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In this study the effects of the glycoalkaloids e-solanine, a-chaconine, a-tomatine and the aglycone solanidine on model
membrancs composed of PC in the absence and presence of sterols have been analysed via permeability meaosurements and
different biophysical methods, Thie main result is that glycoalkaloids are able 10 interact strongly with sterol containing
membranes thercby causing membranc disruption in a way which is specilic for the type of glycoalkaloid and sterol. For this dual
specificity both the sugar moicty of the glycoalkaloid and the side-chain of the sterol on position 24 turned out to be of major
importance for the membranc disrupting activity. The order of potency of the glycoalkaloids was a-tomatine > a-chaconine > a-
solanine. The plant sterols B-sitosterol and fucosterol showed higher affinity for glycoatkaloids as compared to cholesterol and
ergosterol. The maode of action of the glycoalkaloids is proposed to consist of threc main steps: (1) Insertion of the aglycone part
in the-bilayer. (2) Complex formation of the glycoslkaloid with the sterols present. (3) Rearrangement of the membrane causcd
by lhc\formation of a network of sterol-glycoalkaloid complexes resulting in o transient disruption of the bilayer during which

leakage vccurs.

Introduction

Glycoalkaloids, or steroidal glycoalkaloids, are natu-
ral toxins occurring in solanaceous species like potato
and tomato which are thought to be partly responsible
for the natural defense of these crops agaiust diseases
and predation. Toxicity of these compounds to a wide
range of organisms including humans has becen ob-
served [1,2].

Ir. the cultivated potato (Solanum tuberosum L.)
mainly two glycoalkaloids, a-solanine and a-chaconine,
are found. They consist of the same aglycone, solani-
dine, but differ in their sugar moiety (Fig. 1). From
tomato (Lycopersicon esculentum) one glycealkaloid,
a-tomatine, has been isolated. It consists of the agly-
cone tomatidine and a tetrasaccharide (Fig. 1).

The mechanism whereby these glycoalkaloids cause

Curresponaencc to; E.AJ. Keukens, Agrotechnological Research
Institute (ATO-DLO), Haagsteeg 6, P.O. Box 17, 6700 A/ Wagenin-
gen, Netherlands. )
Abbreviations: PC, egg yolk phosphatidylcholine; DPPC, 1,2-di-
palmitoyl-sn-glycero-3-phosphocholine; CF, 6-carboxyfluorescein;
IIM", dimethylformamide; TLC, thin-layer chromatography; DSC,
differential scanning calorimetrv: MLV, multilamellar vesicles.

the toxic effects is still unknown. The glycoside is
generally considered to be the active form but this has
been questioned by Segal and co-workers [3-5], who
concluded that the aglycone, libetated by surface gly-
cosidases, is the active moiety. However, Roddick and
co-workers [6,7] showed evidence in support of the
glycoside as the active form, the membrane being the
target. The presence of sterols in the membrane turned
out to be a prerequisite for these glycoalkaloids to
exert an effect in vitin, Using peroxidase loaded lipid
vesicles membrane disruption was observed by measur-
ing peroxidase leakage from those vesicles [6,7]. Mem-
brane disrupting effects were found using fungal proto-
plasts [8], rabbit erythrocytes [8), red beet cells [8] and
mouse cell lines [9]. Comparable effects have also been
observed for the saponin digitonin, a compound with a
structure closely related to glycoalkaloids [10].

The purpose of this study was to investigate the
interaction of these glycoalkaloids with membranes in
more detail using lipid vesicles as model systems. Evi-
dence is provided that glycoalkaloids irreversibly bind
to membrane sterols causing a rapid loss of barrier
function. This membrane disruptive cffect turned out
to be dependent on: (1) the composition of the sugar
moiety of the glycoalkaloid and (2) the type and con-
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Fig. 1. The structures of the glycoalkaloids from potato (a~solanine
(A) ard a-chaconine (B) and tomato (a-tomatine (C)).

tent of sterol present in the membrane. A model for
the mechunism of glycoalkaloid-induced membiane
disruption s proposed.

Materials and Methods

Materials

a-Chaconine, a-solanine, a-tomatine, solanidine, fu-
costerol and g-sitosterol were obtained from Sigma
(USA). Cholesterol and ergosterol were obtained from
Merck (Germany) and ICN (USA), respectively. Egg-
yolk phosphatidylcholine (PC) was isolated and puri-
fied as described by Van Duijn et al. [11}, whereas
1,2-dipalmitoyl-sn-glycero-3-phosphocholine  (DPPC)
was .ynthesized according to the procedure of Van
Deenen and De Haas [12). 6-Carboxyfluorescein (East-
man Koduk, USA) was purified by active carbon treat-
ment, recrystallisation from water/ethanol (2:1, v/v)
and Sephadex LH20 (Pharmacia) column chromatog-
raphy {13]. The glycoalkaloids were dissolved in
dimethylformamide (DMF) up to 20 mM, whereas
solanidine was dissolved in methanol up to 10 mM.
The dissolved glycoalkaloids were regularly tested for

possible hydrolysis or breakdown by TLC using
methanol /chloroform/1% ammonium chloride (in
H,0) (50:50:1, v/v) as the solveat. All reagents were
analytically pure and solvents used were of analytical
grade.

Vesicle preparation

Large unilamellar vesicles were prepared from egg-
yolk PC and sterols (total lipid 10 gmo!} in 1 ml buffer
using the extrusion technique (8.4 pm polycarbonate
filters, Nuclepore) described by Mayer et al. [14]. Phos-
pholipids were quantified after pcrchloric acid destruc-
tion, by the method of Fiske and SubbaRow [15]. All
vesicle experiments were carried out at room tempera-
ture, unless othcrwise stated.

CF leakage assay

Leakage of 6-carboxyfluorescein (CF) from loaded
vesicles was used to detect membrane disruptive effects
of glycoalkaloids. CF was loaded by preparing vesicles
in 1 ml of 10 mM Hepes buffer (pH 7.4) containing 40
mM CF, 85 mM NaCl and 1 mM EDTA. Free CF was
removed by gel-filtration over a Sephadex G-75 column
(1 X 30 cm; Pharmacia), elnted with a 10 mM Hepes
buffer (pH 7.4) containing 140 mM NaCl and | mM
EDTA. The additional NaCl was used to compensate
for the osmotic pressure of the CF inside the vesicles.
20 ul vesicle suspension (approx. 150 nmol lipid) were
thoroughly mixed with 1.96 ml elution buffer in a 3 ml
fluorescence cuvet. After 1 min, 20 ul of a glycoalka-
loid solution was added. Fluorescence was measured
on a SLM/Aminco SPF-500C spectrofluorometer at
an excitation of 430 nm monitoring CF release as an
increase in emission intcnsity at 513 nm, due to de-
guenching of C* fluorescence [16]. Total amount of CF
loaded was determincd by lysing the vesicles with 20 ul
10% (v /v) Triton X-100. The release was expressed as:

9% leakage = ((F, - Fy)/(Fy - F))x 100

F, is the initial fluorescence, F, is the fluorescence
after an incubation period of ¢ minutes and F; the
fluorescence after addition of Triton X-100. CF leak-
age was monitored for 5 min, after which leakage had
almost completely ceased.

Binding experiments

For binding experiments PC vesicles containing 0 or
50 (mol)% cholesterol were prepared in a 10 mM
Hepes buffer (pH 7.4) containing 140 mM NaCl and 1
mM EDTA. 30 ul vesicle suspension (approx. 225
nmol lipid) was mixed with 2.94 ml of the same buffer.
Subsequently, 30 ul of a glycoalkaloid solution was
added, and after an incubation of 10 min these samples
were centrifuged (4°C, 45 min at 541000 X g) in a
Beckman optima TL table centrifuge (rotor TLA 100.3).



Non-bound glycoalkaloids in the supernatant were de-
termined using the CF leakage assay. To 1.98 ml super-
natant 20 u1 of a CF-containing vesicle suspension was
added and the fluorescence monitored. The CF-loaded
vesicles consisted of PC and either 50% cholesterol or
50% pB-sitosterol for a-chaconine and a-solanine quan-
tification, respectively.- When this procedure was ap-
plied to vesicle free samples it could be demonstrated
that the supernatant had a similar CF releasing capac-
ity as the non-centrifuged samples demonstrating that
the free glycoalkaloids did not pellet during centrifuga-
tion,

Differential scanning calorimetry (DSC)

The effect of the glycoalkaloids on the gel — liquid-
crystalline phase transition of aqueous DPPC disper-
sions was studied by DSC (Perkin-Elmer, DSC-4).
Samples were prepared in two different ways. Firstly,
multilamellar vesicles (MLV; 10 pmol of lipid) were
prepared by mechanically dispersing a dry film of DPPC
or DPPC/cholesteroi (3:1, molar ratio), dried from
chloroform, in 2 ml elution buffer whereafter 125 ul 20
mM (2.5 pmol) glycoalkaloid solution was added. Sec-
ondly, MLV were prepared similarly but now from
mixed films of DPPC, cholesterol and glycoalkaloid in
the same ratio. As controls PC or PC/cholesterol
MLV were used to which 125 ul DMF was added.
After 10 min, the lipids were pelleted by cenirifugation
(4°C, 15 min a 40000 X g) and part of the pellets were
transferred into a 17 ul volatile aluminium sample pan.
Thermograms were obtained using a scan rate of 5
C°/min. All samples were scanned at least two times,
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yielding identical thermograms. After measurement the
pans were opened and the phospholipid content deter-
mined [15]. Enthalpies were calculated by integrating
peak areas and relating them to the total amount of
phospholipid in the pans. The calorimeter was ali-
brated using the enthalpy of the gel to liquid-crystailine
phase transition of DPPC (8.0 kcal/mol [17]) as a
reference.

Monolayer studies

Monolayer experiments were carried out at room
temperature using a round teflon trough (3.0 X 0.5 cm).
Surface pressure was measured with an electrochemi-
cally roughened platinum (Wilhelmy) plate (2 cm wide)
and an electrobalance (Beckman LM 500). The sub-
phase consisted of 5 ml 10 mM Tris-HCI (pH 7.4) and
lipids were spread from chloroform until a surface
pressure of approximatly 20 mN /m was reached. Then
25 ul of a glycoalkaloid solution were added to the
aqueous sub-phase and the increase of surface pres-
sure was monitored during the first 5 min after addi-
tion,

Freeze-fracture electron microscopy

For freeze-fracturing PC/cholesterol (1:1,
mol/mol) vesicles were prepared in 1.5 ml 10 mM
Hepes buffer (pH 7.4) containing 140 mM NaCl and 1
mM EDTA. Next, 0.5 ml vesicle suspension (3.5 wmol
lipid) was added to 2.5 ml buffer and mixed. After 1
min 87.5 ul of a 20 mM glycoalkaloid solution was
added. To the control vesicles 87.5 ul DMF was added.
After 10 min incubation time the samples were cen-
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Fig. 2. Glycoalkaloid induced CF leakage from (A) PC and (B) PC/cholesterol (1:1, molar ratio) vesicles, CF leakage was mca_surcd 5 min after
addition of different amounts of a-solanine (X ), a~chaconine (), a-tomatine (a ) or solanidine (O} to the vesicles. Each point represents the
average of six replicates with 1 standard deviation of less than 2%.
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trifuged (4°C, 45 min at 541000 X g), and the peilets
were supplemented by 30% (v/v) glycerol as crycpro-
tectant and quenched in solid-liquid N,. The samples
were subsequently fractured in a Balzers freeze-etch
machine according to standard procedures. Replicas
were examined in a Philips CM-10 electron micro-
scope.

Results

Leakage experiments

To investigate the membrane distuptive effect of the
glycoalkaloids, these compounds were tested in the
carboxyfluorescein (CF) leakage assay. In the absence
of sterols the tested glycoalkaloids caused no (a-
solanine and a-chaconing) or a very minor (a-toma-
tine) CF lcakage up to a concentration of 200 uM (Fig.
2A). However, the aglycon solanidine caused up to
20% CF leakage at a concentration of 100 M. Higher
concentrations of solanidine could not be tested be-
cause of solubility problems. On the contrary, using PC
vesicles containing S0 mol% cholesterol, considerable
leakage was observed (Fig. 2B). a-Tomatine and a-
chaconine caused complete CF leakage at concentra-
tions of 50 and 100 uM, respectively. a-Solaninc only
causcd minor leakage compared to a-chaconine, point-
ing out an important role for the sugar moicty in
glycoalkaloid induced membrane leakage. The agly-
cone solanidine was somewhat more effective com-
pared to the effect on pure PC vesicles but consider-
ably less compared to the effects of a-chaconine and
a-tomatine. These observations and the high solanidine
induced lcakage from pure PC vesicles indicated a
different type of interaction of this compound with
membranes as compared to glycoalkaloids. The order
of potency of inducing CF Ieakage from PC /cholesterol
vesicles at equimolar concentrations was e-tomatine >
a-chaconine > solanidine > a-solanine.

The leakage process turned out to be very fast as
illustrated for a-chaconine in Fig. 3; most of the CF
was released from the vesicles during the first minute
after addition and reached steady state levels after §
min. These levels were proportional to the amount of
a-chaconine added. Such behaviour can in principie
arise from two different situations, either from com-
plete release of CF from part of the vesicles or partial
CF release from all vesicles. The {urmer case could be
caused by local high concentrations of the glycoalka-
loid directly after addition. To get insight into this
possibility the order of addition was changed. When 20
n! glycoatkaloid solution was added to the huffer and
mixed for 1 minute before subsequent addition of the
vesicles this resulted in similar CF leakage kinetics
(data not shown). This indicated that the observed
curve was not due to mixing problems and that it is
likely that all vesicles partly release CF. Although we
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Fig. 3. Leakage of CF from PC/cholesterol (13 1) vesicles with time
induced by 100 uM (x), 50 uM (@), 253 uM (a) or {0 uM (8)
e-chaconine. Each point represents the average of six replicates with
a standard deviation of less than 207,

favour the latter explanation, it cannot be cxcluded
that due to inhomogeneity of the vesicle suspension a
ditference in susceptibility exists.

The presence of cholesterol appeared to be a pre-
requisite for the glycoalkaloid induced membrane lcak-
age. In order to study the cholesterol dependency of
the leakage process the cholesterol content of the
vesicles was varied. Both a-chaconine (Fig. 4A) and
a-tomatine (Fig. 4B) caused increased leakage with
increasing cholesterol content. As could be expected,
a-solanine only caused minor leakage at all cholesterol
contents (data not shown). For a-chaconine a mini-
mum cholesterol content of approx. 10% appeared to
be neccesary to cause significant CF leakage. For a-
tomatine, the minimum cholesterol content causing CF
lcakage could not be detected because some minor
leakage was already obscrved without cholesterol (Fig.
4A).

Since glycealkaloids have been reported to affect
various biological membrancs [8) and different sterols
can be found in different membranes, the sterol speci-
ficity of the membrane disrupting effect was studied.
Four different sterols were used (Fig. 5); cholesterol,
the fungal ergosterol and the plant sterols B-sitosterol
and fucosterol. Interestingly, large differences in CF
leakage from vesicles containing different sterols oc-
curred. For a-solanine, the presence of the ergosterol
in the membrane resulted in similar low leakage com-
pared to cholesterol, whereas leakage from vesicles
containing B-sitosterol or fucosterol was very high (Fig.
6A). a-Chaconine induced leakage was high for all
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Fig. 4. Sterol content dependent CF leakage from PC vesicles induced by a-chaconine (A) or a-tomatine (B) measured 5 min after the addition
of the glycoalkaloid. Vesicles contiained 067 (+), 9% (X)), 137 (0 174 (a), 237 (0Q), 3377 (@) or 50% (a) cholesierol. E.ch point represents
the average of six replicates with a standard deviation of less than 297 .

tested sterols (Fig. 6B) and in all cases higher than
a-solanine induced leakage. Nevertheless the order of
efficiency of the different sterols to mediate CF leak-
age was similar for both compounds. These data
demonstrated that glycoalkaloid induced CF leakage is
strongly dependent on the type of sterol present in the
mcmbrane.

Binding experiments

To analyse whether the differences between a-
chaconine and a-solanine in efficiency to cause CF
release from cholesterol containing vesicles are duc to
differences in membrane affinity, binding experiments
were performed (Table 1). a-Chaconine did bind effi-
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Fig. 5. The structures of cholesterol (A), ergosterol (B), B-sitosterol
(C) and fucosterol (D).

ciently to the PC/cholestero! (1:1) vesicles which was
largly due to the presence of sterol as much less
binding was observed for vesicles devoid of sterol. In
contrast, a-solanine showed much less efficient binding
to the cholesterol containing vesicles than a-chaconing
suggesting that the differences in ability to cause CF
relcase are due to differences :n cfficiency of binaing
of the two glycoalkaloids to the vesicles.

To examine whether the observed a-chaconine
binding to lipid vesicles was reversible, additional CF
leakage experiments were carried out using both CF
containing and empty vesicles. Fig. 7A shows that
subsequential additions of CF contaming PC/chol-
esterol (1:1, molar ratio) vesicles (50 nmol lipid) to a
50 uM a-chaconine solution results in stepwise CF
release from the vesicles such that finally a CF lcakage
was observed similar to that observed when all vesicles
were added at ¢ = 0. The amount of CF leakage was
decreasing with each vesicle addition. If, however, one
(Fig. 7B) or two (Fig. 7C) batches of 50 nmol empty
PC /choiesierol vesicles were added before the addi-
tion of CF-loaded PC/cholesterol vesicles (Figs. 7B
and C), the subsequent CF leakage did not reach the
level of the first addition in experiment 7A but reached
instead that of the second or third addition, respec-
tively. Also, the total amount of leakage was not identi-
cal to the amount of leakage obtained when all CF-
ioaded vesicles were added at £ = 0. This strongly indi-
cated that the a-chaconine once bound to the empty
cholesterol containing vesicles is no longer available to
cause leakage from newly added vesicles. Adding empty
PC/ cholesterol vesicles after CF-loaded PC/choles-
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Each puint represents the average of six replicates with a standard deviation of less thar 2%.

terol vesicles did not result in increased leakage (data
not shown), meaning that all additional leakage ob-
served after each addition originates from the newly
added vesicles,

Monolayer studies

To check whether a-solanine, a-chaconine and their
aglycone solanidine insert in between the lipid
molecules, monolayer experiments were carried out,
The collapse pressure of a-solanine, a-chaconine and
solanidine was found to be less than 2 mN/m, indicat-
ing that these compounds are not by themselves inter-
face secking at the starting pressure of 20 mN/m used
in the experiments with a lipid monolayer. Table 11

TABLE |

Binding of a-solunine and «-chuconine to vesicles consisting of PC or
PC 7 cholesterol

PC or PC/cholesterol vesicles (225 nmol lipid) were incubated with
various concentrations of glycoalkaloids, whereafter they were cen-
trifuged (4°C, 45 min at 541000 g) and non-bound glyccalkaloid
was determined using the CF leakage assay. Data represent means +
S.D. for three determinations.

Glycoalkaloid (uM) €& bound to vesicles
eC PC/chol 1:1

a-Solanine 25 0xt 2+ 1
50 2+1 12+2

100 3+3 14+2

a-Chaconine 25 8+2 2+2
50 4+4 68+4

100 15+3 5+2

shows that all compounds caused a pressure increase
which was larger than that observed when only the
solvent (DMF) used to dilute the compounds was
added. The highest increase for ali compounds was
observed with the PC/choiesterol monolayer, never-
theless they also caused a considerable increase in
pressure for the PC monolayer in particular in the case
of solanidine. Interestingly, the order of potency is
similar to the order obtained in the CF leakage assay.
The pressure increases imply that the giycoalkaloids
insert in between the acyl chains of the lipids which
process is facilitated by cholesterol.

Differential scanning calorimetry
To analyse whether a-solanine and a-chaconine in-
teract with membrane cholesterol in such a way that

TABLE il

Effect of a-solanine, a-chaconine and solanidine on monolayer surface
pressure

Monolayers of lipids were spread on an aqueous phase up to a
surface pressure of 20 mN /m. Subsequently, 25 ul of a glycoalkaloid
solution were added to the aqueous sub-phase and the increase of
surface pressure determined after 5 min. Data represent means+S.D.
fur three determinations.

4 surface pressure 7 (mN/m)

PC PC/chol 1:1
DMF (control) 28+00 25+0.3
a-Solanine 58+0.2 10.5+0.1
a-Chaconine 8.21+0.2 18.7+0.1
Solanidine 11.5+0.1 17.2+0.2




the sterol is removed from its interaction with the fatty
acyl chains, we performed (DSC) experiments on DPPC
membranes. Samples were prepared in two different
ways. Either, a-solanine and a-chaconine were added
to preformed multilamellar vesicles (MLV) similar to
the procedure used in the leakage assay or MLV were
preparcd from mixed films of lipids and glycoalkaloids
allowing maximal interaction between the molecules.
The presence of a-solanine hardly influenced the
pre and main phase transition of DPPC in both proto-
cols (Fig. 8; curves 2 and 3). Only a slighi decrease in
main transition temperature was observed, whereas the
energy content of the phase transition did not change
significantly (Table II). The thermotropic properties
of the control DPPC samples were in good agreement
with the literature. In DPPC vesicles containing 25%
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Fig. 7. Analysis of the reversibility of a-chaconine binding to vesicles.

At 0, 5 and 10 min vesicles (50 nmol total lipid) were added (arrows)

10 a 50 uM a-chaconine solution in buffer. Vesicle suspensions

were: X, PC/cholesterul (1:1) Ck-loaded. Y. PC unloaded. Dotted

lines indicate the leakage curves obtained when the total amount of

CF-loaded vesicles was added at ¢ = 0. Experiments were carried out
in triplicate.
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cholesterol the phase transition was virtually absent
due to the liquidifying effect of cholesterol (Fig. 8;
curve 4), Addition of w-solanine to the cholesterol
containing sample only had a minor effect on the
thermogram (Fig. 8; curves 5 and 6) resulting in only a
slight increase in energy content for the sccond prepa-
ration (Table 111) in agreement with the lower cffi-
ciency of interaction of this glycoalkaloid with choles-
terol containing model membranes. However, a-
chaconine caused considerable effects on the main
transition both in pure DPPC vesicles as well as in the
cholesterol containing samples. The presence of the
glycoalkaloids shifted the main transition to an onset
temperature of 37°C which effect was complete for the
sample prepared out of mixed films (Fig. 8; curves 2
and 3). @-Chaconine had only a minor effect on the
energy content of the phase transition (Table 1D.
More interestingly, a-chaconine partially restored the
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TABLE 111

The effect of a-solanine and a-chaconine on the energy of the phase
transition of DPPC and DPPC / chulesterol vesicles

The controls were vesicles incubated with DMF only. The glycoalka-
loids were added to DPPC and DPPC /cholesterol after MLV prepa-
ration or included in MLV preparation. After 10 min the lipids were
centrifuged (4°C, 15 .min at 40000 % g) and the pellets were used for
a DSC scan (5 C°/min). Enthalpies were calculated from the ther-
mograms (see Fig. 8) by integrating peak areas and relating them to
the total amount of pnospholipids used. Data represent means +S.D.
for three determinations,

Sample Enthalpy of phase transition (kcal /mol)
DPPC DPBC /chol. 3: 1
Added to MLV:
Control 8.0£0.02 0.440.04
a-Solanine 7.8+ 0.09 0.4 +0.04
a-Chaconine 8.1+0.13" 1.5+£0.02
Prepared in MLV:
Control B0+ 0.02 0.4 +0.04
a-Solanine 7.9+ 0,02 0.7+ 0.01
a-Chuconine 7.3+0.12 2.3+0.03

* Sum of both peaks.

Fig. 9. Freeze-fracture electron micrograph (50000 %) of a sample of
unilamellar PC/cholesterol (1: 1, molar ratio) vesicles after the addi-
tion of a-chaconine in a cholesterol /glycoalkaloid ratio of 1. 16 min
after the addition of a-chaconine the sample was centrifuged (4°C,
541000 g for 45 min) and the pellet was supplemented by 30%
{(v/v) glycerol a5 cryoprotectant and quenched in solid-liquid N, The
bar corresponds t0 0.20 um.

phase transition in DPPC /cholesterol membranes (Fig.
8; curves 5 and 6, Table 111), with the maximum effect
for the mixed film sample. These results indicate for-
mation of an a-chaconine-cholesterol complex in which
the cholesterol molecules are shielded from interaction
with the acyl chains of the DPPC.

Freeze-fracture electron microscopy

For freeze-fracture electron microscopy a-solanine
or a-chaconine were added to PC/cholesterol vesicles
(1:1). The electronmicrographs showed no effect of
a-solanine on vesicle stucture (in a 1: 1 molar ratio to
cholesterol) compared to control vesicles. In both cases
smooth fracture faces of mainly unilamellar vesicles
were ohserved (data not shown). However, a-chaconine
addition in the same ratio resulted in major effects
(Fig. 9). Therc were hemitubular structures present in
the sample and in some cases such structures could be
seen budding from the vesicles. Comparing these re-
sults with the experiments carried out with digitonin
[18], a saponin with a similar molecular structure to the
glycoalkaloids, it scems likely that these tubular struc-
tures arc cholesterol-a-chaconine complexes, which are
formed through phase-scparation of these components
in the membrane.

Discussion

In this study we analysed with different techniques
the cffects of the glycoalkaloids «-solanine, a-
chaconinc, a-tomatine and the aglycone solanidine on
model membranes composed of PC in the absence and
presence of different sterols. The main result is that
thesc compounds arc able to strongly intcract with
sterol containing membranes in a way which is specific
for the type of glycoalkaloid and sterol. Beforc address-
ing this dual specifity we would like to propose and
discuss a model of thc miode of membrane interaction
of a-chaconine. The model describes a mechanism
consisting of several successive steps, the first one
being association of the molecule with the bilayer.
Monolayer, DSC and binding cxperiments show that
a-chaconine has a weak but significant affinity for pure
PC bilayers which can result in membrane penetration,
most likely of the aglycone part of the molecule. How-
ever, this does not result in loss of barrier function.
The presence of cholesterol greatly increases the affin-
ity of a-chaconine for the bilayer and results in in-
creased insertion of the aglycone moiety in between
the lipid molecules. Above a threshold concentration
of sterols in the membrane (410 mol%) a stable
a-chaconine-cholesterol complex is formed in which
the cholesterol molecuie is shieided from its interac-
tion with the acyl chains of PC. This complex possib!;
corresponds to the cylindrical structures observed by
EM in the vesicle preparation. The formation of the



chaconine-cholesterol complex is responsible for a loss
of bilayer integrity which could arise from different
mechanisms. The present data favour a tr.nsient leak-
age possibly associated with budding of these tubular
structures.

The presence of sterols in the membrane appears to
be an absolute requirement for the membrane disrup-
tive action of the glycoalkaloids. Although glycoalka-
loids bind to vesicles and insert into monolayers com-
posed of pure phosphatidylcholine, the presence of
cholesterol in the membrane greatly facilitates both
types of interaction. The increased affinity of glycoal-
kaloids for cholesterol containing membranes is partly
due to the carbohydrate moiety of the glycoalkaloids as
the aglycone solanidine inserted less efficiently in such
monolayers than a-chaconine. Glycoalkaloid binding
to PC/cholesterol vesicles appeared to be irreversib! :,
while binding to cholesterol free membranes may be a
more dynamic ¢cquilibrium between monomeric glycosl-
kaloids in the aqueous and linid phase.

Membrane vesicles containing less than approxi-
mately 10 mol% cholesterol were completely insensi-
tive to a-chaconine even at high concentrations of the
glycoalkaloid, indicating that a certain density of the
glycoalkaloid-cholesterol complex is required to cause
membrane disruption. Above this sterol threshold con-
centration vesicles become highly sensitive to glycoal-
kaloids. Then stable glycoalkaloid-cholesterol com-
plexcs are formed, which may cause lateral phase sepa-
ration into domains rich in glycoalkaloid and choles-
terol and cholesterol-free domains. The initial glycoal-
kaloid-sterol interaction is probably via the aglycone
part of the glycoalkaloid and the sterol ring system.
However, the fact that the aglycone solanidine does
not cause as much leakage as a-chaconine could be
explained by the lack of intermolccular sugar-sugar
interactions in that case.

A high specificity in membrane disruptive activity of
the three glycoalkaloids tested exists. The higher po-
tency of a-tomatine could be caused by its different
steroid structure compared to a-chaconine and a-
solanine which share the same aglycone. However, the
additional monosaccharide in its carbohydrate moiety
seems to be a more likely explanation as Nishikawa et
al. [10] demonstrated for the structurally related
saponin digitonin and digitonin analogs., With these
compounds membrane disruption increased with in-
creasing size of the sugar moiety. In addition, we
showed in this study that even smaller differences than
the carbohydrate moiety size of glycoalkaloids can have
dramatic effects. In view of the fact that a-chaconine
and a-solanine contain both a trisaccharide group, but
with different composition, it is even more remarkable
that large differences are observed for both compounds
in membrane binding, insertion and disruption. These
differences could either be explained by subtle changes
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in the sugar moiety volume or by the different side
chains on the sugar ring structures which influence the
sugar-sugar intermolecular interactions anc thercby
the formation of stable glycoalkaloid-sterol complexes.

Interestingly, the membrane disruptive activity of
glycoalkaloids is also highly specific for the type of
sterol present in the membrane. a-Solanine induced
leakage of ergosterol containing membranes is at the
same low level as for cholesterol containing mem-
branes, but in the presence of the plant sterols B-
sitosterol or fucosterol high leakage occurred. A simi-
lar tendency was observed for a-chaconine which is
also more active with plant sterol containing mem-
branes than with membranes containing cholesterol or
crgosterol although the differences are less pro-
nounced compared to a-solanine. The major structural
difference between the two groups of sterols is the size
of the moiety at C,, in the sterol side chain which
consists of two C-atoms in the case of the plant sterols.
Therefore, the observed effects with different sterols
can be interpreted on the basis of steric factors that
alter the interaction between the membrane embedded
sterol part and the aglycone part of the glycoalkaloids.

Cholesterol appears to be the target for many other
toxins [19] other than glycoalkaloids and saponins. In
addition, polyene antibiotics [20] and bacterial toxins
[21,22] induce membrane leakage by complex forma-
tion with sterols whercby either pores are formed or
membrane disruption occurs. In the case of glycoalka-
loid-induced membrane leakage, (transient) lysis is in-
volved since also larger molecules than carboxyfluo-
rescein, the tested compound in this study, leak through
membranes [6,23].

Comparing the glycoalkaloid action on model mem-
branes described in this study with glycoalkaloid effects
on biological membranes [8,9,24] it seems likely that
the observed effects on biological membranes are the
consequences of events described in the presented
model. Firstly, in all studies a-chaconine turned out to
be more potent than a-solanine and secondly, glycoal-
kaloid induced leakage only occurred through mem-
brane disruption and not by inhibition of transport
proteins since blocking several transport mechanism
did not result in decreased leakage [9]. Although not
all the toxicological symptoms occurring after glycoal-
kaloid intoxication of humans and animals can be
explained by the proposed mechanism, it might be
concluded that sterol mediated membrane disruption is
one of the important mechanisms of glycoalkaloid in-
duced intoxication.
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