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pH-Dependent Interaction of Fumonisin B; with Cholesterol:
Physicochemical and Molecular Modeling Studies at the
Air—-Water Interface
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Langmuir film balance technology was used to study the interaction between the mycotoxin fumonisin
B; (FB;) and cholesterol. FB; was added in the agueous subphase underneath a monomolecular
film of cholesterol, and the interaction was measured as an increase in the surface pressure of the
film. Above pH 9, a strong inhibition of the reaction was observed. Similar results were obtained with
the bile salt sodium taurocholate. The FB;—cholesterol complex was reinforced by NaCl but was
destabilized by NaF, a salt known to break hydrogen bonds. These data suggest that the molecular
association between FB; and cholesterol involves both hydrophobic interactions and a hydrogen
bond between the NH3* group of FB; and the OH group of cholesterol. Molecular mechanics
simulations of the FB;—cholesterol complex were consistent with this hypothesis. These data may
shed some light on the mechanisms involved in the intestinal absorption of FB; and its biliary excretion.
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INTRODUCTION ability of FB; following intragastric administration was esti-
mated to be 3—6% (16). The marked alteration of;FB
elimination profiles in bile-interrupted pigs suggested that the
mycotoxin underwent enterohepatic circulation. The bioavail-
ability of 1“C-labeled FB appeared to be slightly higher in male
Sprague—Dawley ratsl{). In this case, up to 35% of the

The fumonisins are a group of recently characterized myco-
toxins produced byFusariummolds, in particular=. verticil-
lioides and F. proliferatum, which contaminate maize and
various cereals around the world, ). Fumonisin B (FB,) is
always the most abundant fumonisin in naturally contaminated ! i ) MR O
foods and feeds3). FB presents structural similarities with ~ radiolabel were eliminated in the feces, indicating that the
sphingosine and sphinganine and interferes with ceramide mycotoxin or its metabolites undergo biliary excre_tlon. More-
synthase (EC 2.3.1.24), leading to the accumulation of sphingoid ©V€"» the same authors reported that up to 50% ofiRfgcted
bases in exposed cells. This affects several key biological Ntravenously in a bile duct cannulated rat was excreted
processes such as cell proliferation and DNA replicatién ( unchanged in b|[e. Thesg data raise the interesting possibility
6). In addition to this principal effect, RBinduces lipid that the mycotoxm could interact with b|Ielco.mponents such as
peroxidation 6, 7) and mitogen-activated protein kinase (MAPK) choleste_rol apd bile salts. The structgral similarity betyveen F!3
activity (8). In vivo, FB, is responsible for a wide range of and sphingoid bases and the_ pre\_/lpusly reported interaction
biological effects including leukoencephalomalacia in hor@gs ( Petween cholesterol and sphingolipids (18) support this
pulmonary edema in pigsLQ), and nephrotoxicity and liver ~ hypothesis.
cancers in rats (1112). In humans, FBhas been associated The aim of the present study was to investigate the potential
with a high incidence of esophageal cancer in Transkei (southerninteractions between FBand cholesterol (or FBand sodium
Africa) and in certain areas of Chind3). taurocholate), using Langmuir film balance technology. In these

The mechanisms associated with the intestinal absorption of experiments, a monomolecular film of lipid (cholesterol or
FB; are mostly unknown. In laying hens, the systemic absorption sodium taurocholate) was prepared at the-aiater interface

of orally given FB appeared to be very poor<{%) (14). and FB was added in the aqueous subphase. The interaction
Similar data were obtained in cow$5). In pigs, the bioavail- of the mycotoxin with the lipid film was measured as an increase
in the surface pression of the film. This technique is one of the
* Corresponding author (telephore83 491-288-761; fax-33 491-288- most sensitive for studying lipid—ligand interactions (20). The
449;| r?g:{iTgatil ,\J)Iféfié}g\rig:géﬁrgzilggg)érche en Nutrition microtensiometer used in the present study can measure the
L aboratoire de Synthése Organique. . ' surface tension of liquid volumes of 50860uL. Correspond-
8 ENSAT, Laboratoire de Toxicologie et Sécurité Alimentaire. ingly, the amount of FBused in binding experiments was 12
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ug (i.e., 20 uM). Molecular mechanics simulations were
conducted to characterize the complex between BBd
cholesterol. This modeling technique was validated by its ability
to predict the more stable conformation of FB water in
comparison with previous modeling studies (21).

MATERIALS AND METHODS

Materials. The chemicals used in this study, including ;FB
cholesterol, and sodium taurocholate of the highest purity available,
were purchased from Sigma.

Surface Pressure MeasurementsThe surface pressure was mea-
sured with a fully automated microtensiometei (ough SX, Kibron
Inc., Helsinki, Finland). The apparatus allowed the recording of
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Figure 1. Specific interaction between FB; and cholesterol: (A) dose-

dependent interaction between FB; and a monomolecular film of cholesterol
prepared at an initial pressure (7z;) of 10 mN/m (increases in the surface

pressure—area compression isotherms and the kinetics of interactionpressure induced by the indicated concentrations of FB; added in the

of a ligand with the monomolecular film, using a set of specially
designed Teflon troughs. All experiments were carried out in a
controlled atmosphere at 2& 1 °C. Monomolecular films of the

aqueous subphase were determined); (B) specificity of interaction between
FB; and cholesterol films prepared at various s; values [after FB; was
added at a concentration of 20 «M in the aqueous subphase, the maximal

indicated lipids were spread on pure water subphases (volume of 800gface pressure increase (Azmay) Was measured].

uL) from hexane/chloroform/ethanol (11:5:4, v/viv) as described
previously (22). After spreading of the film, 5 min was allowed for
solvent evaporation. To measure the interaction of Rih lipid
monolayers, the ligand was injected in the subphase with al10

of the monomolecular film was gradually decreased as the initial
pressure of the monolayer increased. The influence of the initial

Hamilton syringe, and pressure increases produced were recorded fosurface pressure on the compressibility of the cholesterol
the indicated time. In some experiments, the subphase was prepared afnonolayer demonstrates the high specificity of the interaction
various pH values. For experiments with NaCl and NaF, the subphaseas previously established for several other lipids and ligands
was prepared with the indicated concentration of salt before the addition (23). The critical pressure of insertion (i.e., the theoretical value

of FB1. The data were analyzed with the Filmware 2.3 program (Kibron
Inc.). The accuracy of the system under our experimental conditions
was +0.25 mN/m for surface pressure.

Curve Fitting. Experimental data were analyzed with the Origin
program, version 3.5 (Microcal software). The Boltzman4y, Az, Xo,
dx) function producing a sigmoidal curve was used according to the
equation

(A = AJI[L + exp((x— x) dX)] + A,

with parameters of, (center, i.e.x atysg), dx (width), A; (Y initial),
andA; (Y final).

Molecular Modeling. Molecular mechanics simulations were per-
formed with the Hyperchem 5 program (ChemCAD, Obernay, France).
A box with periodic boundaries was created to allow application of
image conditions, and the molecules (i.e.,.FeBne or FB with two
cholesterol molecules) were placed in the box. For modeling the-FB

cholesterol complex, 331 water molecules were added to the box (27

x 22 x 31 A), and energy minimization was carried out with the
Polak—Ribiere algorithm. The efficiency of the minimization was

of 7r; extrapolated foAmax = 0 mMN/m) was 42 mN/m.

Effect of Salts and pH on FB—Cholesterol Interaction.
With the aim to identify the chemical groups involved in the
interaction between FBand cholesterol, we studied the reaction
in the presence of various concentrations of salts and at different
pH values. Two types of salts were used: NaCl, which
destabilizes ionic bonds and reinforces hydrophobic interactions,
and NaF, which interferes with the establishment of hydrogen
bonds. In a first set experiments, monolayers of cholestarol (
= 10 mN/m) were prepared on a water subphase with NaCl at
concentrations ranging from 0.1 to 5 M. F®as then added in
the subphase at a concentration of 2M. Under these
conditions, the presence of NaCl did not delay or decrease the
dramatic effect of FBon the surface pressurAfmax = 15—
17 mN/m). At high NaCl concentrations, the FBduced
surface pressure increase was even higher than the control values
(19.1 and 39.5 mN/m for 1 and 5 M NaCl, respectively). In
marked contrast with these data, we observed that NaF (1 M in

judged by both the time needed to evaluate the target function and theth® agueous subphase) dramatically decreased the interaction

number of adjustments (iterations) needed to converge to the minimum.

RESULTS

Interaction of FB 1 with Cholesterol. Cholesterol (2«g) was
spread at the airwater interface at an initial surface pressure
of 10 mN/m. Various concentrations of FBvere then added
in the aqueous subphase. The interaction of the mycotoxin with

of FB; with cholesterol (Afax = 2.8 mN/m).

Similar experiments were performed with water subphases
prepared at different pH values (Figure 2). The insertion of FB
(20 uM) within the monomolecular film of cholesterol was not
significantly affected when the pH of the subphase w8
(optimal pH of interaction was-6.5). However, above pH 9,
the interaction of FBwith cholesterol was dramatically reduced

the cholesterol monolayer was studied by surface pressure(A%max=3 atpH 9.5). Thus, these data suggest that the binding

measurements. As shown in Figure 1A, ;ABduced a dose-
dependent increase of surface pressuker)( with a half-
maximal effect obtained with a concentration ofiFB 7.5 uM.
The maximal surface pressure increafgerf.x = 15 mN/m)
was obtained with 2(«M FB;. At all concentrations of FB
the equilibrium was reached within 1 min upon addition of the
toxin.

To assess the specificity of frBcholesterol interaction,
monomolecular films of cholesterol were prepared at various
initial pressuress;) and the maximal surface pressure increase
induced by FB on these films was determined after equilibrium
had been reached. As shown in Figure 1B, the compressibility

of FB; to cholesterol involves a chemical group with a ik
9-9.5.

Modeling Studies. Molecular mechanics simulations were
performed to propose a model for the F&holesterol complex.
This modeling technique was first validated for its ability to
predict an extended conformation for FB water compatible
with the recent model proposed by Momany and Dombrink-
Kurtzman (21). According to these authors, the mycotoxin
adopts an extended, linear conformation distinct from the
previously suggested cage-like structure (24). Our model is
consistent with the one proposed by Momany and Dombrink-
Kurtzman @1). The molecule adopts a cross-like structure with
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Figure 2. Effect of pH on the association between FB; and cholesterol.

Monolayers of cholesterol were prepared at a sz of 10 mN/m. FB; (20

uM) was added in the aqueous subphase at the indicated pH. The maximal

surface pressure (Asrmay) induced by the mycotoxin at each pH value is

shown.

0o

carbon backbone side chain axis

axis

NH,*

Figure 3. Conformation of FB; in solution predicted by molecular
mechanics simulations.

the tricarballylic acid side chains of FBriented perpendicularly
to the main axis of the carbon chain (Figure 3).

In the model obtained for the kB cholesterol complex, the
protonated N group of FB forms a hydrogen bond with
the OH group of cholesterol (Figure 4A). The tricarballylic acid

side chains are localized in the aqueous environment and are

kept apart from cholesterol by a structured network of water
molecules (not shown). The linear carbon backbone between
C16 and C20 interacts with the acyclic carbon chain of
cholesterol (Figure 4A). Schematically, F&dopts a butterfly-

like structure that is spread under two adjacent cholesterol
molecules (Figure 4B). FBis attached to cholesterol by both
the head (the protonated NHgroup) and the tail (the linear
carbon backbone between C16 and C20, and especially C18
C19, and C20), whereas the wings (the tricarballylic acid side
chains) are extended through the interfacial water layer under-
neath the cholesterol film.

Interaction of FB; with Taurocholate. Finally, we analyzed
the interaction between FBand sodium taurocholate (Figure
5). As for cholesterol, the association between; Fhd
taurocholate at the aitwater interface was dose-dependent, with
a half-maximal effect obtained with 2BM FB; and a maximal
surface pressure increas®max = 15.5 mN/m) obtained with
40 uM FB; (Figure 5A). The interaction decreased specifically
as the initial surface pressure;) increased (Figure 5B). The
optimal pH for the interaction was 6.0 (data not shown).
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A

Figure 4. Molecular mechanics simulations of the FB;—cholesterol complex
at the air-water interface. The complex between FB, and a monomolecular
film of cholesterol was visualized under two distinct orientations. For clarity,
either one (A) or two (B) molecules of cholesterol and a single molecule
of FB; are shown.
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Figure 5. Specific interaction between FB; and sodium taurocholate: (A)
dose-dependent interaction between FB; a monomolecular film of sodium
taurocholate prepared at a sz; of 10 mN/m (increases in surface pressure
induced by the indicated concentrations of FB; added in the aqueous
subphase were determined); (B) specificity of interaction between FB;
and monomolecular films of sodium taurocholate prepared at various ;
values [after FB; was added at a concentration of 20 «M in the aqueous
subphase, the resulting surface pressure increase (Asma) Was deter-

mined].
DISCUSSION

In this study, we show that FBinteracts with cholesterol
and sodium taurocholate. This association is possible because
in aqueous solution, FBadopts a linear structure allowing a
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Table 1. Physicochemical Parameters of the FB;—Cholesterol and physicochemical study to be proposed (Figure 4). According
FB;—Sodium Taurocholate Interactions at the Air-Water Interface to this model, the binding of FBto cholesterol involves both
hydrophobic interactions and a hydrogen bond between the

oo SOdir:ml‘ NHs* group of FB and the OH group of cholesterol. The
parémmer cholestero taurocholate tricarballylic acid side chains interact with the water layer
gose 0; haif-m?XIm&l ’\t/lﬂ;fect (M) ;65 ‘118 beyond the cholesterol monolayer and are not directly involved
ose of saturation : o ;
criical pressue of insetion (mN/m) o 26 in the molecular association of kBvith cholesterol.
optimal pH ~65 ~6.0 Overall, the data of the present study demonstrate that FB

can move from a water environment to a lipid phase containing
cholesterol and/or bile salts. The ability of FBo bind to
cholesterol and taurocholate is consistent with previous reports
suggesting that the mycotoxin undergoes enterohepatic circula-
tion and is excreted in bilelg, 17). Moreover, these results
may help to explain how FBis taken up by the intestinal
epithelium. In the intestinal lumen, dietary FEould be
incorporated into mixed micelles, through interactions with
cholesterol and/or bile salts such as sodium taurocholate. The
transfer of FB into those micelles would facilitate its intestinal
absorption.

convenient orientation at the interface and facilitating its
insertion into lipid monolayers (Figure 3). This structure was
obtained by molecular mechanics simulations based on the
minimization of the potential energy of the molecule as a
function of its conformation. It is consistent with recent
molecular dynamics simulations of FBonformation (21). In
particular, the carbon backbone of FBdopts an extended
conformation, and the tricarballylic acid side chains are oriented
perpendicularly to the main axis of the molecule. Interestingly,
the linear model is also consistent with the high water solubility
of FB; at neutral pH. This is due to the structure of water
molecules around the carboxyl groups of the tricarballylic acid LITERATURE CITED
side chains (21).
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