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Thep-b-glucans from the cell wall cdaccharomyces cerisiae have shown in vitro affinity for zearalenone.

For this reason, their utilization as dietary adsorbent, to reduce the bioavailability of zearalenone, is of
practical interest. Our study used powerful devices to elucidate the spatial conformation and molecular sites
of interaction between ZEN arip-glucans. In this respecttd NMR spectroscopy implicated the hydroxyl
groups of the phenol moiety of zearalenone in the complexation by laminarin, gspids8)-D-glucan.

X-ray diffraction determined that laminarin displays the conformation of a single-helix with six
pB-p-glucopyranose residues per turn. At this stage, molecular modeling was useful to locate the interaction
sites and to propose highly probable complexes of zearalenone with laminarin fragment. Interestingly, the
p-(1,3)D-glucan chain favors a very stable intra-helical association with zearalenone, nicely stabilized by
f-(1,6)-d-glucans side chains. Both hydrogen bonds and van der Waals interactions were precisely identified
in the complex and could thus be proposed as driving interactions to monitor the association between the
two molecules.

Introduction range of toxins and, furthermore, exhibited adsorptive
properties toward certain nutrients and could also be
contaminated with dioxin and heavy metals. As a result,
organic compounds such as yé&asor bacterigl ! cell walls
have been investigated for their ability to complex with
several mycotoxins without detrimental effects on environ-
ment or on the bioavailability of certain nutrients.

Zearalenone (ZEN), a 6-(10-hydroxy-6-ok@ans-1-un-
decenyl)g-resorcylic acid lactone, studied here, is a non-
steroid estrogenic toxin produced by numerdussarium
species that may, along with other mycotoxins, contaminate
grains (wheat, barley, grain sorghum, corn) and grain
products (flour, bread, and processed commercial feed) or _ L . .
may transit into milk and edible animal tissueZEN is Previous In V|tro° experiments, carried out at bOd.Y tem-
responsible for negative effects on reproductive performanceperature £37-39 C) studied complex-forming abilities
due to its estrogenic properties. The lack of practical solutions when ConStam qgantme_s of yeast cell wall components were
to control mycotoxin contamination in the field or in MXed with an increasing amount of ZEN. The results
harvested products has increased our interest on methods tgemgnstrated that, in addition to their well-known stimulating
directly protect animals fed on nondetected contaminated 2Pilities for the immune systenfi;p-glucans extracted from

feeds and consequently to protect the consumers of ediblethe cell wall of Saccharomyces cemsiae, which are

animal products.In this respect, there have been reports of composed of linear chains 8#(1,3)0-glucans branched with

adsorbents used to reduce mycotoxin bioavailability in the £-(1,6)0-glucan side chains, have adsorption properties

digestive tract and consequently their detrimental effects on (8ffinity rates up to 50%) in aqueous solution toward

animals. Thus, inorganic materials such as clays, bentonites ZEN-***The adsorption process is greatly dependent on the

and aluminosilicates have been suggested to bind myco-three-dimensional organization ffp-glucans presumably
toxins34 but they showed limited efficacy against a wide mvolvmg the occurrence of single and/or tnp!e—hellx con-
formations off3-(1,3)D-glucans. The perturbation of these

* To whom correspondence should be addressed. Phengs (0)4 73 structures has been tested in acidic, neutral, and basic
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Zearalenone Complexation with $-p-Glucans

homopolymer off3-(1,6)0-glucans)* Acidic and neutral
conditions were the most suitable conditions for maximal
occurrence of complex withs-(1,3)-D-glucans, whereas
alkaline medium conditions, due to their destabilizing effect
on 3-p-glucans spatial organizatiéhi®decreased complex-
ation efficacy. The adsorptive properties could be partially
recovered at alkaline pH whef(1,6)D-glucan branching
was important. Furthermore, release of ZEN in the medium,
following the removal of all nonbound toxins in the sur-
rounding medium, led to the characterization of the com-
plexation equilibrium between free toxins and toxins bound
to f-p-glucans.
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greatly dependent on the presence of an organized structure
such as helix.

In DMSO, NMR spectra for ZEN and laminarin were
clearly separated when they were mixed at the same weight
concentration, allowing observation of spectral variations due
to complex formation. However, even under drastic [ZEN]/
[laminarin] ratio changes, no spectra modification were
registered.

Thus, a specific protocol was set up to limit the competi-
tion between DMSO molecules and ZEN using an in vitro
technique to estimate the ZEN complex-forming capacity of
p-p-glucang® The final experiments were carried out as

To enhance our understanding at a molecular level of the followed: ZEN previously dissolved in acetonitrile was

chemical and structural factors involved during the-
glucans and ZEN complexation mechaniskhJiquid RMN
investigations were carried out with the solulpl€1,3)D-

added to 10 mL of a Milli-@" solution of laminarin in tubes
at a concentration of 5@g/mL. After shaking at 640 rpm
with an orbital shaker during 1.5 h &t39 °C, samples were

glucans laminarin and ZEN. The spectral changes inducedcooled on a bath of 2-propanol kept-a80 °C before freeze-

by the complexation of the two molecular entities were
carefully characterized. Since the proton spectrung-of
glucans refers to numerous not fully assigiduydrogens
(differing in theS-p-glucopyranosyl unit and in their position
in the polymer), the high-resolution NMR sigifabbtained

drying on a Lyovac GT2 during 72 h, to avoid crystallization.
The powder containing the [laminarih ZEN] complex
was solubilized in 500uL of DMSO-ds to reach the
concentration of 1 mg/mL for both molecules. THEeNMR
spectra of the [laminarin- ZEN] sample were then recorded

for ZEN was used as a signal reference to spy on the and compared with the spectra of separated components in

interaction between the two entities. X-ray diffraction
experiments elucidated the spatial organization of laminarin

and curdlan. When compared to the three-dimensional

network of yeast cell walB-p-glucans, the reliability of our
previous hypothesis involving single and triple-helix con-
formations was confirmed. These data, in conjunction with

the same conditions in order to characterize changes induced
by the interaction.

Note: ZEN, like all mycotoxins, is a hazardous chemical
and must be handled with extreme care. Protective clothing,
gloves, a fume hood and goggles are essential to prevent
exposure to mycotoxins.

molecular modeling techniques, allow us to make conclusive Wide-Angle X-ray Diffraction Patterns of -p-Glucans.
remarks on the three-dimensional structure and the stericx_ray analyses were performed on two molecules3af-

accessibility of the ZEN molecule inside the polysaccharide

glucans, laminarin, and curdlan, at two hydration levels: in

chain, the nature of the interaction, and the functional groups their semicrystalline form and in their wetted form. The

of primary importance involved in the docking process.

Materials and Methods

Liquid NMR Investigations of the Interaction Between
ZEN and Pure #-b-Glucans.Liquid NMR experiments were
carried out in solution (300 K) on a Bruker Avance 400

laminarin and curdlan powders were hydrated over a solution
of barium chloride &, = 0.9 at 25°C during 5 to 8 days)
until equilibrium of the wet sample mass was reached. X-ray
diffraction measurements were carried out on the Sam
glucan molecules in semicrystalline and hydrated forms at
ambient temperature using Inel X-ray equipment (XRG 3,-
000, Inel, France) operated at 40 kV and 30 mA. The Cu

spectrometer, using laminarin as unique source of solubleKal radiation £ = 0.154 nm) was selected using a quartz

B-b-glucans and ZEN, each in different solvert$.and**C

monochromator. Samples of around-2ZD mg were sealed

spectra, recorded at 400 and 100 MHz respectively, were between tape foils to prevent any significant change in water

carried out in acetonitrilel; (CDsCN) for ZEN and in BO

for laminarin to achieve the resonance assignment. Bi-
dimensionaltH—*H and*H—3C COSY correlations were
used for this, together with monodimensiortel and *C
measurements (not discussed here).

Next, 'H spectra were recorded in dimethyl sulfoxide or
DMSO-ds ((CD3),S0, 99.8%), which appeared to be the only
common NMR solvent for ZEN and laminarin. However, a
DMSO effect has been documented fep-glucans® leading
to conversion of triple or single helical structures into random
coil structures. Similarly, it has been shown that DMSO
molecules were able to form hydrogen bonds with the €(4)
OH and C(6)-OH hydroxyl groups of laminarin, inducing
the formation of single disordered chaifidn this respect,
DMSO could have a negative impact upon the complexation

content during measurements. Diffracted intensities were
monitored ovea 2 hexposure period by a 12@26) curve
position sensitive detector (CPS 120, Inel, France). The
resulting diffraction diagrams were normalized to the same
total degree of intensity between 3 and® 306).

In Silico Molecular Mechanics Investigations.Molecular
modeling was carried out on Silicon Graphics computers with
Accelrys packages (Accelrys. Inc, San Diego, CA). Molec-
ular displays and energy minimizations were performed using
Insightll, Biopolymer, Analysis, Docking, and Discover
modules. For all calculations, the CFF91 force-field with the
steepest descent minimization was selected. This force-field
is adapted to polysaccharide/protein or polysaccharide/ligand
interaction studies and has been widely used to Héte.

From the Construction of the Laminaribiose to the

abilities of g-p-glucans, since this property seemed to be f-(1,3)b-Glucans.The most highly probable conformations
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1,000 iterations; (iii) the conformation(s) giving the lowest
energy was further minimized within 5,000 iterations.
Formation of the [ZEN + f-p-Glucans] Complex.The
ZEN molecule was manually positioned in one of the cavities
offered by the helicab-(1,3)b-glucan polymer. All of the
possible spatial orientations of the ZEN molecules, in
interaction with thes-(1,3) helix, were investigated so that
translations plus rotations as well as up and down positioning
Figure 1. Constraints localization (in gray) applied to the initial stage were carefully explored. Positioning was performed each
of construction of the energy-minimized structure of ZEN molecule. time with special attention, so as to avoid any steric clash
between the two entities. Any starting conformation that was

of a laminaribiose are mainly driven by the(1,3)0- obviously too far from any complexation position was
glycosidic linkage bonding the two glucose moieties. The giscarded from the 10,000 iterations minimization.

linkage is fully described by the set @f[v] dihedral angles. Starting from the low energy complex(es) between the
E.ach geometry has_ a distinct potential energy value for a 8-(1,3)D-glucan helix and the ZEN molecules, the toxin was
given set of f, y] dihedral angles. The complete confor-  caefully repositioned inside the new cavity formed by the
mational exploration of the dimeri-(1,3)0-glucan frag-  yery close vicinity of thes-(1,6)- branched fragment of three
ment required the rotation of its twep[ v] dihedral angles g5 five B-D-glucopyranose rings. Sensible optimization
so that thep andy of the laminaribiose were successively positioning of the ZEN within the branchghp-glucan was

rotated from—18C° to +180° with an increment oft10°.  rejterated within a 10,000 iterations minimization.
At every step, potential energy was roughly evaluated within
a zero iteration minimization procedure. The resulting Results and discussion

“adiabatic [p, 1] map” plots potential energy versug,[v] o o .

values and led to a relevant description of the low energy _ Liquid NMR Investigations of the Interaction between
conformations of the disaccharide. The low energy confor- ZEN and Pure f-b-Glucans.Molecular dynamics study of
mations were built taking special care in the positioning of the/-(1,3)0-glucan laminarin in various solvertshowed

the hydroxyl groups at C(6) and C{@then minimized within that dipolar DMSO .molecules participated in proton-acceptor
a consistent 10,000 iterations procedure. The lowest energyYdrogen bonds with the C(4)0H and C(6)-OH group of
conformation of the dimer served as reference for further (h€ laminarin oligomer, inducing very likely changes from
elongation. Repeating it 1] values up to 36 times led triple-stranded structures in water to disordered chains in

to a 5,868 Da helical polymer that was then minimized during DMSO. ) . _ . o
10,000 iterations. As mentioned in the Experimental Section, no modifica-

tions in the NMR spectra of components were observed when
ZEN was dissolved with pure laminarin in DMS®-
However, use of a specific protocol in which ZEN and
laminarin were mixed in water medium under stirringt&&9

°C during 1.5 h followed by freeze-drying prior to DMSO-
ds solubilization led to spectral modifications in the phenolic
region for ZEN. Results showed that the interaction of ZEN

From the Construction of the Gentobiose to the
Branched #-(1,6)-0-Glucans. Similarly, a [p,y,@] confor-
mational map was calculated for the gentobiose (dimeric
fragment off-(1,6)D-glucans). Dihedral angles varied from
—180 to +18C° with a step oft+10° for each rotation time.
The low potential energy populations were identified and

the@r gorresponding m"“m‘_Jm energy po_nf_orm_ations WET€ and laminarin strongly reduced the hydroxyl groups signals
9pt|m|zed within a 10,000 |tgrat|on_s m|n|m|zat|on. One to located at C(14) and C(16) positions, which were present at
five [-p-glucopyranose residues in their lowest energy s — 10907 and = 10.86 ppm respectively (Figure 2). The

conformations of3-(1,6)D-glucans were then branched t0  jyiensity of the signals was sixfold lower compared with the
the f-(1,3)-0-glucan chain via #-(1,6) linkage. All of the  gnectrym of ZEN control sample, and the signal was not

six connection points of the helix turn were tested and built o.qvered after the [laminaritr ZEN] sample was left for
before being optimized with a 5,000 iterations minimization ,ree weeks at room temperature. The intensity was only

procedure. partially recovered after heating the sample-80 °C during
ZEN Conformations. The ZEN molecule was also 24 h.

investigated through molecular mechanics taking into account  These results clearly favored a specific interaction between

all of the experimental data available from our previous NMR ZEN and laminarin chosen as a modef3sf1,3)-0-glucans.

and X-ray studie$? plus those given in the literatufé Due This kind of interaction fully corroborated numerous previous

to its conjugated aspect, the molecule displays mainly studies dealing with a more macromolecular séalé2°

freedom degrees around carbons C(3) to C(12) (Figure 1). Furthermore, the absence of direct complexation between

This region was to be particularly tested with different ZEN and laminarin pure molecules when mixed together in

starting conformations. Consequently, the evaluation of the DMSO-ds strongly suggested that the three-dimensional

low energy for the ZEN conformations required three steps: structure off3-(1,3)-d-glucans was a main factor in ZEN

(i) constraints were first applied on the C(13) to C(18) heavy association. We examined this structural aspect using X-ray

atoms of the phenol moiety plus the C(1), C(10), to C(12) diffraction and molecular modeling.

atoms close to this ring for a 2,500 iterations minimization;  Wide-Angle X-ray Diffraction Patterns of f-p-Glucans.

(i) next, the systems were relaxed without constraints for The signal resolution of the & diagrams for curdlan
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Figure 2. Liguid NMR 'H spectrum acquired on a Bruker 400 MHz prior to (i: simulation) and after interaction (ii) of laminarin polymer toward
ZEN realized in DMSO-d6 medium. Arrows highlight the spectral changes.

Table 1. Correspondence between Diffraction Angles 26 glucan molecule. Paramylon had reticular distan(d@s(ﬂ
Measured by X-ray Diffraction and Their Corresponding Reticular 1.36, 0.78, 0.68, 0.49, and 0.45 nm in hydrated conditéns
Distances d; for Laminarin and Curdlan Molecules in Two o e e ) ) L
Hydration Levels Reticular distances found for curdlan were quite similar
except for the 1.36 nnd; value, which was replaced by a

laminarin curdlan ’ _
after BaCl, after BaCl, signal at 1.50 nm (Table 1). Consequently, it was prop(_)sed
powder hydration powder hydration that curdlan would involve a more hydrated conformation,
20 di 20 di 20 d 20 di which might implicate a more relaxed triple helical confor-
5.52 160 545 162 5.96 146 589 1.50 mation compared to paramyldh?®In this respect, since a
12.63 0.70 12.28 0.72 11.32 0.78 10.65 0.83 . . ; )
1886 046 1887 047 1921 046 12.28 0.72 hlgher _re'ucular distance of 1.62 nm was obtained for
20.88 0.43 20.60 0.43;4%.43;38 16.40 0.54 laminarin compared to curdlan and no change was recorded
T 18.87 047 in the X-ray signal between the two levels of hydration, we
20.60 0.43;0.42; could thus hypothesize a highly hydrated conformation for

0-41,0.38 laminarin, which could implicate highly relaxed triple-helix

was enhanced after hydration, by individualization of the and/or single-helix organization in both hydrated levels.
different peaks obtained (Table 1). Three versus five peaks In Silico Molecular Mechanics Investigations of 8-p-
were recorded for curdlan respectively for its powder form Glucans. Molecular mechanics, performed in a vacuum (
and BaC} hydrated form. Conversely, the hydration with = 1) for the3-(1,3)D-glucan dimer, revealed three distinct
BaCl, had no impact on the structure of laminarin since the populated low-energy conformations with high energy barrier
data of the reticular distance only slightly increased between between each local minima (Figure 3). Orientations of both
the two samples, and three peaks were obtained in both casegirimary and secondary hydroxyl groups were also taken into
Results obtained with curdlan were in agreement with data account to set up the most favorable conformation. Dihedral
from the literaturé*2>which ascribed the diagram diffraction angles of the disaccharide evaluated werg Q—C(1)—
patterns to a triple-helix association @f(1,3)-D-glucan 0O(g)-C(3) and () C(1)-0O(g)—C(3)—C(4), the prime
chains and to a cluster of four triple-helix chains. These indicating the reducing end. The most stable conformation
helical chains were 1.56 nm apart, and calculation of the was found for glycosidic linkage offy] = (—100°, +14C)
fiber period gave an estimated distance of 0.60 nm betweenand an energy of-2.36 kcal/mol (conformatiofD). Two
pB-D-glucopyranose units. Thus, chains®{1,3)-b-glucans other low-energy conformation$2( and @), respectively)
are organized in helical chains of gho-glucopyranose units  exhibited dihedral angle values ap fy] = (+56°, +122)
per turn of helix. Such organization was assessed andand fp,y] = (—98°, +77°) and energy values of9.84 and
compared for curdl@i 2 and the paramylof 5-(1,3)0- -+9.93 kcal/mol, respectively.
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Figure 3. [g,y]-conformational contour map for the rotation of the 5-p-glucopyranose residues around (1,3) glycosidic bonds (—180 to +180°
with a step of 10°) obtained with the Biopolymer module of Insight Il. Contour lines of local minima are highlighted in black and plotted with
energy breaks between lines AEq; = 2.0 kcal/mol. Contour lines of local maxima (grey) are plotted with A5 = 10.0 kcal/mol. The @ conformation
of laminarin dimer is the most stable. Orientation of the primary hydroxyl groups in C(6) were also taken in account for minimum energy
conformation calculation.
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Figure 4. [¢,y,w]-Conformational contour map for the rotation of the -p-glucopyranose residues around (5-(1,6) glycosidic bonds (—180 to
+180° with a step of 10°) obtained with the Biopolymer module of Insight Il. Dihedral angle value has been set to 85.5° for ¢. Contour lines of

local minima are highlighted in black and plotted with an isocontour of AE, = 2.0 kcal/mol. @' and @' dihedral angle values of -(1,6) glycosidic
bonds were selected for their equal low energy conformation after minimization for 5-(1,6)-p-glucan building.

The low-energy evaluation @#-(1,6)-d-glucans gave two  mol. The branching of3-(1,6)-b-glucans involved one or
distinct populated conformations with dihedral angle values threef-p-glucopyranose residues for egetil,6)-p-glucans
for glycosidic linkage of §,y,w] = (—87.7,+179.9, chain and used th@®' or the®@' low-energy conformations
—72,6) and jp,y,w] = (—85.5,+179.7, —177.9), and obtained for the dimer molecule. A branching positioning
energy values of+-7.24/mol (conformatiod’) and+7.10 was tested on evefsrp-glucopyranose residue of tife(1,3)-
kcal/mol (conformatiorf2'), respectively. Dihedral angles p-glucan helix turn, giving rise to five conformational
of the disaccharide evaluated werg) O(1)—C(1)—O(6)— positions (Figure 5). Depending on these positions, the energy
C(6), (y) C(1)-0O(6)—C(6)—C(5), and @) O(6)—C(6)— values, obtained fo' and®@' low-energy conformations,
C(5)—0(2) (Figure 4). Contrary tg-(1,3)-D-glucans, the ranked from+46.6 to+53.8 and+56.4 to+59.2 kcal/mol,
energy barriers between each local minimum for the dimer respectively for thes-(1,3)D-glucan helix branched with
of -(1,6)D-glucans were low. This indicated the high three -p-glucopyranose units of3-(1,6)-D-glucans side
flexibility of -(1,6)-0-glucan chains, which have also been chain.

reported in the literatur®. Thus,-(1,6)-D-glucans were not In the following discussion, the results obtained in our
characterized in solution with an organized conformation like study have been compared with those obtained by Frecer et
$-(1,3)D-glucanst?22:30 al® The results found in the literature regarding the

The elongation of the structure Bf(1,3)-b-glucans to a localization of the global minimum conformation of the
36 residues molecule gave a simple helix conformation of 5-(1,3)-b-glucans dimer are very similar to and conforma-
six B-pD-glucopyranose units per turn after minimization of tions but exhibited some differences in the evaluations of
the structure during 10,000 iterations and fully confirmed dihedral angles, which were found equal ¢gi] = (—73°,
the previous X-ray data obtained. The energy value of the +118) in the literature compared top[y] = (—10C,
chain of3-(1,3)-b-glucans was equal to aroure16.0 kcal/ +140) in our study. Such differences could be due to the
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Figure 5. Computer-generated superposed views with the Insight Il program of the energy-minimized conformations of the single helix of
B-(1,3)-p-glucans branched with 3 units of -p-glucopyranose for the 5-(1,6)-p-glucan side chains in conformation @' and @' and the five positions
along the position on the helix turn of the $-p-glucopyranose unit of the -(1,3)-p-glucans chain.

CVFF nature of the force fields used during modeling. These
results were also different from others found in the literature
with MM3 force fields3' which evaluated angles of[y]

= (—85° +78°). However, Frecer et aP. found that the
increase of the dielectric constant valuecte= 80 (solvent
conditions) tended to attenuate the energy barriers betweer
the low-energy conformers and decrease the level of the
energy found. Such a decrease may be due to the ability of
laminarin to form intramolecular and solutsolvent hydro-
gen bonds. Intramolecular bonds have been identified by X
molecular dynamics simulation in water and might induce Figure 6. Computer-generated views with the Insight Il program of

conformation-stabilizing effects attenuating torsional oscil-
lations of glycosidic linkages. However, molecular dynamic

the energy-minimized conformations of ZEN molecule. Arrows indicate
discrepancies between the orientations of the different chemical
groups of the two resulting conformations: C(3) in green, C(5) in

trajectories in water have been shown to preserve bothblack, and C(7) in red.

vacuum glycosidic bond conformation and the orientation
of hydroxyls groups in C(4) and C(6) positions. Furthermore,
the conformational mobility in the torsion angle space was

the molecule and in the same orientation when compared to
the methyl group located at C(19). The molecule consisted

found to be independent of the number of monosaccharideof a C(13) to C(18) phenyl ring fused to a 14-membered

units in the$-(1,3)b-glucan chain. Sometimes a hydrogen

lactone ring. Furthermore, X-ray diffraction has characterized

bond stabilized the dimer structure of laminaribiose between intramolecular potential hydrogen bonds resulting in stabi-

the hydrogen of the C(4)OH hydroxyl group and the ring
oxygen, thus avoiding any other interaction for the free
hydroxyl group. The intramolecular stabilizing bond could
be inhibited by the effect of adducts formation with DMSO
on the C(4)-OH hydroxyl group, thus disturbing the spatial
organization of the helicas-(1,3)-0-glucan molecule.

In Silico Molecular Mechanics Investigations of ZEN.
Two stable, semi-relaxed conformations for the ZEN mol-
ecule were found after minimization within 8,500 iterations
in a vacuum (Figure 6). The A and B structures exhibited
low-energy conformations of24.03 and—24.84 kcal/mol,
respectively. Molecular modeling of ZEN was achieved by
comparing the conformations obtained with both X-ray
diffraction studie®® and investigations on the structure of
ZEN in solution by high-field NMR and molecular modeling
analysis'® It was thus confirmed that the B structure was
the conformation found for ZEN in crystalline and aqueous
conditions. The B conformation was characterized by the
orientation of the ketone group located at C(7) outside of

lization of the general conformation of the toxin. The
hydroxyl group of the phenyl moiety located at C(16)
interacted with the O-carbonyl atom located at C(1), forming
a strong intramolecular ©H:--:O hydrogen bond, which
created a new six-membered ring. In addition, there are four
other intramolecular €H---O hydrogen bonds, which
internally stabilize the molecule conformatihCordier et

al'® confirmed these results by using NOE difference
spectroscopy experiments in aqueous medium, which char-
acterized that the double bond between C(12) and C(13)
atoms was preferentially pulled into coplanarity with the
macro-ring, and consequently the lactone bent out of the
plane. Thus, the ketone group was not able to conjugate with
the aromatic moiety. Finally, the hydroxyl group at C(14)
and at C(16) as well as the ketone group located at C(7)
could become potential acceptor sites of intermolecular bonds
with ZEN molecules. Furthermore, the molecular geometry
of ZEN in solution and in the solid state was essentially the
same.
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Table 2. Energy Values Obtained for Docking after Minimization with Insight Il Software of the ZEN Molecule (B Conformation) into the
Single-Helix of 5-(1,3)-b-Glucan Chain?

energy (kcal/mol)

f-(1,3)-p-glucans added to 1 x/(1,6)-p-glucans 3 xf3(1,6)-p-glucans 5 x/3(1,6)-p-glucans
B-(1,6)-p-glucan conformation @ @ @ @ @
complex energy —19.3 —19.4 —-21.1 —30.6 —13.0 —5.45
glucan energy +47.7 +53.6 +52.6 +47.0 +61.1 +69.7
ZEN energy —19.3 —20.3 —20.5 —20.7 —20.4 —20.5
docking energy:
van der Waals —36.6 —40.2 —40.2 —44.6 —42.4 —43.7
electrostatic —11.0 —12.5 —12.9 —12.3 —-11.3 —11.0
total —47.6 —52.7 —53.2 —56.9 —53.7 —54.7

aThe simple helix of 8-(1,3)-p-glucans is branched with one and three -p-glucopyranose units for the -(1,6)-p-glucan side chain in conformation @’
and @'; the single-helix of 8-(1,3)-p-glucan chain is branched with five -p-glucopyranose units of -(1,6)-p-glucan side chain in @' conformation.

In Silico Molecular Docking of ZEN inside the f-b-
Glucans Structure. The complete set of energy values
the 8-p-glucan energy, the ZEN energy, the complex energy,
and the docking energyare compiled in Table 2. Among
the numerous complexes, the selection cannot be made, ir
any case, on the assessment of a single energy value
whatever the complex energy, tifep-glucan energy, the
toxin energy, or the docking energy. None of these energy
values is pertinent enough in itself to constitute the ultimate
criterion of selection. Each complex must be compared to
its counterpart with its complete set of energies and only
after a careful examination of the whole set of values can
the selection become relevant.

Docking of the ZEN molecule inside thg-p-glucan
structure could be a two-step mechanism: (i) ZEN could be Resduen®
trapped inside the simple helix of tj#e(1,3)D-glucan chain;

(i) the branchegb-(1,6)-d-glucan chain could cover the toxin

molecule and maintain it inside the helix. In that sense, the
branched 3-(1,6)0-glucans could be considered as an
enlarged binding site expanding outside of the nfa{d,3)- Residue n°
D-glucan chain.

Several positions, testing the different orientations of the
toxin inside thes-(1,3)-b-glucan single-helix, were found
and gave energy values for A and B ZEN conformations
ranking from—22.9 to—44.2 and—22.9 to—47.6 kcal/mol, Figure 7. Co_mpt_]ter—generated views With_the Insight Il program of

. . . the energy-minimized structure of the docking of the most favorable
reSpeCt'VEIy- Thus, the B conformation, which has also beenconformation of ZEN (B) into the single-helix of 5-(1,3)-p-glucan chain.
found to be the native conformation of ZEf#3was more Arrows indicate hydrogen bonds involved in the interaction. Lines
stable than the A conformation inside thep-glucan helix. highlights the steric complementarity between ZEN and -(1,3)-p-
The lowest docking energy value obtaineed(7.6 kcal/mol) ~ 9'ucan geometry.
was divided into—36.6 kcal/mol of van der Waals interaction
and —11.0 kcal/mol of electrostatic contribution (Table 2). symmetry and proximity of th@-p-glucopyranose ring of
The latter value accounted for the occurrence of three to fourthe 1st and the 5th residue of thg1,3)-b-glucan helix and
hydrogen bonds during interaction, identified in Figure 7. the phenol moiety of ZEN giving a stacking effect with a
Considering both the position of the glucose units inside the high van der Waals energy value 6.6 kcal/mol).
helical structure of-(1,3)-glucan and the ZEN positioning, The branching of one to fivg-p-glucopyranose residues
there is high evidence for an hydrogen bond to occur betweento the 5-(1,3)-D-glucan helix decreased the energy values
the hydroxyl group located at C(6) of the G#kp-glucopy- and thus increased the stability of the interaction for both
ranose residue and the ketone group located at C(7) of the®’ and®@’ low-energy conformations gf-(1,6)- glucosidic
ZEN molecule. The hydroxyl group located at C(16) is linkage (Table 2). Thé€D' conformation appeared to have a
involved in an intramolecular stabilizing hydrogen bond with larger stabilizing effect than th€@' conformation after
the O-carbonyl atom located at C(1) of the ZEN molecule. addition of threef-p-glucopyranose residues, exhibiting
The O-carbonyl could also be implicated in an intermolecular energy values 0f-56.9 and—53.7 kcal/mol, respectively,
bond with the hydroxyl group located at C(2) of the Bro- while no significant difference betweéd’ and®@’ confor-
glucopyranose residue. Furthermore, a stabilizing effect duemations was noted after the addition of only ofieo-
to the electronic interaction was revealed by the geometrical glucopyranose unit. However, it is noteworthy to mention

Residue n*1

Residue n°3

Residue n*4

Residue n°5

P
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Figure 8. Computer-generated views with the Insight Il program of the energy-minimized structure of the docking of the most favorable
conformation of ZEN (B) into the single-helix of 5-(1,3)-p-glucan chain branched with three -p-glucopyranose moieties of 3-(1,6)-p-glucan side
chain, respectively in @ and @' conformations.

that only the®' conformation was able to lead to the that the branching of fivgs-p-glucopyranose residues in
branching of a five residues-(1,6)-0-glucan chain, when  conformation®@' could lead to the formation of helical
the @' conformation, elongated also to a five residues structure of thes-(1,6)-0-glucan side chain, which could in
B-(1,6)-chain, induced important steric clashes with the turn be stabilized by the involvement of a hydrogen bond
B-(1,3)D-glucan helix. The addition of five residues also between both hydroxyls located at C(4) of the 4th residue
improved the stability of the complex, decreasing the energy of 3-(1,6)-0-glucans and thg-(1,3)-b-glucan chain (Figure
value from —53.7 to —54.7 kcal/mol. Furthermore, we 9). These results could explain the tremendous stability of
observed that there was no significant change in electrostaticche complex with the formation of an encaging site of
energy during addition g8-p-glucopyranose residues to the interaction for the ZEN molecule.

p-(1,6)p-glucan chain and that only the van der Waals Interestingly, these calculations, using molecular mechan-
energy was decreased. In this respect, the addition of theics technics, strongly evidenced the geometrical, the elec-
p-(1,6)0-glucan side chain did not induce hydrogen bond trostatic and the hydrophobic complementarities between the
formation but was preferentially involved in hydrophobic j-p-glucans, branched or not, and the ZEN toxin. Previous
interactions with the ZEN molecule. These interactions could macromolecular in vitro experimentd®2°and NMR experi-
probably involve symmetrical geometries between the ments established that environmental conditions such as pH
glucopyranose ring and the macrocycle of ZEN, as shown and nature of the solvent can decrease the stability of the
in Figure 8. The®’ conformation exhibited intermolecular geometry of -p-glucans, and induce low abilities of
hydrogen bond network involving the hydroxyl group located complex-forming toward ZEN. It appeared that the single
at C(14) of the ZEN molecule and the hydroxyl group located helical conformation played the major role in the complex-
at C(2) of ap-p-glucopyranose unit. Either the hydroxyl ation process. Although the triple helical conformation has
group located at C(16) involved an intramolecular stabilizing not yet been tested, we could reasonably hypothesize that
bond with the O-carbonyl atom located at C(1) of the ZEN the triple helix will not evidence inner helix space, large
molecule or/and the latter is involved in an intermolecular enough to fill with any other molecule than water molecules.
bond with the hydroxyl group located at C(6) of/ap- Since the single-helix complexes the ZEN deeply inside its
glucopyranose residue. Th@' conformation exhibited helix, an internal complex between the triple helix and the
intermolecular hydrogen bonding involving the ketone group ZEN is thus highly hypothetical. In this respect, triple helical
located at C(7) of the ZEN molecule and the hydroxyl group structure would only display surface adsorptive properties
located at C(6) of g-p-glucopyranose unit. The hydroxyl toward ZEN, which might be less stable in relation to
group located at C(16) involved the previously indicated environmental changes. As explained before, the complex-
intramolecular bond and the O-carbonyl atom located at C(1) ation integrated a cooperative behavior between the amounts
involved in an intermolecular bond with the hydroxyl group of ZEN initially added in the medium versus the amount
located at C(6) of #-p-glucopyranose residue. It was noted bound by f-p-glucans. Furthermore, the measurement of
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Figure 9. Computer-generated views with the Insight Il program of the energy-minimized structure of the docking of the most favorable
conformation of ZEN (B) into the single-helix of -(1,3)-p-glucan chain branched with five 5-p-glucopyranose moieties of 5-(1,6)-p-glucan side

chain, @' conformation.

slight variations in the energy of thg-p-glucan chain
considered alone could implicate structural modifications on
fB-D-glucans by opening or hiding other anchoring sites for
ZEN. However, docking trials of two ZEN molecules inside

f-p-glucan chains have specific and quantitative affinity for

ZEN and could largely contribute to prove the reliability of
these adsorbents in the fight against mycotoxins.

However, in vivo application off-p-glucans as feed

the 5-(1,3)D-glucan helix did not demonstrate any synergy additives would require the use of insoluble yeast cell wall
or interference influence in the setting up of the interaction g-p-glucans, which are not adsorbed in the digestive tract.
due to their synchronized arrival or due to the arrival of a The physical and chemical properties of yeast matter and
second ZEN molecule on @-(1,3)D-glucan helix, which  yeast cell wall can be controlled through the conditions in
had already interacted with a first ZEN molecule. The energy use for biomass production. Also, the treatment and extrac-
value of the complex was equal t45 kcal/mol for both  tion processes used to prepare the cell wall material are of
cases. Thus, our results did not elucidate the cooperativemajor importance for the quality and properties b-
nature of the complexation phenomenon, which might glucans. Adsorption abilities are greatly increased by the
implicate the complexity of thg-b-glucan network ata more  highly complex spatial organization of yeast cell wall due
macromolecular level. Furthermoy&(1,6)-0-glucans, which  to the involvement of very densely organized structures. Also,
are generally present in low amounts in yeast cell wall, could g-p-glucans from yeast cell wall must remain nondegraded
account for high amounts in some mutants. If branched in the digestive tract of animals. This is why a complex
chains of thesg-(1,6)-0-glucans increased in length, they structure of the organic adsorbent is recommended for in

could form helical chains with much higher flexibility than
B-(1,3)D-glucans, as evidenced in molecular modeling.
f-(1,6)D-glucans could then increase their complexation

Vivo use.
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Conclusions

Merged with previous work?1320 this study clearly
elucidates the major role played by the single helical
conformation off3-(1,3)b-glucans toward ZEN complex-

ation. Beyond extraordinary steric complementarities, stable

intermolecular hydrogen bonds are created which involved
the hydroxyl and ketone groups of the ZEN molecule plus
the hydroxyl groups located at C(4), C(6) and, to a lesser
extent, at C(2) hydroxyl group of thg-(1,3)-glucan
molecule. Interestingly, the significant implication of a

stacking effect has been characterized between the phenyl

moiety of ZEN and two oppositg-D-glucopyranose residues
of the single-helix of3-(1,3)D-glucans through geometrical
symmetry between the two molecules. In addition, the
increasing length gf-(1,6)-D-glucan side chains seemed to
exhibit stabilizing effects by enhancing the van der Waals
interactions with ZEN. These theoretical findings were in
full agreement with the structural parameters found either
for ZEN'*®22andf-p-glucans in natural conditiort&17-2*As

far as we know, this is the first study that elucidates how
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