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Abstract In this work, a novel catalpol derivative
(6,10,2",6'-tetraacetyl-O-catalpol), which was previously
obtained by our group and shown experimentally to inhibit
a type of Taug DNA polymerase, was studied in silico.
Studies of the interaction of 6,10,2',6'-tetraacetyl-O-catalpol
with the Klentaq fragment of the 7ug DNA polymerase I
from Thermus aquaticus helped to elucidate the mechanism
of inhibition of the enzyme, and offered valuable informa-
tion that can be used to propose substrate structural
modifications aimed at increasing the binding affinity.
Classical and semi-empirical methods were used to
characterize the conformational preferences of this or-
ganic compound in solution. Using docking simulations,
the most probable binding mode was found, and the
stabilities of the docked solutions were tested in a series
of molecular dynamics experiments. Results indicated
that the mechanism of inhibition may be competitive,
which agrees with previous binding experiments done
with 6,10,2',6'-tetraacetyl-O-catalpol.
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Introduction

Nature is an infinite resource for discovering new drugs and
other bioactive compounds of interest. The plant kingdom
represents a source of natural products, and only about 6%
of these products have been studied for their biological
activity, while about 15% of them have been studied by
phytochemical methods [1].

Among these products, iridoids are group of irregular
monoterpenes that are so named because of their structural
and biosynthetic relationships with iridomyrmecin and
iridodial compounds [2]. Biocatalysis has become a
powerful tool for highly stereoselective and regioselective
transformations, due to the intrinsic chirality of enzymes
[3]. In particular, biocatalyzed regioselective transforma-
tions using hydrolases have been widely described in the
literature [4]. They also constitute environmentally sensi-
tive, milder and energy-saving methods that complement
traditional chemical approaches to modifying natural
products.

Catalpol is a glycosylated iridoid that shows biological
activity against the enzyme DNA polymerase. It inhibits
this enzyme with a ICs, value of 47.8 uM, according to a
competitive inhibition mechanism [5]. DNA polymerases
have recently emerged as important cellular targets for
chemical intervention in the development of antitumor
agents [6]. Atomic level three-dimensional structures of
various types of polymerases and other enzymes related to
nucleic acids, such as the Klenow fragment from DNA
polymerase 1 of Escherichia coli and its counterpart
Klentaq isolated from the bacterium Thermus aquaticus,
are now available [6, 7].

In a previous work, 6,10,2’,6'-tetraacetyl-O-catalpol, a
novel partially acetylated catalpol derivative, was prepared
in our laboratory by the regioselective hydrolysis of
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peracetylcatalpol mediated by whole-cell cultures of Asper-
gillus niger (Fig. 1). In the same work, we demonstrated
that the new derivative was able to inhibit the enzyme Tag
DNA polymerase with an ICs, value of 43.02 uM. It is thus
reasonable to infer that the mechanism of action of
6,10,2',6'-tetraacetyl-O-catalpol is probably competitive [8].

In order to confirm this hypothesis, as well as to design
rational modifications of 6,10,2',6'-tetraacetyl-O-catalpol
that will increase its binding affinity, we tried to gain
insight into the mode of binding of 6,10,2',6'-tetraacetyl-O-
catalpol to 7ag DNA polymerase using computational
methods.

Methods
File preparation

The Gabedit software package [9] was used to draw the
6,10,2',6'-tetraacetyl-O-catalpol molecule. The geometry
was initially optimized using the classic quasi-Newton
method, followed by semiempirical optimization using the
software MOPAC 2009 [10, 11], as implemented in
Gabedit. This conformation was used to obtain the
parameters and topology files for the GROMACS software
package [12, 13] using the ProDGR server [14].

Conformational search

Two different approaches were used to determine the
conformational space and identify the global minima of
6,10,2',6'-tetraacetyl-O-catalpol.

Simulated annealing

The GROMACS 3.3 software package was used to perform
a simulated annealing protocol. The forcefield used was
ffG53a6, the solvent was explicitly simulated using the
SPC model, periodic boundary conditions were imple-
mented using the PME (particle mesh Ewald) algorithm
[15], and the cut-off values were 1.4 nm and 0.9 nm for van
der Waals and coulombic interactions, respectively. The
pressure was kept constant at 1 atm. The temperatures of

Fig. 1 Synthetic scheme for
6,10,2',6'-tetraacetyl-O-catalpol,
starting from catalpol. @) Ac,0,
dry piridine, t.a. 48 h; b)
biotransformation using whole
cells of Aspergillus niger
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6,10,2',6'-tetraacetyl-O-catalpol and the solvent were con-
trolled independently using two decoupled Berendsen
thermostats.

Three runs were performed following different temper-
ature variation schema: in the first run, the temperature of
6,10,2',6'-tetraacetyl-O-catalpol was raised from 100 K to
1700 K in 75 ps, maintained at this for 25 ps, and then
slowly lowered to 400 K in 1.1 ns. The temperature was
decreased to 100 K in 200 ps and kept at 100 K for 100 ps.
This procedure was repeated: setting the maximum tem-
perature to 1000 K, both cycles were iterated until the total
simulation time was 30 ns. Snapshots were saved every 1.5
ns (i.e., at the end of each heating—cooling cycle).

The second and third runs followed a similar but
simplified scheme where the maximum temperatures were
2000 K and 1200 K, respectively. Snapshots were saved
every 1.5 ns (i.e., at the end of each cycle).

The temperature of the solvent was independently
controlled during each run. It was raised from 100 K to
400 K in 75 ps, maintained at this for 1.55 ns, and then
slowly lowered to 100 K in 200 ps, where it was kept for
100 ps. It is important to note that during this last step both
solute and solvent are at the same temperature, and they
decrease in temperature simultaneously, as if their temper-
atures were controlled by only one thermostat. This
decoupling—coupling temperature scheme allows the solute
to reach a high temperature (and hence exceed the high
energy barrier) while maintaining control over the kinetic
energy of the solvent, and at the same time it also allows
the solvation effect to be realistically modeled at low
temperatures.

All of the resulting conformations were minimized with
Gromacs, inspected visually, and ranked according to the
energy value.

Molecular dynamics search

Yasara Dynamics 10 software [16] was used to perform a
molecular dynamics search. A time step of 2 fs was used.
The Amber03 forcefield [17] was selected; the simulation
box allowed at least 10 A around all of the atoms in
6,10,2',6'-tetraacetyl-O-catalpol, and was filled with the
TIP3 water model. Periodic boundary conditions were used
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as implemented in the PME algorithm. Na* and CI~ ions
were added in order to properly simulate the ion strength in
physiological solution. The temperature was fixed at 298 K
and controlled by checking the velocities of the atoms
every 25 simulation steps. The pressure was controlled by
rescaling the box dimensions in order to maintain the water
density at 0.997 g/l. Two simulations of 300 productive
nanoseconds each were performed starting from (a) the best
energy conformation identified during the simulated anneal-
ing procedure (where the torsion angles a=171.7° and g=
186.4°;see the inset in Fig. 2) was minimized with the
Amber03 force field, and (b) the same conformation as in
(a), but with the torsion angle « rotated 180° and minimized
with the Amber03 force field (Fig. 2). A snapshot taken
every 25 ps was saved for further analysis. A conformational
map representing the o (C2'-C1'-O,pomeric-C1) and 3 (C2'-
C1"-O,nomeric-C9) torsion angles was built using QtiPlot 0.9.7
[18], and the torsion angles were binned every 2°. Geometry
optimization of 6,10,2',6'-tetracetil-O-catalpol was done in
vacuo using MOPAC 2009 coupled to a shell script. The
PM6 Hamiltonian and a termination criterion of gradient
norm < 0.01 were used. Due to the computational cost of this
task, the minimization was restricted to 600 conformations,
i.e., one conformation per nanosecond.

Molecular docking

Autodock 4.0 [19, 20] was used to perform the molecular
docking of 6,10,2’,6'-tetraacetyl-O-catalpol to the Klentaq
fragment. The coordinates of the target molecule (including
the Klentaq fragment and a short DNA portion) were taken
from the Protein Data Bank [21] deposited under the
accession code 2KTQ [22]. Two types of search were
performed:
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Fig. 2 Conformational map of the ad hoc defined torsion angles «
and 3, which fully determine the relative position of the terpenic
fragment with respect to the glicosidic residue. Inset: o (C2'-C1'-
Oanomeric-C1) and 3 (C2'-C1'-O4p0meric-C9) torsion angles are indicat-
ed with double arrows

—  Blind docking search. This assumes no previous
knowledge of the binding site. A grid spacing of
0.758 A was used, ensuring that the whole target
molecule was covered. The number of individuals was
set at 250, the maximum number of evaluations was
3.5 x 10°, and 200 runs were performed in total. These
parameters were chosen following the recommenda-
tions of Hetényi et al. [23]. All other parameters took
their default values. The flexibility of the ligand was
considered fully.

—  Binding site restricted search. A search restricted to the
binding site was performed with the following param-
eters: population size of 150 individuals; maximum
number of evaluations of 50 x 10°; total number of 80
runs; and a grid spacing of 0.375 A. The ligand was
considered to be completely flexible. The binding site
was defined as a box ~26 A on a side that was centered
near the position of the ddCTP in the original 2KTQ
Protein Data Bank (PDB). This box was large enough
to ensure the free rotation of the ligand.

Macromolecule—ligand molecular dynamics

Yasara Dynamics 10 was used to perform a classical
molecular dynamics study of the two Klentaqg/DNA/
6,10,2',6'-tetraacetyl-O-catalpol complexes obtained from
the docking simulation, named solution A and solution B.
Each complex was submitted to 30 ns of productive
molecular dynamics. The same parameters described in
the “Molecular dynamics search” section were used, except
that the coordinates of the Mg”" ion located at the active
site (PDB file 2KTQ) were included. Na™ and CI~ ions were
added to properly simulate the ion strength of the
physiological solution and to neutralize the system. A
snapshot taken every 25 ps was saved for further analysis.
Additionally, three short runs of 10 ns each were performed
starting from solution A, and three more starting from
solution B, with different random number seeds being used
to assign the initial velocities. When the seed number is
changed, the chaotic nature of the molecular dynamics
simulations ensures different trajectories, even when start-
ing from the same conformations.

Results and discussion

Conformational space of 6,10,2',6'-tetraacetyl-O-catalpol
in solution

Based on a careful visual inspection, both methods of
conformational search (see the “Methods” section) were

@ Springer



2720

J Mol Model (2011) 17:2717-2723

observed to yield similar results, indicating no biases
relating to the conformational search method or the force-
field used. In order to quantify the preferential conforma-
tion in terms of the relative position of the terpenic
fragment with respect to the glicosidic residue, we built a
2D Ramachandran-like conformational map from 24,000
conformations generated from two explicit solvent molec-
ular dynamics trajectories, each lasting 300 ns, starting
from different 6,10,2’,6'-tetraacetyl-O-catalpol conforma-
tions (see the “Molecular dynamics search” section). The
mapped torsion angles « and [ are defined as follows: «
relates to C2'-C1"-O,n0meric-C1, While [ relates to (C2'-C1'-
Oanomeric-C9 (Fig. 2). As depicted in Fig. 2, there is one
major highly populated basin that is centered at approxi-
mately o= (=185°. It is important to note that conforma-
tions outside this basin were also visited during the
simulation, but these do not appear on the conformational
map due to their low frequency of occurrence.

One snapshot was minimized, in vacuo, every nanosec-
ond (600 conformations) using MOPAC 2009. The semi-
empirical lowest energy conformation (Fig. 3) has torsion
angles of a = 172.0° and 3 = 172.6° close to the basin
found during the molecular dynamics study.

As we mentioned at the beginning of this section, The
simulating annealing conformational search method yields
similar results to the molecular dynamics search method
(see the “Methods” section); on average, the torsion angles
take values of v = 181° and 3 = 176°, and the low-energy
conformation has o = 171.7° and 3 = 186.4°, indicating
that there is no bias due to the conformational search
method or forcefield used.

This highly restricted conformation space can be
rationalized as the volume of the two rings plus the
presence of the four acetyl groups.

Y-

\

Fig. 3 The lowest energy conformation of 6,10,2’,6"-tetraacetyl-O-
catalpol according to a classical molecular dynamics search followed
by semi-empirical minimization. The torsion angles o = 172.0° and
(= 172.6° are close to those of the basin found during the molecular
dynamics study
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Klentaq/DNA/6,10,2’,6'-tetraacetyl-O-catalpol docking
complex

The Klentaq fragment, as well as other DNA polymerases,
can adopt two states: the open and the closed states [22,
24]. In the latter, the dNTPs cannot enter the active site; in
fact, the active site of the enzyme and the growing DNA
helix are accommodated in such a manner that the
incoming dNTP is tightly enclosed. Thus, in this work we
analyzed the open state of the Klentaq fragment co-
crystallized in the presence of a short DNA molecule and
a ddCTP molecule, as resolved by X-ray diffraction
(Protein Data Bank, identification code: 2KTQ).

Blind docking search

The molecular docking software Autodock 4.0 was used to
explore the protein—-DNA complex surface in the search for
the most favorable binding site. This procedure is called
blind docking, and Autodock has been shown to be able to
perform this task [23]. The lowest energy cluster (the best
energy solution of —4.45 kcal mol™') was located at the
active site of the enzyme. This result is in line with our
previous experimental observations regarding the inhibitory
mechanism of catalpol [5], and supports the hypothesis of a
competitive inhibitory mechanism for 6,10,2',6'-tetraacetyl-
O-catalpol. This blind docking step was followed by a more
detailed docking procedure, as explained in the next
section.

Focused docking search

In this section we describe the results of a ligand flexible
docking search restricted to the binding site identified by
Autodock, as described above. Among all of the docking
solutions, we selected two clusters for further analysis.
These corresponded to the two solutions with the lowest
binding energies (—6.96 kcal mol ' and —6.42 kcal mol ).
At the same time, these clusters are the most highly
populated (they have seven members each). According to
Autodock, the inhibition constant (K;) is estimated to be
7.85 uM and 19.55 uM for clusters 1 and 2, respectively.
Both solutions locate 6,10,2',6'-tetraacetyl-O-catalpol at a
similar position to where the ddCTP is located in the file
2KTQ (Fig. 4) and thus, by extrapolation, to where the
naturally occurring nucleotide to be added by the polymer-
ase should be located. The torsion angles o and (3 of the
first solution (A) pertain to the highly favorable basin found
for 6,10,2',6'-tetraacetyl-O-catalpol in solution, while « in
the second solution (B) corresponds to an unfavorable value
(v = 330°). Also, solutions A and B differ in the position of
6,10,2',6'-tetraacetyl-O-catalpol relative to the enzyme
(Figs. 5 and 6). In the following section we describe a
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Fig. 4 The coordinates of 6,10,2',6"-tetraacetyl-O-catalpol taken from
the docked solution A and superimposed on the coordinates of the
2KTQ PDB file. 6,10,2',6'-Tetraacetyl-O-catalpol (blue) and the
ddCTP (red) occur at similar positions. The protein—-DNA complex
is shown as a gray surface, except for those protein residues that are
neighbors of both 6,10,2,6'-tetraacetyl-O-catalpol and ddCTP (resi-
dues D610, Y611, S612, Q613, 1614, E615, K663, F667, L670, Y671,
D785 and E786, in yellow), that are only neighbors of 6,10,2',6'-
tetraacetyl-O-catalpol (residue L616, in blue), or that are only
neighbors of ddCTP (residue R573, in red). Neighbors are defined
as any residues that have at least one atom that is closer than 4.5 A to
the corresponding ligand. The figures were created using Pymol [25]

series of molecular dynamics simulations that were per-
formed to shed light on this issue.

Klentag/DNA/6,10,2',6'-tetraacetyl-O-catalpol molecular
dynamics

In order to test the stabilities of the docked solutions, we
submitted both to explicit solvent molecular dynamics. Two
runs each lasting 30 ns were performed (see the “Methods”
section).

Solution A

The superimposition of the docked solution on the trajectory-
average conformation (Fig. 5) revealed that the terpenic
fragment had moved 1.49 A and the sugar fragment 1.73 A
from their initial positions. Part of this displacement is
explained by a rotation along the main axis of the molecule,
as depicted in Fig. 5. In the docked solution, the torsion
angles were = 183° and [ = 150,° and in the trajectory-
average conformation o = 170° and 3 ~ 192°. Trajectory
analysis indicated the presence of four hydrogen bonds
between 6,10,2',6'-tetraacetyl-O-catalpol and the enzyme that
were present for >20% of the time (see Table 1). In

summary, we observed that solution A was stable along the
trajectory. 6,10,2',6'-Tetraacetyl-O-catalpol fluctuated around
its initial position relative to the protein—-DNA complex, but
this just seemed to be an adjustment inside the binding
pocket, and it remained in almost the same conformation as
its initial one near the in-solution basin.

Solution B

Visual inspection of the trajectory of solution B indicated
that, before 1 ns was reached, the terpenic fragment and the
6'-acetyl moiety began to move away from the protein
surface. Until ~7.5 ns, both the acetyl and the terpenic
fragment were completely detached from the protein
surface and outside the protein cavity in which they were
originally located. This movement was followed by a
change in the « torsion angle from values of around a =

Fig. 5 a—b Docked solution A superimposed on the trajectory-
averaged conformation of 6,10,2',6'-tetraacetyl-O-catalpol starting
from solution A. a Front view of the complex; the “palm” of the
protein is facing the reader. b Top view of the protein; the DNA is
under the 6,10,2',6'-tetraacetyl-O-catalpol molecules. The protein—
DNA complex is shown as a gray surface, the docked 6,10,2',6'-
tetraacetyl-O-catalpol is in blue (for carbons) and red (oxygens), the
trajectory-averaged 6,10,2',6'-tetraacetyl-O-catalpol is in yellow (for
carbons) and red (oxygens), and hydrogens are not shown. The figures
were created using Pymol [25]
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Fig. 6 a-b Docked solution B superimposed on the trajectory-
averaged conformation of 6,10,2',6'-tetraacetyl-O-catalpol starting
from solution B. a Front view of the complex; the “palm” of the
protein is facing the reader. b Top view of the protein; the DNA is
under the 6,10,2',6'-tetraacetyl-O-catalpol molecules. The protein—
DNA complex is shown as a gray surface, the docked 6,10,2',6'-
tetraacetyl-O-catalpol is in blue (carbon) and red (oxygen), the
trajectory-averaged 6,10,2',6'-tetraacetyl-O-catalpol is in yellow (car-
bon) and red (oxygen), and hydrogens are not shown. The figures
were created using Pymol [25]

340° to values of around a =~ 65°. Comparison of the
docked solution with the trajectory-averaged conformation
(Fig. 6) shows that the terpenic fragment moves 4.1 A and
the sugar fragment 2.16 A (this movement is mainly toward
the solvent). Throughout most of the trajectory, the
6,10,2',6'-tetraacetyl-O-catalpol (principally the terpenic

fragment) is away from the binding pocket, and maintains
contact with the protein mainly through two hydrogen
bonds (3-OH and 4-OH act as donors to GLU 832 for
22.6% and 77.6% of the time, respectively). In brief, we
can conclude that solution B was unstable along the
trajectory. The 6,10,2',6"-tetraacetyl-O-catalpol molecule
moved away from its initial position toward the solvent
(but it stayed near the active site), and it changed its
conformation in terms of the « and [ torsion angles
(although it never visited the in-solution basin).

Moreover, six shorter molecular dynamics simulations
were performed, each 10 ns long, to check the results of the
30 ns simulations. The three short-running simulations
starting from solution A were stable and qualitatively in
agreement with the corresponding long molecular dynam-
ics. During the three short-running simulations starting
from solution B, 6,10,2',6'-tetraacetyl-O-catalpol detached
from the surface of the enzyme. It seems that either the
glycosidic or the terpenic fragment can initiate the detach-
ing process. In summary, the molecular dynamics starting
from solution A seemed to be more stable than those
starting from solution B.

It is interesting to note that, from an entropic point of
view, the rigidity of 6,10,2',6'-tetraacetyl-O-catalpol in
terms of the relative positions of the terpenic and glycosidic
fragments favors solution A, because less conformational
entropy is lost than in solution B; i.e., the bounded
conformation of this derivate in solution A is almost the
same as the unbounded conformation, in contrast to what
was observed for solution B.

Conclusions

Blind docking indicates that the most favorable binding site
is the active site of the enzyme, supporting the hypothesis
of a competitive inhibition mechanism. This may be due to
the molecular mimicry of iridoids and purine nucleosides
(results that are comparable with those reported for catalpol
[5]. A conformational ensemble of the complex protein/
DNA/6,10,2',6'-tetraacetyl-O-catalpol around solution A
seems to be the most accurate proposal, although is not

Table 1 Hydrogen bonds detected during the molecular dynamics trajectory starting from solution A

Protein residue ?

6,10,2',6'-Tetraacetyl-O-catalpol atom

Hydrogen bond lifetime °

Arg 660 side chain
Asp 610 side chain
Tyr 611 backbone

Thr 664 side chain

4'-Hydroxyl
3'-Hydroxyl
Epoxy oxygen

Carbonyl oxygen of 10-acetyl

20.39
99.49
27.12
55.77

# Three-letter code for protein residue according to the numeration on the 2KTQ file

b Percentage of the snapshots in which a particular hydrogen bond was detected according to Yasara Dynamics
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feasible to categorize solution B as being incorrect. Another
valuable feature of the present work is that the simulations
suggest further chemical modifications that can be made to
6,10,2',6'-tetraacetyl-O-catalpol in order to increase its
affinity to the KlenTaq fragment.
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