-isomer, irrespective of the position,
α or β, occupied by the 3-hydroxyl group in the axial
epimer#. An exception is provided by coprostanol and
epicoprostanol, for which the opposite relationship is
observed. It was on the basis of this pair of compounds
that the suggestion that the a- or 3-arrangement of the
hydroxyl group plays a decisive role in the formation of
digitonides was first put forward, and it was subsequently
repeated in the literature, in spite of the large number of
exceptions. It should be emphasised that for most of
these exceptions, that is when the compound with the
33-hydroxyl group does not form a digitonide, the hydroxyl
group occupies the axial position (lumisterol, the methyl
esters of 33,53,143-trihydroxyandrostan-173-carboxylic
acid and its 17ot-epimer, methyl 33-hydroxy-lla-acetoxy-

#In the 5a-gonane series, the 33-hydroxyl group is
equatorial, and the 3cx-group is axial, whereas in the
53-gonane series, the 33-hydroxyl group is axial, and the
3ct-group is equatorial.



Russian Chemical Reviews, 55 (2), 1986 145

53-androstan-17g-carboxylate, and the cardenolide
aglycones gitoxigenin, digitoxigenin, sarmentogenin, and
strophanthidin). **>21* Moreover, in individual cases it has
been shown that the corresponding 3a-epimer, whose
hydroxyl group is equatorial, forms a digitonide, in con-
trast to the 33-axial epimer (epilumisterol). 2 S All this
indicates that the influence of the 3-hydroxyl group in the
formation of complexes with digitonin is determined not by
its a- or β-arrangement but by its equatorial or axial
arrangement, and is related to the same steric factors as
the above differences in reactivity. This suggestion
naturally requires confirmation using a larger amount of
experimental material than is available at present.

The lower complex-forming power of the axial epimers is
not the only feature illustrating the influence of steric
factors on the formation of digitonides. Thus the intro-
duction of an additional methyl group into a sterol in posi-
tion 3 makes the formation of the digitonide more difficult,
while the relationship between the stabilities of the
equatorial and axial epimers is preserved (see Table 1).
The introduction of additional methyl groups in position 4
of the molecule on going from cholesterol to lanosterol also
leads to higher solubility of the digitonide. 2 6 Esters of
3£-hydroxyandrostan-17-carboxylic acid, containing the
bulky diphenylmethane group in the alcohol fraction of the
molecule, also do not form digitonides, in contrast to the
esters with simple alcohols (methanol, ethanol).21*

The role of the aliphatic chain on the C(17) atom in the
formation of sterol digitonides has been less extensively
studied than the role of the hydroxyl group. The data in
Table 1 show that the double bonds in the aliphatic chain
of ergosterol and stigmasterol have no influence on the
stability of the complex, whereas in the series of identical
derivatives of cholestane, cholane, pregnane, and
androstane, decrease in the length of the chain leads to a
slight but regular decrease in the stability of the digitonide.
The competitive formation of digitonides by cholesterol and
its synthetic analogues containing unbranched aliphatic
chains of different length on the C(17) atom has been
studied. 2 7 Gradual increase in the length of the chain
increases the stability of the complex, which became equal
to the stability of cholesterol digitonide for the compounds
containing 8—10 carbon atoms in the side chain. Further
increase in the length of the aliphatic chain to C n - C 1 3 gave
digitonides with an even higher stability, but at C 1 5 the
stability of the complex decreased sharply.

In addition to the dependence of complex formation on
the structure of the sterol, some data have been published
on the influence of the structure of the second component
of the complex, that is the saponin, on this process.
Complexes with sterols are formed not only by digitonin
but also by a whole series of steroid saponins, and also
various steroid alkaloids2 0 '2 8 and triterpene glycosides. 1 3

Comparison of the stability of the complex with the saponin
aglycone structure indicates that spirostanol saponins
containing six rings form less soluble complexes than
furostanol saponins, which contain one fewer r ing . 9 ' 2 9 ' 3 0

The structure of the glucoside residue of the saponin has
a marked influence on complex formation. The optimum
number of monose residues for complex formation is 4—5, and
decrease in this number leads to an increase in the solubility
of the complexes. 9>a0>30 A quantitative study has shown
that desglucosodigitonin (Ib), which contains four monose
residues, has practically the same complex-forming power
as digitonin (Ια), whereas glucosogalactosodigitonin (Ic),
obtained by removing three monoses from natural digitonin,
does not form a complex with cholesterol under the condi-
tions studied. 2 7

The above regular features relating the stability of the
complex to the structures of both the sterol and the saponin
have made it possible to put forward suggestions about the
structure of the complex itself. 2 7 It is suggested that the
digitonide is a clathrate, in which the saponin is the host,
and the sterol the guest. The digitonin molecules are
oriented to form a hydrophobic cabity capable of accom-
modating a guest molecule. This model assumes that the
aglycone fraction of the saponin undergoes a hydrophobic
interaction with the sterol molecule. The rigid cyclic sys-
tems of the two components ensure that the interaction is
equimolar. A mobile aliphatic side chain on the C(17)
atom of the guest molecule, capable of changing its posi-
tion in space and undergoing an additional hydrophobic
interaction with the host molecule, should, for a definite
length, ensure stability of the complex. In a develop-
ment of this hypothesis it may be assumed that the part of
the host cavity which is formed by the glucoside residue
and which is hydrophilic in character leads to stabilisation
of the complex as a result of the formation of hydrogen
bonds between the hydroxyl groups of the sugars and
the 3-hydroxyl group of the sterol. This last suggestion
agrees with the stability of the digitonides of steroids
which contain in position 3 not a hydroxyl group but
certain other groups capable of acting as proton donors
or acceptors in hydrogen bond formation, such as amino-
or dimethylamino-groups, "*'31 but not the thiol group, 3 2

which is a less effective partner in hydrogen bond forma-
tion. The hypothesis is supported by other factors.
The ability of cholic acids to act as the host in clathrates
with various compounds, including cholesterol, is well
known. 3 3 The common features of the structures of
saponins and cholic acids include not only the common
hydrophobic cyclopentanoperhydrophenanthrene frame-
work, but also the necessary presence of hydrophilic
groups—the carboxyl group in cholic acid, and the
hydroxyl groups of the sugars in the saponins. The
blocking or elimination of these groups by esterification
of the acid or the removal of monoses makes the compounds
unable to form complexes.

Steroid saponins have a marked haemolytic and anti-
mycosal action. The dependence of these properties on
the chemical structure of the saponins shows regular
features analogous to those of the above relationships
between the complex-forming power and the structure.
For example, the maximum haemolytic activity is shown by
spirostanol saponins containing 4—5 monose residues. 3 l |> 3 5

This parallel suggests that the haemolytic action of saponins
and other glycosides is due to complex formation with mem-
brane s te ro l s . 3 6 ' 3 7 ' 3 8 and this increases the interest in the
complexes of sterols with saponins.

III. STEROL CRYSTALLINE SOLVATES

Only a few papers have been published on these sterol
complexes. The crystalline hydrates of cholesterol,
formed by crystallising the latter from aqueous solvents
(alcohol, acetone), gradually lose water of crystallisation
at ordinary temperatures, and are completely dehydrated
at 800.3 9 '1*0 The crystalline hydrates of other sterols
such as β-sitosterol and ergosterol behave similarly.
Sterols also form complexes with alcohols'*1 and inorganic
and organic acids, the highest stability being shown by
the complexes with the strong acids perchloric,1*2 trichlo-
roacetic,1*3 and oxalic.1*1*

It is logical to assume that in complex formation by a
sterol with small polar molecules, the hydrophobic inter-
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action between them plays an insignificant role, and that
the principal contribution is made by forces associated
with the hydroxyl group. Thus only sterols with a free
33-hydroxyl group, and not sterol esters, form both
crystalline hydrates and complexes with acids. Similarly,
the corresponding complexes are not formed by com-
pounds which do not contain hydroxyl groups, such as
cholestenes and cholestadienes. It has been shown
qualitatively that, as in the formation of digitonides, a
decisive role in complex formation with perchloric and
oxalic acids is played by not only the presence but also
the configuration of the 3-hydroxyl group. Thus unlike
5a-cholestan-3g-ol and cholesterol, the corresponding
3a-epimers do not form oxalates or perchlorates. l } 2 ''*'*

In contrast to digitonides, where hydrogen bonding has
only been assumed, in the case of the crystalline solvates
various data have been published on the nature of the
hydrogen bond between the hydroxyl group of the sterol
and the second component of the complex.

In the crystal of cholesterol1*5 and its esters containing
a polar group in position 3, such as the hydrogen
sulphate1*6 and phosphate, **7 the molecules are packed in
structures in which the rigid system of rings, the sub-
stituent on the C(3) atom, and the aliphatic side chain
are arranged in different positions in the molecular layer.
Within the layer, the molecules are arranged in two series
with their planar rear α-sides turned towards one another,
favouring the maximum hydrophobic interaction. On the
other hand, neighbouring double bonds make contact
through their frontal β-sides. The double layers are
displaced slightly (~0.85 A) relative to one another in
such a way that the angular methyl groups projecting
above the surface are entangled. The maximum hydro-
phobic interaction is achieved when the long axes of the
molecules are parallel, but at the same time this parallel
arrangement leads to an increase in the distance between
the oxygen atoms of the two hydroxyl groups of two
molecules of the bilayer, to a value >3.0 A, preventing
the formation of a hydrogen bond between them. On the
other hand, when the two hydroxyl groups approach one
another to a distance <2.5 A to give a strong hydrogen
bond, the parallel arrangement of the molecules breaks
down, and the hydrophobic interaction decreases. Thus
in the cholesterol crystal there is a compromise between
these two requirements: the parallel arrangement of
the axes of the molecules is slightly disturbed, and the
0...0 distance is 2.87 A, which is at the upper limit for
possible hydrogen bond formation. In cholesterol mono-
hydrate, however, hydrogen bond formation takes place
not between two cholesterol hydroxyl groups but through
water molecules acting as bridges. **8 j I f 9 This makes it
possible for two cholesterol molecules to be joined by a
hydrogen bond while preserving the parallel arrangement
of the axes of the molecules. Thus in the crystal of
cholesterol monohydrate there is a greater interaction
between the individual parts of the two molecules than in
the crystal of the anhydrous substance, that is the inclu-
sion of water in the polar fraction of the molecules also
increases the strength of the hydrophobic interaction.

Complex formation by cholesterol with other ligands, for
example acids, apparently takes place similarly. Infrared
spectroscopy has shown that the reaction of cholesterol
with trichloroacetic acid in carbon tetrachloride solution
involves the formation between them of a hydrogen bond,
in which the acid acts as proton donor, and cholesterol
as proton acceptor. 5 0 Increase in the concentration of both
components leads to aggregation of the binary particles as a
result of the formation of new hydrogen bonds between them.

In these aggregates, the hydroxyl group of cholesterol acts
simultaneously not only as a proton acceptor, but also as a
proton donor, which accepts either the hydroxyl group or
the carbonyl group of the acid. In the solid complex, the
role of acceptor is apparently played only by the carbonyl
group of the acid; in this case the bridge formed is longer,
and creates more favourable conditions for the interaction
of two sterol molecules in the crystal.

The proposed model requires that not only cholesterol
but also the second component of the complex should be not
only a proton acceptor but also a proton donor in hydrogen
bond formation. Thus cholesterol forms solid complexes
with alcohols, but not with esters, and only with those
amides which contain NH2 or NHR groups. 5 0

Cholesterol and other sterols form complexes with various
salts, for example chlorides. 6 ' 5 1 Published data on these
complexes are few and often contradictory, but the hydroxyl
group plays an important role in their formation. Thus only
compounds with a free 3g-hydroxyl group, and not sterol
esters or 3ot-epicholesterol, form complexes with calcium
chloride. 5 2 The rate of acetylation of the hydroxyl group
of cholesterol in its complexes with calcium and magnesium
chlorides is higher than the rate of acetylation of the sterol
itself. 5 3 The complexes with salts also apparently contain
water molecules, as confirmed in a number of cases by
analysis.6 > 5 2 The conditions of preparation of other com-
plexes with salts also indicate that they contain water mole-
cules, but unfortunately, no analytical data are available.

IV. COMPLEXES WITH POLYENE ANTIBIOTICS

The biological action of polyene antibiotics is due to their
complex formation with the sterols of cell membranes. The
proof of this mechanism and the investigation of the
relationship between the structure and action of antibiotics
have been the subject of a large number of publications,
including a number of reviews,51*"58 so that the present
review will only list briefly the characteristic features of
the structure of polyene antibiotics, for example filipin (IV)
and amphotericin Β (V). Polyene antibiotics are character-
ised by the presence of a macrolide ring, formed by the
closure of a lactone ring. One side of the ring consists of
a system of 4-7 conjugated double bonds. The total number
of carbon atoms in the ring is An + 4, where η is the number
of double bonds of the polyene chain. A second character-
istic feature is the large number of hydroxyl groups, from
6 to 14, situated on the opposite side of the ring. Finally,
most polyene antibiotics contain a mycosamine residue.

OH OH
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The simultaneous presence in the molecule of a polar region,
formed by a number of hydroxyl groups, and a rigid hydro-
phobic system of conjugated double bonds is responsible
for the amphipathic properties of polyene antibiotics, for
example their ability to form micellar solutions. It follows
from the above material that this amphipathic character may
be responsible for the ability to form complexes with
sterols. Unlike the crystalline complexes described above,
the complexes of sterols with antibiotics have not been
isolated in the crystalline state, and their formation has
been demonstrated by various physicochemical methods,
primarily spectroscopic methods. The addition of sterols
to solutions of polyene antibiotics produces a character-
istic change in the ultraviolet spectra of the latter, namely
a change in the ratio of the absorptivities of different max-
ima, indicating that the antibiotic reacts with the sterol.
Complex formation is reversible, and depends on the solvent
and temperature. The change in the spectra of the anti-
biotics, measured by the ratio of the absorption at 320 nm
and 356 nm (the so-called 1: 3 peak ratio), takes place only
in the reaction with the sterol. The data in Table 2 show
that the addition of other compounds such as cetyl alcohol
or lecithin to a filipin solution produces no change in the
spectrum; the changes brought about by secosteroids are
also very slight. The ability to form a complex with an
antibiotic is also influenced by the presence of a 5a-gonane
system, an aliphatic chain on the C(17) atom, and a
3-hydroxyl group on the C(3) atom, although there are also
unexplained exceptions, namely the 3-ketoderivatives.
More definite information can be obtained by comparing
the changes produced in the spectrum of filipin by its
reaction with not a free sterol but a sterol in a sterol—
lecithin liposome. In the case of liposomes containing
16-50% sterol, the optimum interaction is observed for
sterols containing a 5a-gonane or A5-gonene ring and a
aliphatic chain on C(17). In this case, complex formation
depends on the substituent on C(3). The maximum inter-
action is shown by compounds with a free 3g-hydroxyl group,
and its acetylation, oxidation, or epimerisation leads to a
sharp decrease in the stability of the complex. According
to Ref.61, the dissociation constant of the epicholesterol-
filipin complex is 15 times the corresponding constant of the
cholesterol—filipin complex. Similar regular features are
observed for sterols in not liposomes but natural membranes.
A culture of Acholeplasma Laidlawii does not contain
sterols in the cell membranes, but is capable of including
them in the membrane when grown in sterol-containing media.
This is widely used in the study of the influence of sterols
on the properties of biological membranes.6 2 It follows from
the data in Table 2 that the reaction of filipin with this
membrane also leads to characteristic changes in its ultra-
violet spectrum. Maximum complex formation takes place
in the case of membranes containing sterols of the 5a- or
A5-series with a 3g-hydroxyl group; the spectral changes
are much less marked on going to the 5g-series (coprosterol)
and to the 3a-epimers (epicholesterol).

The dependence of complex formation with an antibiotic
on the structure of the sterol is confirmed by not only
ultraviolet but also fluorescence spectroscopy.6 3 The for-
mation of complexes with sterols leads to quenching of the
fluorescence of the antibiotics. Data on the quenching of
the fluorescence of antibiotics brought about by the forma-
tion of complexes with sterols show that complex formation
with filipin, amphotericin, and pimaricin is a maximum for
sterols containing a 3g-hydroxyl group, and that practically
no complex formation takes place when this group is acylated
or epimerised. 6k Similar results have been obtained in
spectroscopic studies of the reactions of sterols with other

polyene antibiotics. All these data indicate that the
stability of the complexes of sterols with antibiotics is
determined by the same characteristic features of the sterol
structure as the stability of the complexes with saponins.
The following model of the complex of an antibiotic with a
sterol has been proposed by a number of authors . 6 5 ' 6 6 When
the antibiotic enters the membrane its hydrophobic polyene
chain reacts with the hydrophobic cyclic system of the sterol
to form a 1: 1 complex. Several such complexes (eight in
the case of amphotericin B) join together to form a so-
called semi-pore, whose inner part, containing a large num-
ber of hydroxyl groups, acts as a hydrophilic canal. Two
semi-pores form a pore penetrating the membrane. The
hydroxyl group of the sterol and the polar amino- and
carboxyl groups of amphotericin Β are on the membrane
surface facing water. It is assumed that hydrogen bond
formation between these groups is possible.

Table 2. Influence of the structure of the sterol on com-
plex formation with philipine (3:7 peak ratio in the ultra-
violet spectrum).

o m p o u n

Original solution
5a-Cholestan-3(3-ol
5a-Cholestan-3a-ol

Cholest-5-cn-3(3-ol
Cholest-5-en-3a-ol
3(3-Palmitoylcholest-5-ene
50-Cholestan-30-ol
Stigmasterol

Ergosterol

5a-Androstan-3(3-ol
5a-Androstan-3a-ol
Cholest-5-en-3-one

5a-Cholestan-3-one

Dihydrotachysterol
Vitamin D2
Lecithin
Cetyl alcohol

In aqueous solution

(Ref.59)

0 . 7 2

2

2
1
1
1
1

1

1

2
2

0
0
1)
(1

17
—
12
(>;'.

78
5(>
70

88

52
50
50
27

sn
8Ί
88
78

In l iposomes

(Ref .59)*

1 . 3 5 ; 1.94

—
1.40; 1 .115

0.85; 1 .04
— —

0.88 -
1.71; 2.I'M

1 .IS; 1 .70

0.i'4; —
- - —

—
O.'JO; (1.90

---
—
— —

0.87; —

In natural membranes

(Ref.60)

_

2.99
1.1G
2.18
1.47

—
1 .-5
l . i j l i

2.01

—
—
—

—
—
—
—

*First figure—16% sterol, second figure—50% sterol.

The change in the penetrability of natural membranes
brought about by the addition of antibiotics is determined
by the nature of the sterol present in the membrane. 5I*
The maximum change is observed when cholestanol and
cholesterol are present, whereas their epimers undergo
practically no reaction with antibiotics. The need for the
presence of a 3f3-hydroxyl group for the reaction with an
antibiotic was also proved in a study of the conductivity of
bimolecular lipid membranes; the addition of levorin
increased the conductivity of membranes containing choles-
terol by a factor of 105, but increased the conductivity of
membranes containing esterified cholesterol and cholest-
5-en-4-one by a factor of only 10. 6 7

The proposed model of the sterol—antibiotic complex
explains satisfactorily the role of the sterol framework. The
planar polyene chain of the antibiotic molecule complements
to a maximum extent the planar cyclic system of the sterol.
Breakdown of the planarity of the polyene chain by the
introduction of one simple bond (nystatin) or by the com-
plete reduction of all the double bonds (hydrogenated
amphotericin) reduces the complementarity of the inter-
acting molecules.68 An even greater influence on the



148 Russian Chemical Reviews, 55 (2), 1986

stability of the complex is shown by breakdown of the
planarity of the cyclic system in secosteroids (see Table 2)
or by the steric hindrance produced by geminal methyl
groups in such sterols as tetrahymanol,6 l f eburicol, and
lichesterol. 6 9 On the other hand, an increase in the
planarity of the sterol molecule facilitates complex formation
(Table 2). This has been confirmed by studies of the con-
ductivity of bilayer lipid membranes; the increase in the
conductivity brought about by the addition of levorin is
proportional to the number of double bonds in the sterol
framework.7 0 '7 1 According to Ref.72, the complete aroma-
tisation of the ring A of the sterol also favours complex
formation with antibiotics.

Although it explains the role of the sterol framework in
the hydrophobic interaction, the proposed model does not
explain the importance of the aliphatic chain on C(17). The
data in Table 2 show that androstane derivatives have a
much lower complex-forming power than cholestane deriva-
tives. A gradual decrease in the length of the side chain
in synthetic homologues of chlolesterol also leads to a
decrease in their ability to form complexes with antibiotics.73

Another factor is the degree of branching of the side chain,
as can be seen by comparing cholesterol, β-cytosterol, and
stigmasterol. The introduction of double bonds not only
into the rings but also into the aliphatic chain favours
complex formation with antibiotics. 7 0>7 1 It should be noted,
however, that the role of double bonds is different for
complex formation with different antibiotics. Thus filipin
forms a more stable complex with cholesterol than with
ergosterol, but amphotericin, pimaricin, and nystatin form
more stable complexes with ergosterol than with choles-
terol. 7 l f ' 7 8 The authors cited relate this difference to the
presence of mycosamine in the structure of the last three
antibiotics, but they leave open the question of how
mycosamine can react with the additional double bonds in
the ergosterol molecule. At the same time, this question
is of not only theoretical but also applied importance; its
solution facilitates the choice of particular antibiotics for
treating different illnesses. The role of the 36-hydroxyl
group also remains unexplained. Although the formation
of a hydrogen bond between the hydroxyl group of a
sterol and the functional groups of antibiotics has been
postulated repeatedly on the basis of the observed depen-
dence of complex formation on the sterol structure, the
existence of this bond has not been proved. A leading
role in the formation of the sterol—antibiotic complex is
apparently played by the hydrophobic interaction, particu-
larly in solutions, where the solvent prevents hydrogen
bond formation. The decisive role of the hydrophobic
interaction in solutions is confirmed by the fact that com-
plex formation is influenced by the presence of detergents
and organic solvents, and is not influenced by the addition
of salts and organic compounds. 7 8>7 9 In the reaction with
a sterol in a membrane, the possibilities for hydrogen bond
formation are greater, and this is revealed by the clearly
defined influence of the nature and the sterochemistry of
the substituent on C(3) on complex formation. Even in a
membrane, however, the sterol—antibiotic interaction is
weaker than the sterol—saponin interaction, as proved by
the fact that digitonin blocks the action of antibiotics on
membranes. 51* On the other hand, the fact that the anti-
biotic enters the membrane indicates that the interaction of
the sterol with the antibiotic is stronger than the interac-
tion of the sterol with other components of the membrane.
It may also be noted that the reaction of cholesterol with
levorin and amphotericin Β inhibits the enzymatic esterifica-
tion of cholesterol by lecithin—cholesterol—acet y It ran sfer-
ase . 8 0

V. STEROLS IN MEMBRANES

The role of cholesterol and other sterols in the structure
of natural membranes and their models has been examined
in detail in a number of reviews and monographs (see for
example Refs.81—83). The sterol molecules are introduced
between the hydrocarbon chains of phospholipids, and the
intermolecular interaction between the sterol and the
phospholipid is greater than the interaction between iden-
tical molecules of both phospholipids and sterols. The
main structural function of cholesterol in the membrane is
to stabilise the hydrophobic part of the bilayer by decreas-
ing the mobility of the hydrocarbon chains at temperatures
above the phase transformation and increasing their mobility
at temperatures below the phase transformation. Both the
condensing and the decondensing ("liquefying") effects of
sterols have been proved by various physical methods in
natural and model membranes. This influence is deter-
mined to a large extent by the structure of the sterol.

Only compounds containing a 30-hydroxyl group influ-
ence the properties of lecithin monolayers. 8 l f > 8 S The
3-keto-steroids cholestan-3-one and its Δ1*-, Δ5-, and
Δ ^-derivatives have a much weaker condensing effect and
have practically no influence on the permeability of lipo-
somes for glucose, glycerol, and the Rb+ cation. The
influence of the 3-hydroxyl group is determined by its con-
formation; the presence of 3a-epicholesterol has no influ-
ence on the permeability of the membranes of Acholeplasma
Laidlawii for glycerol and erythritol or on the energy of
the phase transformation in these membranes.8 6 As in
the case of the complexes of sterols with saponins and
antibiotics, the specific role of the 33-hydroxyl group has
been explained by assuming that a hydrogen bond is
formed between this group and some acceptor group of the
phospholipid. It was first suggested that the phosphate
group acts as proton acceptor, but this suggestion was
rejected on the basis of 3 1P NMR d a t a . 8 7 ' 8 8 At almost the
same time it was shown that the sterol is arranged in the
lipid bilayer in such a way that its hydroxyl group is
located close to the glycerol residue of the phospholipid.89>90§
This led to the appearance of several models of the hydro-
gen bond between the hydroxyl group of the sterol and
the carbonyl group of the aliphatic acid of the phospholipid.
The first of these postulates the existence of "hydrogen
belts" in the membrane, including hydrogen bonds between
hydrated cholesterol and the carbonyl group. 9 2 An
examination of models of cholesterol and the phospholipid
showed that the formation of a bond of this kind should
lead to a stronger hydrophobic interaction with the hydro-
carbon chain not only of the planar α-surface of the sterol
but also of its β-surface, where the projecting angular
methyl groups on C(10) and C(13) are inserted into a
hydrophobic "loop" formed by the unsaturated aliphatic
acid. 9 3 Although some studies by the authors of these
hypotheses9l f indicated an OH...O=C bond, more detailed
studies did not confirm its existence. It was shown that
the influence of epicholesterol on the chemical shift of the
signals in the NMR spectrum of dipalmitoyl-lecithin con-
taining a13CO-group is much greater than the correspond-
ing influence of cholesterol.9 5 At the same time it was
suggested that it is cholesterol, and not its epimer, that
forms a hydrogen bond with the carbonyl group. An
infrared and Raman spectroscopic study of the carbonyl

§To counterbalance this, it has recently been shown91 that
the hydroxyl group of cholesterol is situated close to the
phosphate group of lecithin.
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absorption of the same phosphatidylcholine in the presence
of cholesterol showed that there is no hydrogen bond
between the hydroxyl and carbonyl groups, at least in the
anhydrous specimens.96 Some spectral changes in the
carbonyl region of hydrated dipalmitoylphosphatidylcholine
are observed, however, when cholesterol is added.9 7 The
Raman spectrum of anhydrous crystalline dipalmitoyl-
phosphatidylcholine shows a carbonyl group doublet, cor-
responding to two different acyl groups in different con-
formations. Hydration of dipalmitoylphosphatidylcholine,
which converts it into a gel phase, transforms this doublet
into a single band, as a result of the formation of the
conformationally uniform phospholipid. The addition of
cholesterol to the hydrated phospholipid, however, splits
the carbonyl band again, and it becomes similar to the
doublet in the spectrum of the crystalline specimen. The
two conformations of the acyl chains of phosphatidylcholine
in the gel phase in the presence of cholesterol were also
demonstrated by 2H and 13C NMR spectroscopy. 9 8 ' 9 9 Com-
pounds which cannot act as proton donors, such as the
methyl ester of cholesterol, do not influence the conforma-
tion of the aliphatic acid chains. Thus the influence of
cholesterol on the conformation of the acyl chains of the
phospholipid indicates indirectly that a hydrogen bond is
formed, but cannot prove the existence of the OH...O=C
bond.

An attempt was recently made to resolve this contradic-
tion. From a detailed examination of molecular models, it
was suggested100 that a hydrogen bond is formed between
the hydroxyl group of cholesterol and the ester oxygen and
not the carbonyl oxygen, of the alkoxycarbonyl group.
Although the ester oxygen is a weaker proton acceptor than
the carbonyl oxygen, it can fulfil this role when the steric
arrangement is favourable.101'102 Examination of molecular
models shows that for the maximum hydrophobic interac-
tion between the α-side of the sterol ring and the hydro-
carbon chain of lecithin, the hydroxyl group of cholesterol
is arranged in such a way that it can form a linear hydrogen
bond with the ester oxygen, but not with the carbonyl
oxygen. In the case of the α-conformation of the hydroxyl
group (epicholesterol), however, this bond is impossible.
The proposed hypothesis makes it possible to explain both
the difference in the conformations of the two acyl chains
in the presence of cholesterol and the difference in the
influences of the cholesterol epimers on the properties of
the lipid layers. It should be noted, however, that no
experimental proof of the formation of an

OH...O-c
R/

bond was obtained in this case.
The question of hydrogen bond formation was investi-

gated by another method, by studying the influence of
cholesterol on the properties of model membranes con-
structed from different lipids. In one case the membranes
consisted of lipids containing ester or ether groups capable
of acting as proton acceptors in hydrogen bonding, and in
the other case these groups were replaced by hydrocarbon
chains incapable of acting as proton acceptors.1 0 3-1 0 7 it
was found that the addition of cholesterol to the last mem-
branes, where hydrogen bond formation is impossible in
principle, brings about the same condensing effect as in
membranes containing ester and ether groups. It is true
that it was shown for the first time that there is a slight
difference in the changes in the permeability of membranes
of different types under the influence of cholesterol,101*
but this difference was not confirmed in subsequent
studies. 1 0 5" 1 0 7

Irrespective of whether a hydrogen bond is present or
absent, the localisation of the hydroxyl group close to the
glycerol residue of the phospholipid, confirmed by recent
studies,1 0 8 '1 0 9 is responsible for the definite arrangement of
cholesterol in the membrane. The gonane ring is fixed
between the C(2) and C(8) atoms of the aliphatic acid, and
it is the interaction in this section that determines the
stability of the complex. As in the complexes with saponins
and polyene antibiotics, the stability is determined primarily
by the planar α-surface of the sterol. It was shown in
Refs.84 and 85 that cholestanol, which is a planar sterol of
the α-gonane series, has a more marked condensing effect
and a stronger influence on the permeability of membranes,
compared with coprostanol. An increase in the planarity
of the cyclic system by the introduction of double bonds
into the Β ring (cholesterol, dehydrocholesterol) or by the
replacement of the six-membered ring by a five-membered
ring (B-norcholesterol) increases this influence. On the
other hand, the introduction of methyl groups, which break
down the planarity of the α-surface of the sterol, decreases
its influence on the properties of membranes. The decrease
is proportional to the number of these groups: cholesterol <
4a-methylcholesterol < 4,4-dimethylcholesterol < 4,4-diethyl-
cholesterol « 4,4,14a-trimethylcholesterol (lanosterol).110

The influence of the three-dimensional structure of the
sterol on other properties of the membrane, for example
the micro-viscosity, is completely analogous.111'112 An
interesting feature is that the above sequence corresponds
to the step wise demethylation of the precursors of choles-
terol during its biosynthesis. The biological demethylation
is highly selective, and only the α-surface of the sterol is
affected. This creates a planar surface, capable of maxi-
mum interaction with the aliphatic chain of the phospholipid.
At the same time, practically all natural sterols contain
3-methyl groups on the C(18) and C(19) atoms. Apparently,
elimination of these groups does not take place because this
would not lead to an increase in the strength of the contact
between the sterol and the phospholipid. Moreover, according
to the hypothesis of Ref.93, the β-methyl groups are necessary
for more complete contact with the unsaturated aliphatic chain.

The interaction between the aliphatic chain of the phospho-
lipid and various sterols differing in the planarity of the
α-surface was recently studied by the spin probe method,
using stearic acid containing nitroxyl groups on the C(5),
C(7), C(12), and C(17) carbon atoms.113 As suggested,
methyl groups situated on the α-surface bring about con-
siderable perturbation of the EPR spectrum, and this per-
turbation is determined by the relative arrangement of the
methyl groups of the sterol and the nitroxyl groups of the
probe. The methyl group of 3a-methylcholesterol brings
about considerable perturbation in the region of the C(5)
atom of stearic acid and less perturbation in the region of
C(7) and C(12). Lanosterol, on the other hand, brings
about perturbation chiefly in the region of C(12), from its
C(14) methyl group, and brings about less perturbation in
the region of C(5) and C(7). All this indicates that there
is considerable contact between the sterol molecules and the
section of the aliphatic acid from C(2) to CO), which is
broken down by the projecting axial methyl groups. The
compounds studied bring about practically no perturbation
of the signal in the region of the C(17) carbon atom,
indicating that there is little interaction between the iso-
octyl chain of the sterol and the aliphatic chain of the acid.

The side chain of the sterol plays a lesser role in complex
formation with a phospholipid, compared with the polycyclic
system. The aliphatic chain promotes the solubility of the
sterol in the membrane. Decrease in the length of the
chain, and the introduction of double bonds into it,
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decrease this solubility. At low sterol concentrations (up
to 20%), the ordering action of different analogues of
cholesterol with shortened chains is practically identical,
but increase in the sterol concentration increases this effect
only for cholesterol and its closest analogue with an iso-
heptyl chain, and compounds with a shorter chain at high
concentrations no longer dissolve in the bilayer, but form
a separate phase. 1 ] Λ » 1 1 5 At the same time, increase in the
length of the side chain to ten carbon atoms alters sharply
the properties of the bilayer. This compound, penetrating
into the membrane with its long aliphatic "tail", apparently
breaks down the neighbouring layer of the bilayer.

Thus the suggestion, put forward as early as 1967,116

that the sterol in a membrane acts as a "filler" of the space
between the hydrocarbon chains of the phospholipid has now
been supplemented by a number of requirements which
must be satisfied by the sterol structure if it is to be the
optimum structure from the viewpoint of the formation of
the sterol—phospholipid complex.

In complex formation by sterols with the various groups
of chemical substances examined in the present review, a
decisive role is played by the planar tetracyclic system.
This system, produced in the course of biochemical evolution,
is the most favourable for hydrophobic interaction with the
aliphatic chains of phospholipids, required for the fulfilment
of the normal function of sterols in biological membranes.
The two other important structural units of the sterol mole-
cule , namely the 3-hydroxyl group and the iso-octyl chain
on C(17), play a lesser role in complex formation. Only
complete elimination of the aliphatic chain destroys the
ability of the molecule to dissolve in a membrane, but the
formation of a hydrogen bond involving the hydroxyl group
has not yet been proved. The same polycyclic system
interacts even more effectively with the more planar, com-
pared with the chain of the aliphatic acid, rigid alkene
system of polyene antibiotics and the planar polycyclic sys-
tem of saponins. Although the formation of a hydrogen
bond with the hydroxyl group of the sterol has not been
proved in these cases either, the undoubted requirement
of a hydrophilic region in the second component of the
complex makes it more probable. Finally, in complexes
with simple molecules such as water and acids, the exis-
tence of a hydrogen bond has been proved. Here also,
however, the hydrogen bond plays a secondary role,
orienting the molecules to give the maximum interaction of
the gonane rings. The hydrophobic interaction deter-
mines complex formation in all the cases examined. This
should apparently be taken into account in the study of
those sterol complexes about whose structure little is as
yet known, in particular lipoproteins.

As already noted, the synthesis of compounds which
sorb cholesterol selectively by forming complexes with it is
now an important practical problem. Up to the present,
success in the preparation of these compounds has been
achieved by using derivatives of the natural complex-
forming saponins. 1 0 Synthetic compounds forming com-
plexes of the host—guest type with hydrophobic molecules
have proved to be ineffective in the case of cholesterol. 1 1 7

These compounds, however, were designed to include as
guest molecules small molecules such as benzene, and mole-
cules not containing polar groups.

The material of the present review shows that the
possibility of complex formation with sterols is determined
by the definite structure of the second component of the
complex, in particular its amphipathic nature. This property
should apparently be made the basis of the synthesis of
compounds capable of forming stable complexes with sterols.

—oOo—

While the present review was being prepared for publica-
tion, several new papers dealing with the formation of
hydrogen bonds by sterols appeared. In Refs.118 and 119
it was shown that this bond in carbon tetrachloride solution
is identical to the hydrogen bond formed by other alcohols.
Papers by the authors of the model of "hydrogen belts"
in membranes give some indirect evidence in support of
this model. 1 2 0 ' 1 2 1 The most important paper 1 2 2 described
the influence of cholesterol ethers (3£3-alkoxycholest-5-enes)
on the properties of the membranes. The methyl ether of
cholesterol alters the permeability of model membranes to
almost the same extent as cholesterol, disproving the sug-
gestion that cholesterol acts as a proton donor in hydrogen
bond formation with phospholipids. At the same time,
the authors cited showed that the influence of cholesterol
derivatives on the properties of membranes is due to the
presence of the oxygen-containing substituent in position 3
of the sterol, and is determined by the size of this sub-
stituent. It was suggested that oxygen may play a role
as hydrogen bond acceptor, and that a bond is formed
between the oxygen of the sterol and the carbonyl group of
the phospholipid via a water molecule.
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