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The regioselective behaviour of the Candida antarctica lipase B (CALB) towards two flavonoid glycosides,
rutin and isoquercitrin, in the acetylation reaction was investigated through molecular modelling. A pro-
tocol constituted by a Monte Carlo-based docking procedure and classical force fields calculations was
applied to find probable binding modes of the substrates inside the catalytic cavity and optimize the cor-
responding complexes. The analysis of these complexes allowed identifying productive ones (that means,
those able to lead to the formation of the ester product) according to three parameters: (1) protein dis-
tortion; (2) stability of hydrogen bond interactions with the oxyanion hole residues; (3) localization of
hydroxyl groups with regard to the region comprised between the catalytic histidine and serine residues.
Results showed that the aglycon part of both rutin and isoquercitrin was localized at the entrance of
the binding pocket, stabilized by hydrogen bond and hydrophobic interactions. The sugar part of the
flavonoids was placed close to the pocket bottom. In particular, only the primary 6”-OH of the isoquercitrin
glucose and the secondary 4”-OH of the rutin rhamnose were expected to be acetylated, as they were the
only ones to stabilize simultaneously near to the catalytic histidine and the acetate bound to the catalytic
serine. These findings are in accordance with experimental data and give a suitable explanation, at an

atomic level, of the regioselectivity of CALB in the flavonoid glycosides acetylation.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Flavonoids are a broad class of low-molecular weight polyphe-
nols, produced as secondary metabolites by the greater part of
vegetal species. Chemically, they are benzo-y-pyrone derivatives,
with a phenyl-type substituent on the C2 or C3 position. Fre-
quently, but not obligatory, they are found in nature covalently
attached to a glycoside part. These compounds exhibit a wide
range of biological, pharmacological and medicinal properties, such
as anti-oxidant, anti-allergenic, anti-viral and cancer preventive
effects, making them very attractive for use as functional ingredi-
ent in cosmetic, pharmaceutical and food products [1,2]. However,
most of them present a poor solubility in both polar and non-
polar media [3], which strongly restricts their incorporation in
many formulations. A solution to improve the hydrophobic nature
(lipophilization) of flavonoids consists in their acylation [4], which
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can be accomplished by chemical or enzymatic processes. With
the chemical acylation, many of the hydroxyl groups present on
the flavan skeleton and on the sugar moieties can be esterified [5],
which can lead to the acylation of some phenol groups that are
directly implicated in the beneficial properties of these molecules
[6].

On the contrary, using enzymes, such as lipases, only a single or
a few hydroxyl groups were reported to be esterified [ 7]. In this case
the number and position of the reactive hydroxyls depend on the
structures of both the flavonoid and the lipase. With Candida antarc-
tica lipase B (CALB, EC 3.1.1.3), the most frequently used enzyme
to perform esterification reactions in non-aqueous media [4], the
diglycosylated flavonoid rutin (quercetin-3-O-glucose-rhamnose,
Fig. 1), which carries 10 hydroxyl groups, was found to be acylated
only on the secondary 4””-OH of rhamnose. This strict regioselec-
tivity was reported for a wide range of acyl donors, such as fatty
acids with different chain length and their vinyl or ethyl derivatives
[8-11]. When CALB was used for the acylation of the monoglycosy-
lated flavonoid isoquercitrin (quercetin-3-0-glucose, Fig. 1), which
exhibits eight hydroxyl groups, it is the primary 6”-OH of the glu-
cose moiety that was esterified. With vinyl acetate as the acyl donor,
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Fig. 1. Chemical structures of (a) isoquercitrin and (b) rutin, with the systematic numbering of carbon atoms and nomenclature of aglycon rings.

the obtained isoquercitrin-6"-acetate could be further esterified to
produce isoquercitrin-3”,6”-diacetate [12]. With other acyl donors,
the formation of isoquercitrin-6”-monoester as the sole product
has been reported [13-15]. In these studies no explanation on a
molecular level was provided to the observed regioselectivity of
the CALB-catalyzed acylation of either rutin or isoquercitrin.

Recently, computer-based modelling methodology has been
increasingly used to understand the mechanism and selectivity
of enzyme-catalyzed reactions and to suggest how to change the
selectivity of these reactions by modification of the enzyme or the
substrate structure [16,17]. With lipases, many studies address the
use of molecular modelling tools to furnish a rational explanation
for their enantioselectivity towards a large set of chiral substrates,
in both hydrolysis and esterification reactions [18-23]. Also, some
works deal with the regioselectivity of lipase-catalyzed acylation
of poly-hydroxylated compounds, such as resorcinarenes [24], gly-
cosides [25-27] and prostaglandins [28]. To our knowledge, there
is no published work on the application of computer-based mod-
elling to describe the molecular interactions involved in flavonoids
recognition by lipases. Thus, the present study aims to provide
a molecular-level explanation for the observed regioselectivity
of CALB towards the 6”-OH and 4”-OH groups of isoquercitrin
and rutin, respectively. A combined docking, molecular mechan-
ics and molecular dynamics approach was used to study the
positions, the orientations, the interactions of these two com-
pounds in the active site of CALB and the accessibility of their
hydroxyl groups to the catalytic residues. All these factors are
important to determine if a given substrate binding mode is pro-
ductive or not, thus allowing to elucidate the regioselectivity in the
reaction.

2. Methodology

All simulations were carried out on a bi-processor AMD Dual
Core 280 2.4GHz. Molecular mechanics and molecular dynam-
ics calculations and docking simulations were performed with
CHARMmM force field [29], adopting a 12A non-bound spherical
cut-off, using the program-package Discovery Studio version 1.7
(Accelrys Inc.). In molecular dynamics calculations, the isothermal-
isochoric ensemble (NVT) was used, under periodic boundary
conditions (PBC). A time step of 1fs and the Verlet-Leapfrog
algorithm were systematically applied for the integration of the
equations of motion. Connolly surfaces [30] were calculated using
Insight II LS (Accelrys Inc.). The study comprises of the follow-
ing steps: preparation of starting structures; modelling of the
acetyl-enzyme (docking target); docking of the flavonoid substrate
and subsequent scoring of generated poses; optimization and struc-
tural analysis of the best-scored poses; verification of the reliability
of the final models.

2.1. Target preparation

The CALB crystal structure was taken from the Protein Data Bank
(PDB entry: 1LBS; resolution: 2.60A) [31]. The complex has six
chains per unit cell of dimensions a=229.5A, b=95.6 A, c=86.8A;
o= fB=y=90.0°. Each chain system is composed of 317 amino acids,
one ethyl-hexylphosphonate inhibitor (HEE) covalently attached
to the Ser105 residue, a dimer of N-acetyl-glucosamine covalently
bound to the Asn74 residue and 92 adsorbed water molecules.
Only one protein chain and its water molecules were kept and
used as initial atomic coordinates set for the simulations; the oth-
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Fig. 2. The reaction mechanism of the CALB-catalyzed acylation of a flavonoid, evidencing the two tetrahedral intermediates and the acyl-enzyme complex. In this study,
the acyl donor substrate is vinyl acetate, F-OH is the flavonoid to be acetylated (docked ligand) and the docking target is the acetyl-CALB.

ers were erased. The inhibitor and the two N-acetyl-glucosamines
were also removed. All hydrogen atoms were added in their the-
oretical positions. The catalytic residues Asp187 and His224 were
assigned as deprotonated. Next, this new system was resolvated
with 6145 water molecules in a box with previous optimized
dimensionsofa=64A,b=59A,c=63A; a=8=y=90.0°. Astructure
relaxation procedure was executed. In this procedure, constraints
and restraints were added then progressively removed [32], in
order to preserve the crystalline organization of protein atoms: (a)
only protein hydrogen atoms and water molecules were allowed
to move, keeping all other heavy atoms fixed, in order to elimi-
nate initial strains; (b) the protein backbone was kept fixed and
harmonic restraints were imposed on the protein side chains; (c)
harmonic restraints were applied only on the protein backbone,
allowing the side chains free to move; (d) finally, the whole system
was minimized without any constraints. The first step was done
by performing 1000 Steepest Descent iterations. The steps (b)-(d)
were performed using the Conjugate Gradient method until the
root mean square deviation (rmsd) gradient fell below 0.01, 0.001
and 0.0001 kcal mol—! A-1, respectively. In order to equilibrate the
optimized system, a standard dynamic trajectory was carried out
at 300K, for 1 ns. The protein structure in the last frame was taken
for subsequent modelling steps.

The binding pocket of CALB consists of an elliptical and steep fun-
nel whose walls predominantly constitute by hydrophobic aliphatic
amino acid residues [42]. The catalytic machinery is located at the
bottom of the pocket, a more hydrophilic region, and constitutes by
the triad Ser105. . .His224. . .Asp187 [31]. The well-known reaction
mechanism is based on the acylation and deacylation of the Ser105
residue and involves two tetrahedral intermediates (Fig. 2). The first
one results from the nucleophilic attack of the catalytic serine on
the acylating substrate and originates the acyl-enzyme complex.
The second tetrahedral intermediate derives from the nucleophilic
attack of the acyl acceptor substrate on the acyl-enzyme and leads
to the release of the ester product [31,42]. Therefore, the Ser105
side chain hydroxyl was replaced by acetate in order to mimic
the acyl-enzyme complex [24,27]. To allow the adjustment of the
acetate, further 1000 steps of Conjugate Gradient energy minimiza-
tion were performed with a fix constraint applied to the protein

backbone. This optimized acetyl-CALB complex was taken as target
in the docking procedure.

2.2. Docking and scoring

Isoquercitrin and rutin were non-covalently docked against the
acetyl-CALB. This approach allows exploring all the different ori-
entations of one ligand within the catalytic pocket in one single
simulation, contrarily to another approach which consists in dock-
ing the ligands covalently attached to the acyl-enzyme, mimicking
the second tetrahedral intermediate. In this case, all the potentially
reacting functions must be separately modelled. Docking simu-
lations were performed with LigandFit [33], which combines a
shape comparison filter with a Monte Carlo conformational search
algorithm. Moreover, LigandFit owns an internal scoring function
(DOCKSCORE) that estimates iteratively the interaction energy (E)
between each docked pose and the receptor, taken as the sum of van
der Waals and electrostatic energies, represented in the equation
below:

£\ 9 %\ 6
i T 332.0716 qiq;j

where ¢ is the dielectric constant, and (r}" is the van der Waals radius
and ¢; is the energy parameter of the ith ligand atom, while rJf‘ and
&;j are similarly parameters for the jth protein atom). The distance
between the i-th ligand atom and the jth protein atom is repre-
sented by r;; and their respective charges (in atomic units) are g;
and g;. Thus, in addition to the geometric fit, the docking procedure
assures to keep only the ligand poses having favourable energy of
interaction with the protein. For each substrate 15,000 Monte Carlo
trials were performed and only the 50 most favourable poses were
retained. Docked poses were scored by six different scoring func-
tions: LigScore 1 and 2 [34], PLP 1 and 2 [35], PMF [36] and Jain [37],
followed by a consensus scoring. In fact, the consensus combines
data obtained from different scores to compensate for inaccuracy
from individual scoring functions and has been demonstrated to
improve the probability of finding correct solutions [38]. The three
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Fig. 3. Scheme of structural requirements that flavonoid hydroxyl groups must satisfy in the models in order to be considered as reactive.

best-scored poses according to the consensus scoring were selected
and the corresponding complexes were optimized and further ana-
lyzed.

2.3. Post-docking optimization

The docking/scoring procedure of LigandFit is based on both
shape fitting and energetic stability of the protein-ligand sys-
tem, guaranteeing that only viable complexes are saved [33].
As this docking algorithm treats the protein as a rigid body,
enzyme-substrate complexes were submitted to a careful post-
docking optimization, in order to take into account a potential
induced fit effect; that means, little displacements in the protein
structure due to the presence of the ligand [39]. In the selected com-
plexes, the acetate oxygen was orientated to the oxyanion hole, so
that it can form hydrogen bonds interactions with the oxyanion hole
residues (Thr40 and GIn106), mimicking the oxyanion orientation
in the second tetrahedral intermediate [19]. Then three consecu-
tive energy minimizations were performed: (a) a fix constraint was
applied on the protein backbone and all the remaining parts of the
systems were tethered with a harmonic restraint; (b) the protein
backbone was kept fix, the side chains were kept tethered and the
docked ligand was free to move; (c) only the backbone was kept fix,
with side chains and the ligands free to move. The Conjugate Gra-
dient algorithm was used in the three steps, with root mean square
deviation (rmsd) gradients of 0.01,0.001 and 0.0001 kcal mol~! A-1,
respectively.

2.4. Analysis of the optimized complexes

In this step, in order to determine if optimized complexes cor-
responded to productive binding modes, they were analyzed by
combining three criteria (Fig. 3) used in previous studies dealing
with molecular modelling of lipases:

The first criterion is the rmsd between the protein structure in
the complex and its initial crystal structure. Even though some
enzymes may undergo relatively large conformational changes
upon the binding of substrates (induced fit effect), characterized
by rmsd values up to 6 A [39], we chose a rmsd value around 3 A for
CALB as the limit between reactive and unreactive complexes, as
found by Vallikivi et al. [28] for prostaglandins acetylation.

The second one is that complexes must conserve at least
two of the three hydrogen bonds between the acetate oxygen
(namely Ace:0) and the oxyanion hole residuesThr40 and GIn106,
postulated to stabilize the oxyanion in the second tetrahedral inter-
mediate [31].

The third one is the distance between the flavonoid hydroxyl
group and the acetate sp? carbon (namely Ace:C) and the Ne atom
of His224 (namely His224:Ne). We assumed that, in order to be
considered as reactive, a hydroxyl group must be simultaneously
placed at 4 A maximum from the Ace:C and His224:Ne atoms, as
stated by Palloci et al. [27] for acetylation of trytilated glycosides
catalyzed by Candida rugosa lipase.

The breach of any of these conditions would be indicative that
the complex is not able to lead to the formation of the second
tetrahedral intermediate; that means, the binding mode is non-
productive.

2.5. Molecular dynamics simulations on the productive complexes

After the identification of the productive binding modes, fur-
ther 100ps MD trajectory was executed on the corresponding
complexes, maintaining the backbone fix, in order to evaluate the
dynamics of the docked substrates. In particular, the stability of
the essential hydrogen bond interactions and the critical distances
for reactivity were verified. The trajectories were divided in 5 ps of
heating from 50 to 300K, 5 ps of equilibration at 300K and 90 ps
of production at 300 K. Frames were registered every 500 fs. Only
production phases were considered for analysis.

3. Results
3.1. Target preparation and analysis

Prior to docking simulations, the CALB structure was submit-
ted to a careful structure relaxation protocol [32] to optimize the
system without harming the disposition of the atoms from the
crystal structure. In order to monitor eventual distortions in the
lipase structure in the procedure, the root mean square deviation
(rmsd) was computed all along the equilibration step (MD trajec-
tory of 1ns at 300K), considering the superimposition of all the
heavy atoms. The relaxation procedure was performed in pres-
ence of explicit water molecules, rather than to choose a particular
solvent. This decision was based on two arguments: first, even
though an enzymatic reaction is carried out in organic media, the
presence of a certain amount of water molecules in the reaction
medium contributes to the structural integrity of the enzyme and
thus to its optimal activity [40]. Secondly, Trodler and Pleiss [41]
showed, using molecular dynamics simulations with explicit sol-
vent molecules, that CALB is a little more flexible in water than in
organic solvents. In that way, if CALB structure is well conserved
after the simulations in water, it is reasonable to assume that it
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Fig.4. Ribbons showing CALB crystal structure superimposed to its structure after the modelling procedure complexed with (a) isoquercitrin and (b) rutin. Docked flavonoids
are represented in sticks. The crystal structure is colored in gray in both cases; that after the modelling procedure is colored in green in (a) and in violet in (b). Main chain
differences are found in the sequences: (A) Cys311-Gly313, corresponding to the loop between the sheets 38 and (39; (B) Val190-Pro192, contained in the loop that connects
the sheets 36 and B7; (C) Asn259-Pro262, contained in the loop that connects the helices &9 and «10; (D) Asn85-11e87, contained in the helix a3; (E) Thr158-Ala162, contained
in the loop between the helices a6 and «7. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

should be also preserved in organic solvents. The rmsd values (all
heavy atoms) were stabilized at about 1.1 A, after approximately
600 ps of equilibration. This result indicates a high-structural con-
servation, evidencing a successful relaxation procedure. Then,
starting from the relaxed CALB structure, the acetyl-enzyme inter-
mediate was manually built and optimized. When superimposing
it on the relaxed CALB structure, no structural changes were
observed, as reflected by the negligible rmsd value (all protein
heavy atoms). Moreover, the hydrogen bond interaction between
the side chains of Asp187 and His224 was maintained and the
distance between the Ser105:0y and His224:Ne atoms remained
at 3.2A. This indicates that the initial disposition of the catalytic
triad residues was not damaged. Therefore, this acetyl-CALB struc-
ture was taken as target for the docking of the two flavonoid
substrates.

3.2. Docking results

In the case of isoquercitrin the 50 complexes presented the
substrate in two orientations: the sugar part or the aglycon part
(ring A) orientated towards the enzyme core. In the case of rutin,
all the retained complexes presented the substrate with its sugar
part orientated towards the interior of the cavity, with only small
conformational differences among them. For both flavonoids, the
three best-scored complexes, according to the consensus scoring,
were representative of these trends and thus were optimized and
analyzed in order to determine if they corresponded to productive
binding modes or not, according to three criteria: protein distor-
tion; content of essential interactions between the acetate and the
oxyanion hole residues; proximity of the hydroxyl groups to the
His224:Ne and Ace:C atoms.

Although some protein conformational rearrangements may
be needed for a better ligand affinity, if the protein distortion is
too high the orientation of some essential residues may be dis-
turbed, leading to a loss of activity. Vallikivi et al. [28] showed
that, in complexes between CALB and prostaglandins (also poly-
hydroxylated compounds), rmsd values higher than 3.0A were
experimentally well correlated with unreactive enzyme-substrate
complexes. Therefore, we also adopted the maximal value of 3.0A

as a first criterion for a productive complex. In our case, for all
the retained CALB-flavonoid complexes, the superimposition of the
CALB backbone to the protein crystal structure showed only minor
displacements (rmsd values about 0.9 A). Minimal chain distortions
were found mainly in loop regions, which are usually the more
mobile regions in proteins [43]. Sequences presenting some distor-
tion due to the simulations are specified in Fig. 4. When all heavy
atoms were superimposed, rmsd values went up to about 3.0 A, as
side chains were free to move in the last step of the optimization
procedure. In spite of this, the cavity shape and the general visual
appearance of the protein structure were not substantially altered.

To achieve the reaction, the Ace:O atom must form hydrogen
bonds interactions in the oxyanion hole, with the backbone ~NH of
the residues Thr40 and GIn106 and the side chain -OH of Thr40.
In fact, these hydrogen bonds enhance the partial positive charge
on the Ace:C, enabling the nucleophilic attack of the acyl acceptor
substrate. Therefore, as previously mentioned, another criterion to
consider a complex as productive was that at least two of these
three hydrogen bonds must be conserved after the post-docking
optimization. Hydrogen bond distances and angles values are given
in Table 1.

Another imperative criterion that a complex must obey in order
to be considered as productive is the proximity of at least one
flavonoid hydroxyl group from catalytic residues. More specifically,
it must be positioned simultaneously close to His224:Ng to trans-
fer its proton and enhance its nucleophilicity and close to Ace:C to
execute the nucleophilic attack itself. We decided to adopt for these
distances a maximal value of 4 A, as did by Palocci et al. [27]. The
distance values obtained for the most buried substrate hydroxyl
groups in each complex are noted in Table 2.

3.2.1. Docking of isoquercitrin

Among the three retained complexes for isoquercitrin (namely
I1,12 and I3; Fig. 5), two possible orientations were found: the sugar
part or the aglycon part (ring A) orientated towards the enzyme
core. In 12, the isoquercitrin sugar moiety is orientated towards the
exterior of the cavity and the aglycon moiety is orientated inwards.
The hydroxyl groups closer to the active site are the 5-OH and 7-OH
phenolic groups, with respective distances of 5.6 A and 5.2 A from
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Table 1
Hydrogen bond distances and angles involving the substrates in the three best-scored complexes after optimization.
Ligand Complex Donor Acceptor Distance (A) Angle (°)
Isoquercitrin I Isoq:HO7 Val149:0 2.1 137.2
Isoq:HO5 Isoq:04 1.8 149.7
Isoq:HO4' 11e189:0 1.8 164.2
Thr40:HN Ace:0 1.9 125.5
Thr40:HG1 Ace:0 1.4 1234
GIn106:HN Ace:0 22 85
12 Thr40:HN Ace:0 2.1 169.7
13 Thr40:HG1 Ace:0 1.5 136.5
GIn106:HN Ace:0 2.1 97.0
Rutin R1 Rut:HO7 Leu278:0 2.1 146.3
Rut:HO4 Val149:0 1.9 149.6
Rut:HO5 Rut:04 2.0 159.3
Rut:HO3"” GIn157:0E1 1.9 126.2
Thr40:HN Ace:0 1.9 121.6
Thr40:HG1 Ace:0 1.7 152.6
GIn106:HN Ace:0 22 15.7
R2 Rut:HO4 Val149:0 20 148.7
Rut:HO7 Leu278:0 2.1 137.6
Thr40:HN Ace:0 24 110.2
R3 Rut:HO4” Rut:06” 2.1 143.7
Rut:HO4"” GIn157:0E1 2.0 150.4
Thr40:HN Ace:0 24 119.9
Thr40:HG1 Ace:0 1.8 1323
GIn106:HN Ace:0 1.9 14.7

Ace:C and 8.3 A and 7.1 A from the His224:Ne. In addition, in this
complex the acetate forms only one hydrogen bond with the oxyan-
ion hole residues (Thr40:NH. . .Ace:0). This may be attributed to a
hydrophobic contact between the acetate methyl chain and the C6
of the ring A of the substrate (distance of 3.4 A), turning the acetate
oxygen away from the Thr40 and GIn106 residues. For these reasons,
2 cannot represent a productive binding mode and was rejected.
In I1 and I3, the aglycon moiety lodges at the entrance of the bind-
ing pocket, whereas the sugar is oriented inwards. In I3 the acetate
interacts with the oxyanion hole residues through two hydrogen
bonds (Thr40:0H. . .Ace:0 and GIn106:NH. . .AceO). However, the
closest substrate hydroxyl group to the catalytic residues (6”-OH)
is placed at 5.8A from His224:Ne and 4.2 A from Ace:C, which
exceeds the maximal values admitted as to allow the proton trans-
fer and the nucleophilic attack. Therefore, I3 was also discarded. In
the complex I1, the acetate conserved the three possible hydrogen
bonds interactions with the Thr40 and GIn106 residues. In addi-
tion, the nearest hydroxyl group to the catalytic residues (6”-OH) is

Table 2

positioned simultaneously at 4.0 A from His224:Ne and 3.5 A from
Ace:C, fulfilling the distance criteria to react. Thus, I1 may be con-
sidered as a productive binding mode.

More specifically, in I1 isoquercitrin docked within the target
with the aglycon moiety anchored at the entrance of the binding
pocket, where it is stabilized by two types of interactions: hydrogen
bond interactions involving the phenolic groups (7-OH. . .Val149:0
and 4'-0OH. . .1le189:0) and nonpolar interactions between the aro-
matic cycles and hydrophobic aliphatic residues, which abound in
this region of the enzyme (Leu140, Ala141, Leu144, Val 149, Val154,
[le189 and Val 286). The glucose moiety is placed within the cav-
ity. The three most buried hydroxyl groups are the 3”-OH, 4”-OH
and 6”-OH, but only this last is at a distance inferior to 4.0 A from
the Ace:C and His224:Ne atoms (Table 1). In fact, in this primary
alcohol function the —-CH, - alkyl group proceeds as an “extension
piece” that allows the —-OH to draw near the catalytic residues.
Therefore, the molecular model hints that only the 6”-OH group of
isoquercitrin is expected to react. These findings agree with exper-

Distances? of buried hydroxyl groups of the docked flavonoids from the His224:Ne and the acetate carbonyl carbon (Ace:C) atoms in the three best-scored complexes after

optimization.

Ligand Complex Buried —OH groups Distance from Ace:C (A) Distance from His224:Ne (A)
[soquercitrin 11 3”-OH 7.4 8.7
4"-OH 4.6 6.2
6”-OH 3.5 4.0
12 5-OH 5.6 8.3
7-OH 5.2 7.1
13 3”-OH 8.6 8.7
4"-0H 5.9 6.5
6”-OH 4.2 5.9
Rutin R1 2”-OH 6.3 8.2
3”-OH 39 7.0
4"”-OH 29 3.9
R2 2"-OH 6.7 7.8
3”-0OH 5.9 8.5
4"-0OH 4.1 7.8
R3 2"-OH 7.1 12.5
3”-0H 4.7 10.1
4"-0OH 3.7 9.4

2 Distance measured considering the hydroxyl oxygen atoms.
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Fig.5. Orientations and hydrogen bonds interactions (dashed lines) of the substrates
in the three best-scored acetyl-CALB isoquercitrin complexes (I1,12 and I3). For clar-
ity, only the residues useful for discussion are shown and non-interacting hydrogen
atoms are hidden.

imental studies showing that isoquercitrin-6"-monoester was the
sole product directly obtained in the CALB-catalyzed acetylation of
isoquercitrin [12]. The additional formation of isoquercitrin-3”,6"-
diacetate was already reported [44], but further investigations
indicated that it is likely to result from the acetylation of the ini-
tially synthesized isoquercitrin-6"-acetate, in a sequential way [12].
Several other authors also showed that CALB catalyzes the mono-
acylation of isoquercitrin with phenolic acids as cinnamic acid [13],
p-coumaric acid [14] and phenyl propionic acid [15] as acyl donors.
In all cases the preference of this enzyme for the 6”-OH group stood
unaffected, which further supports our model for the binding of
isoquercitrin within the CALB active site.

(R1)

Valido

Vallds

Asp187

GInl06

His224:N=
——

His224

Aspl87

Fig.6. Orientations and hydrogen bonds interactions (dashed lines) of the substrates
in the three best-scored acetyl-CALB rutin complexes (R1, R2 and R3). For clarity,
only the residues useful for discussion are shown and non-interacting hydrogen
atoms are hidden.

3.2.2. Docking of rutin

In the case of rutin, the three retained complexes (namely
R1, R2 and R3; Fig. 6) presented the flavonoid docked in similar
orientations. In all of them, the aglycon moiety stabilizes at the
entrance of the cavity, while the sugar part of the substrate points
towards the bottom. Notably, the 4”-OH group of the rhamnose
unit is the closest one to the catalytic residues. However, the three
complexes present rutin in different conformations, in which the
dihedral angle between the two sugars is more or less bent (162°
for R1, 149° for R2 and 102° for R3). In R2, only one hydrogen
bond between the residues of the oxyanion hole and the acetate is
present (Thr40:NH. . .Ace:0). Indeed, the orientation of the acetate
may be influenced by the 6”-CHj3 of the rutin rhamnose through a
hydrophobic attraction (distance of 3.6 A to the 6”-C atom). Fur-
thermore, in this complex the distance from the 4”-OH to the
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Fig. 7. Connolly accessible surface of CALB binding pocket evidencing the hydrophobic interactions of isoquercitrin in I1 and rutin in R1. Hydrophobic regions of the enzyme

pocket are colored in red and hydrophilic ones in white/blue.

His224:Ne is 7.7 A, exceeding the value admitted as to permit the
proton transfer. Consequently, R2 was rejected. In R3, the acetate
presents all the three possible hydrogen bond interactions with
the oxyanion hole residues (Thr40:0H. . .Ace:0, Thr40:NH. . .Ace:0
and GIn106:NH. . .Ace:0). The 4”-OH is positioned at 3.6 A from
Ace:C, but at 9.4 A from the His224:Ne. Therefore, rutin in R3 is also
unable to react and the complex was also discarded. In R1 all the
three possible hydrogen bond interactions with the oxyanion hole
are also maintained. The rutin conformation is quite different from
that in R3: the sugar moiety is somewhat benter, so that the 4”-
OH is placed at 3.9 A from His224:Ne and 2.9 A from Ace:C. So, this
complex may be considered as a productive binding mode.

In this complex, the rutin aglycon part stabilized at the entrance
of the cavity thanks to hydrogen bonds interactions involving
phenolic groups (4’-OH...Val149:0 and 7-OH...Leu278:0) and
nonpolar interactions between its aromatic cycles and the side
chains of residues Leu144, Val149, Val154, Ala281, Ala282, 11e285
and Val286. The rhamnose part, that has three hydroxyl groups
(2”-0H, 3"”-0OH and 47-OH), is located near the little hydrophilic
region at the bottom of the cavity, neighbouring the catalytic
residues. Among these three hydroxyl groups, only the 4”-OH sat-
isfies the criteria of distance from His224:Ne and Ace:C atoms to
be considered as reactive. The 3””-OH group forms a hydrogen bond
interaction with the GIn157 residue (3”’-OH. . .GIn157:0E1), which
confers additional stability to the rhamnose cycle in this orienta-
tion. All these observations hint that the acylation reaction can only
occur on the 4”7-OH. This model is well corroborated by experimen-
tal studies showing that the CALB-catalyzed acylation of rutin with
different acyl donors and under diverse reaction conditions led to
the sole formation of the 4”-monoester [8-11].

4. Discussion

In order to understand the orientations of rutin and isoquercitrin
within the CALB binding pocket, the observed interactions between
these two substrates and the enzyme residues were compared with
already published data about protein-flavonoid interactions. A the-
oretical affinity order between flavonoids and 20 amino acids was
proposed by Cordoniu-Hernandez et al. [45,46], based on quantum
mechanics semi-empirical calculations and the analysis of crystal
structures of protein—flavonoid complexes from PDB. These authors
stated that flavonoids display a more pronounced affinity towards
hydrophilic and aromatic residues rather than hydrophobic ones.
Indeed, the abundance of hydroxyl groups in flavonoid structure
enables interactions of hydrogen bond type with polar residues,
whereas their aromatic rings can easily form -1 interactions with

aromatic residues side chains. In the case of CALB, major part of the
binding pocket area is nonpolar, enfolded mainly by hydrophobic
aliphatic residues of the helices a5 and 10 and a loop region that
projects the 11e189 into the channel [31]. This can justify the fact
that the aglycon moiety of both studied substrates is stabilized at
the cavity entrance, despite the absence of aromatic amino acid
residues (Fig. 7). Favourable interactions between phenolic sub-
strates and the nonpolar residues Leu144, 1le189 and Leu278 were
already evidenced by Otto et al. [25], in a computational study of
the CALB-catalyzed synthesis of arylaliphatic glycolipids. Only a lit-
tle region at the bottom of the cavity, around the catalytic Ser105,
presents a character somewhat polar, due to the side chains of the
polar residues Thr40, Asp134 and GIn157. This justifies the orien-
tation of the glycoside moiety of the two substrates towards the
active site.

In the productive complexes, the aglycon parts of the two sub-
strates are located at the cavity’s doorway, but surprisingly, with
distinct orientations, one perpendicular to the other (Fig. 7). In
order to explain such behaviour, we docked isoquercitrin and rutin
employing another approach that is frequently used when dock-
ing structurally similar ligands against one given target protein:
one ligand is initially docked and the others are superimposed over
the analogue parts of the first one. Then, the resulting systems are
sequentially optimized, analyzed and compared [47]. In our case,
the rutin aglycon part was superimposed over its counterpart in the
previously docked isoquercitrin and vice versa. In the first case, the
rutin disaccharide had not enough space to lodge within the cavity,
engendering an important sterical clash with the acetate and the
Ser105. Conversely, in the second case, the isoquercitrin glucose is
not long enough to reach the catalytic residues, resulting in a non-
productive binding mode (see Supplementary Data). Therefore, it
can be concluded that, although these two substrates have similar
structures, they effectively present distinct binding modes within
the CALB active site, as determined by LigandFit.

We complemented our study by additional molecular dynamics
simulations on the productive complexes (100 ps at 300 K), to ver-
ify the stability of the hydrogen bond interactions and to evaluate
the dynamic behaviour of the docked substrates. In fact, applying
molecular dynamics on complexes obtained by docking was shown
to be efficient to refine the models, accounting for the flexibility of
both receptor and ligand, and to check the complex temporal sta-
bility [48]. Results showed that, in any case, the proteins did not
undergo significant distortions, as revealed by the maximal rmsd
values (about 0.2-0.5 A, considering all heavy atoms). The presence
of the essential hydrogen bond interactions between the acetate
carbonyl oxygen (Ace:0) and Thr40 and GIn106 was monitored. The
visual analysis of trajectories shows that at least two of them are
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Table 3

Minimal and maximal transacetylating distances® during the MD production phase carried out on the productive complexes.

Maximal distance (A) Maximal variation (A)

Ligand Buried -OH groups Minimal distance (A)
Isoquercitrin 3”-OH 8.0

4"-OH 4.6

6”-OH 4.0
Rutin 2"-0H 7.6

3”-OH 5.6

4"-OH 3.9

8.4 0.4
5.8 1.2
4.6 0.6
8.2 0.6
6.5 0.9
43 0.4

2 Distance between the oxygen atoms of the flavonoid hydroxyl groups and the carbonyl carbon atom of the acetate (Ace:C) bound to Ser105.

present in most of trajectory frames during the production phase.
In order to evaluate the stability of the hydroxyl groups positions,
their transacetylating distances (distance between the hydroxyl
oxygen atoms and the carbonyl carbon of acetate, Ace:C) were
monitored all along the trajectory. Among them, only the 6”-OH
of isoquercitrin and the 4"-OH of rutin reached distances inferior
to 4 A from Ace:C. Furthermore, maximal fluctuations in these dis-
tances were weak (about 0.4-0.6 A), reflecting the good stability
of the docked flavonoids (Table 3). These results from molecular
dynamics simulations on the productive complexes reinforce our
previous conclusions about regioselectivity in CALB-catalyzed acy-
lation of isoquercitrin and rutin.

5. Summary and conclusions

Docking simulations combined with molecular mechan-
ics and molecular dynamics calculations were used to study
CALB-catalyzed acetylation of the two glycosylated flavonoids iso-
quercitrin and rutin. Both flavonoids were found to dock with their
aglycon part at the cavity entrance, stabilized by hydrogen bond
interactions between their phenolic groups and the backbone car-
bonyl of hydrophobic residues and hydrophobic interactions with
the side chains of several Ala, Ile, Leu and Val residues enfolding
the pocket. In spite of the aromatic character of the substrates, no
-1 interactions were possible due to the lack of aromatic residues
in the binding pocket walls. Their sugar part was stabilized in the
neighbourhood of the catalytic residues, a little polar region at the
bottom of the cavity. Further analyses of the complexes showed
that the 4”7-OH of rutin and the 6”-OH of isoquercitrin, both local-
ized at the extremity of the substrates glycosidic part, were the
only hydroxyl groups satisfying the proximity criteria to the cat-
alytic residues. This strict regioselectivity suggested by the models
corroborated previous published experimental results on the CALB-
catalyzed acetylation of isoquercitrin and rutin.

Combined theoretical and experimental studies are now pur-
sued to investigate the capacity of our molecular modelling
procedure to predict the regioselectivity of CALB for the acetylation
of other glycosylated and aglycon flavonoids. In fact, as flavonoids
show a very large structural diversity (number and positions of
glycoside units and hydroxyl groups, degree of oxidation of the C-
ring. . .), they have different sizes, flexibilities, charge distributions,
hydrophilic-hydrophobic balance properties, and are likely to yield
different interaction modes with the lipase. Thus the entire mod-
elling protocol outlined here must be applied to a broader range
of flavonoid substrates, in order to verify if the geometrical cut-off
between reactive and unreactive complexes (protein rmsd and prox-
imity of flavonoid hydroxyl groups to the lipase catalytic residues)
can be generalized to predict the regioselectivity of CALB-catalyzed
acetylation of other members of this class of compounds.
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