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Flavonoids arc a broad class of low molecular weight,
sccondary plant phenolics characierized by the [lavan
nucleus. The family includes flavanols, flavanones, antho-
cvarmdines, (lavones, and [lavonols. Most of the beneficial
clfeets of Mavonoids are attributed 1o their antioxidant
abilitics.! The Navonoids contain a number of phenolic
hydroxy] groups altached to ring structures, conferring the
antioxidant activity. Among these flavonoid families, flavonols
arc found in almost cvery plant.” The most commonly
occurring flavonols are those with dihydroxylation in the 3
and 4' positions ol B ring and the preferred glyeosylation site
on the Navonoids is the 3 position. It has been reported that
the hydroxyl group at position 3 1s required (or the maximal
radical seavenging activity of (lavonols.” Quercetin is a
representative  (lavonol with  high  antioxidant activity.*
Therelore, we focused on the conlormation of quercetin and
quercetin-3-monoglycoside 1o investigate the clfect of
glycosylation of quercetin on their antioxidant activity.

Structure-antioxidant activity relationships of flavonoids
have been extensively reported.’ Generally, antioxidant activity
depends on the number and positions of hydroxyl groups
and other substituents, and  glycosylation of  Tavonoid
molecules. Glucose is the most usual sugar residue but
others include galactose and rhamnose.® Aside from other
lactors which can aflfcel the aclivity, it is generally known
that glycosylation ol flavonoids diminishes their antioxidant
activity when compared o the cormesponding aglycones,
perhaps since this reduces the number of free hydroxyl
groups and alse the linkage of sugar may hinder aceess off
the free radical scavengers o (he radical center.”

As mentioned above, there are several and complicated
lactors which alteet the antioxidant activity ol {lavonol.
Conjugation between the A- and B-rings permits a reson-
ance cflect of the aromatic nucleus that lends stability Lo the
flavonoid radical.” van Acker ef al suggested that the
removal of the 3 hydroxyl group or other substituents
interfere with the coplanarity of the B-ring with the rest ol
the (Tavonoid and the ability Lo delocalize clectrons. They
caleulated the geomelry using quantum chemical calculation
which cannot include the solvent clieets and shows only
optinuized conlormation. The Navonols are conlformationally

flexible and their conformations are influenced by the inter-
molceular environment.” Thus, a range ol totsion angle of
backbone can be observed for the same (lavonol in different
cnvironments. Therefore, we pursue the trajectorics during
the molecular dynamics simulations in aqucous enviromment
and investigate the coplanarity of quercetin’s backbone and
conformations in order o nd out the relationship between
the conformation and antioxidant activity.

It 15 dilficult to compare the antoxidant actvitics of
flavonols between the results of one author and others
because of dillerent experimental condition, methods, and
skill. Therelore, we sclected one reference which use two
dilTerent methods and obtained similar results. Six (lavonols
are investigated by molecular dynamic simulations and their
chemical structures and abbreviations are shown in Figure 1.
Quercetin aglycone has the most potent antioxidant activity
in flavonol aglyconces. The structure of quercetin was cluci-
dated by crystal and molecular modeling.'” The exocyclic B
ring ol quercelin exists in an almost planar conformation
with respeet (o the rest of the molecule. Quercetin not only
has 3-hydroxyl group m the C-ring and 3"4'-dihydroxy
groups in the B-ring, but also possess the 2,3-double bond in
conjugation with 4-oxo (unction in the C-ring {Figure 1),
which arc the essential structural clements lor potent radical

R=N R'=0OH R"=11 QLE
R — B-D-glucoside R'-OH R"—-H Q3G
R — B-D-galactoside R'-OH R"—H Q3L
R — ¢-L-thamnoside R'-0OH R"—-H Q3R
R-CH; R-0OH R'-H Q3M
R=H R'=H R"=0H MOR

Figure 1. The basic chemical structure of flavonels investigated.
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Table 1. The structures and antioxidant activities of tlavonols

Notes

Deviation trom coplanarity Antioxidant activity

Flavonols Hydroxyl substituents ("ye (mM)*
Quercetin (QUT) 3.5,7,3'.4-0I1 1.2 442
Quercetin-3-glucoside (Q3G) 5.7,3"4'-0Ol 221 2.39
Quercetin-3-galactoside (Q31.) 5.7,3"4'-0Ol 25.0 -
Quercetin-3-rhamnoside (Q3R) 5.7.3'4'-0Ol 275 2.18
Quercetin-3-methyl cther (Q3M) 5.7,3'4'-0Ol 69.5 N
Morin (MOR) 3.5,7.2 4011 34.] 2.68

“Teviated average torsion angle from coplanarity (0%, 180°, or —180%) o C3-C2-C1-C2L 'TEAC {Trolox equivalent antioxidant capacity) from Ref. 4.

scavenging activitics of the flavonols, The planar confor-
mation means that quercetin is completely conjugated. The
planarity can be deseribed as the deviation from 07, 180°, or
-180" torsion angle of conjugated bond (C3-C2-C1'-C2)
between B-ring and AC-ring, Morin is included in these
simulations because of a very similar fTavonol o querceetin,

which has no other substituents and the same number of

hydroxyl group (with different position in 13 ring).

Table 1 shows the average coplanarity in MDD simulations
of flavonol and their antioxidant activitics, Quercclin has
coplanarity and its deviation value from planarity is 1.2°,
Howcever, quercetin-3-monoglycosides are not the planar
structure and their deviation rom coplanarity is above 20°,
The antioxidant activitics of these glycosyl substituted
quercetin deercase aboul the half” ol quercetin aglycone’s
one¢. Morin shows further deviation form planarity {34.19) in
aqucous MDD simulations. Tn crystal structure o morin
grown [rom an aqucous methanol solution, there are two
malecular conformations and the deviation from planarity 1s
43.4° and 51.0°.” Although morin docsn’t have the glycosyl
substituent and contains an intact 3-hydroxyl group in the C-
ring, ils antioxidanl activity is only similar to quercetin-3-
monoglycoside, These results show that the rupture of
coplanarity and overall conjugation is a decisive laclor in the
antioxidant activity of flavonol. Morin keeps a stable
hydrogen bond between 3- and 2'-hydroxyl groups during
the entire simulation time, which cause the steric hindrance
between the hydroxyl groups. These result in the twisted
ring conformation, which might be a major factor for
reducing antioxidant activity in spite of the similar structure
with quercetin aglycone.

In the case of quercetin-3-monoglycosides, the bulky
monoglycoside moieties cause the loss of coplanarity of ring
B with AC ring. To observe the effect of bulky moiety,
quercetin-3-methyl ether ((Q3M} which contains a small and
no hydroxyl group subustivent is also investigated. Q3M
shows the angle between B ring and AC ring planes is 69.5°
and the standard deviation the angle is higher than that of
quercetin-3-monoglycoside, 20° and about 107, respectively.
These mean that the bulky monoglycoside moieties not only
cause the loss of coplanarity of ring B with AC ring but also
held these structures to avoid further distortion. Although
the methoxy moiety also causes the distortion by steric
hindrance, this small moiety doesn’t tightly interact with B
ring. Figure 2 show the change of torsion angle change (C'3-
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Figure 2. The change of torsion angle {C3-C2-C1-C2 of Q3R (A)
and Q3M (13) during the MDD simulations.

C2-C1'-C2") of Q3R and Q3M during the MD simulations.
Q3R shows the restricted backbone structure with some
twisted angle but the structure of Q3M's backbone cover
overall conformation except coplanar structure. Wang et al.
investigated the antioxidant activities of phenolics including
Q3M and QUE by using DPPH (1,1-diphenyl-2-picryl-
dydarazyl) radical scavenging assay."" Although Q3M was
required 2.3 times of QUE for 50% reduction of the same
concentration of DPPH radical,' Q3R only needs half of
Trolox for equivalent antioxidant potential of the same
concentration of QUE (Table 1). In the rough comparison
between different assay results, Q3M shows lower antioxi-
dant activity than Q3R., which is another support about the
relationship between deviation from coplanarity and anti-
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Figure 3. Representative Conformations of Q3G (left) and Q3R
(right) in molccular dynamic simulations, Solvent accessible
surface arca of these quercetin-3-monoglycosides was represented
as a dotted picture. All hydrogen atoms have been omitted for
clarity.

oxidant activity.

The twisted conformations night be caused by the inter-
action of glycosyl moicly with backbone ring, Different
glycosyl residues show the differenmt antioxidant activitics
and conformations, The distance and angle of the center of
geometry or the best fit plane between 6 ring atoms in B ring
and in glycosyl moicly were caleulated. Q3R shows smaller
distance and angle than that of other quercetin-3-mono-
alycoside. The distance and angle are 4,9 A and 29° in Q3R
and 5.6 A and about 76° in other quercetin-3-monoglycoside
(Q3G and Q3R). TFigure 3 show the representative confor-
mations o Q3G and Q3R in MD simulations, Rhamnose of
Q3R is a a-L-sugar which interacls with B ring like as
stacking inlcraction and the deviation of Q3R’s BB ring is
higher than that of #D-sugar substitutent {Q3G and Q3R).
The higher deviation angle is the Tower antioxidant activity
in quercetin-3-monoglycoside (Table 1),

We investigate the conformations of quercetin and quer-
cetin substituents by molecular dynamic simulations in
aqueous cnvironment, OQther previous quantum chemical
studies caleulated the optimized conformation without solvent
despite the Mexibility of flavonoids.*” In the molecular
dynamics simulations, the conformations of flavonols are
fluctuated and changed. Therefore, the average values of
different conformations in the ensemble from MD simulations
were used for the conformational analysis. Quercetin’s
planar structure results from the increased conjugation.™”
However, the glycosylations of quercetin aglycone at 3-
hydroxyl position cause the distorted conformation of
flavonol backbone and their antioxidant activity is decreased
as a function of the degree of distortion. Although the
glycosyl moieties cause the distorted conformation, these
bulky groups hold B ring and prevent further free rotation
(distortion). In conclusion, the coplanarity of flavonol back-
boene can be an important factor to access the conformation-
activity relationship. The series of the conformational ana-
lysis of other flavonoids are needed to obtain the detailed
relationship with their antioxidant activities. These results
will give us useful information for antioxidant drug design.

Experimental Scetion

The molecular models of flavonols were built with the

Ruil. Korean Chem. Soc. 2006, Vol . 27, No. 2 327

InsightTl/Biopolymer program {version 2000, Accelrys Inc.
San Dicgo, USA). Molceular dynamics simulations were
carricd oul with the AMBERSY softwarc to cxplore the
conformational preferences of flavonol. MDD simulations
were based on the GAFT,' whosce parameters cover most of
the organic chemistry space. The initial coordinates of flavonols
were  delermined  using simulated  anncaling moleeular
dynamics (SA-MD) and lowest encrgy conformations were
used for molecular dynamics simulations,'™ In SA-MD
simulations, the temperature was altermated between 200 and
%00 K 100 ¢ycles. The total time for the SA-MD simulation
was 10 ns. Structurcs were saved and  fully encrgy-
minimized at the end of cach cycle, and the lowest-energy
conformation among the 100 structures was sclected for the
initial structure of MD simulations in water.

Flavonols are solvated in a reclangular box of pre-
cquilibrated TIP3P'® waler molceules which extended 9 A x
9 A x 9 A further than the flavonols atoms, The resulting
system was then minimized using steepest deseent and
conjugated gradicnt minimization for 3500 cycles, MD
simulations were performed and the long-range clectrostatic
interactions were treated via the particle-mesh Ewald (PMT)
method.!” The diclectric constant was set o 1 All MD
simulations were performed using periodic boundary condi-
tions in the NPT ¢nsemble at constant pressure {1 atm) and
at temperatures maintained at 300 K by coupling the system
to a thermal bath with Berendsen’s algorithm,'™ The integ-
ration time step was sct 1o 2 15, and the X-H streiching
modes were frozen with the SHAKT algorithm,” Afier
minimization, the system was heated under constant-volume
conditions to 300 K over 100 ps. This first step was followed
by 4 200 ps cquilibration at constant pressure. Starting [rom
the equilibrated system, 5 ns production dynamics was carri-
cd out in the NPT emscmble. All the dynamic simulations
and final MDY trajectories were processed using a computa-
tional Gnd Syslc1n,3“ called MGrid (hup://www.mgrid.orkr),
o process a large number off MM calculations simultane-
ously.
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