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Abstract A molecular mechanics (MM) force field has

been developed for the topotecan (TPT) molecule, an

anticancer drug the only molecular target of which is the

human topoisomerase I-DNA covalent complex. We pro-

ceeded according to the amber03 force field parametriza-

tion protocol, based on quantum mechanical calculations

with solvent effects included by means of continuum

models. An adequate description of the electronic states of

TPT has been ensured comparing calculated IR vibrational

frequencies and NMR chemical shifts with experimental

results. Bonded molecular parameters have been verified

by comparison with ab initio normal mode vibrational

analysis, while atomic charges have been fitted either using

the restrained electrostatic potential fitting (RESP) or the

multi-conformational RESP (MultiRESP) procedures.

Particular attention has been paid to the parametrization of

the dimethylamino group in ring A, for which several

energy minima were found. The reliability of the force field

has been checked comparing the results obtained from a

classical molecular dynamics simulation with quantum

mechanics ab initio energy calculations. The development

of the topotecan force field makes it possible to carry out

reliable simulations of the topotecan–topoisomerase–DNA

ternary complex, thus allowing the investigation of

important biological questions, such as the selective

resistance to topotecan caused by single residue topoiso-

merase I mutations.
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1 Introduction

Camptothecin (CPT), is a naturally occurring alkaloid

extracted from the Chinese tree Camptotheca acuminata

[1], from which a class of antitumoral agents has been

derived. For example, topotecan (Hycamtin, Glaxo-

SmithKline) is a widely used agent to treat lung and

ovarian carcinoma while irinotecan (Camptofar, Pfizer) is

used to treat colorectal cancer. Several other CPT deriva-

tives are currently under development [2]. The anticancer

activity of CPTs is due to the inhibition of topoisomerase I

(Top1): an ubiquitous class of enzymes essential for the

control of DNA supercoiling generated by replication,

transcription, and recombination [3]. Analysis of X-ray

structures of Top1 and DNA in complex with CPT (or CPT

derivatives) has provided a nanoscopic level explanation

on topoisomerase inhibition and of Top1 resistance to

CPTs caused by single point mutations near the binding

site [4–6]. However, several other mutations (such as

Ala653Pro, Glu418Lys, and Thr729Lys [7–10] exist that

make Top1 resistant to CPT but are located far from the

active site; in such cases simple inspection of ternary

complex crystals cannot alone explain the resistance to

CPT of these mutants. A further hint of the importance of
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long-range communications is the existence of other

mutations, such as Lys681Ala or Thr718Ala, which have

an effect analogous to that of CPT on the enzyme

[11, 12]. A first MD study on the Top1–DNA–CPTs

ternary complexes, focused on the free energy barriers for

drug dissociation, has recently been reported [13], while

binding of TPT with a nicked DNA has been investigated

by computational and NMR data [14], demonstrating the

utility of an adequate computational model to rationalize

experimental data. Novel computational approaches,

based on state-of-the-art quantum–mechanical (QM)

calculations, have already been demonstrated to ade-

quately describe the structural and electronic properties of

TPT and CPT and reproduce UV–Vis spectroscopic

observations [15, 16]. This electronic and molecular

characterization of the anticancer drugs in aqueous sol-

vent allows the building of an accurate force field to be

used in molecular dynamics (MD) study of the Top1–

DNA–drug ternary complex that may explain the struc-

tural long-range effects observed in some resistant Top1

mutants.

In this work we describe the parametrization of a

classical molecular mechanics (MM) force field, capable

of reproducing internal flexibility and intermolecular

interactions of the CPT derivative topotecan. Several

structures of TPT are stable at different pH values, dif-

fering for the E ring state (in the lactonic or carboxylate

form) and for the protonation state of the side chain

groups on ring A. In a previous work we have defined as

type 1a and 1b the two possible lactonic forms stable

around pH 5 (see Fig. 1 in [15]); as type 2a and 2b the

two possible lactonic forms stable around neutral pH (see

Fig. 2 in [15]; as type 3a and 3b the two possible car-

boxylate forms also stable around neutral pH (see Fig. 4

in [15]). For coherence, we will maintain this naming

scheme here. Both type 2 and type 3 forms are compatible

with existing crystallographic structures of the Top1–

DNA–TPT ternary complex [5]. Since the lactonic form

is considered the active one [17], we focused this study

on the force field parametrization of the two tautomers of

the lactonic forms: i.e. type 2a and 2b (Fig. 1).

2 Methods

The electronic state for the type 2a and 2b TPT forms was

characterized by quantum mechanical (QM) calculations

with the Gaussian03 package [18], by properly tuning the

level of accuracy of the adopted methods. In particular,

geometry optimization of the different conformations of

TPT have been performed at HF/3-21G level of theory,

followed by further refinement at B3LYP/6-31G*. In all

calculations, solvent effects have been included by means

of the COSMO variant of the polarizable continuum

model (PCM) [19]. PCM(B3LYP/6-31G*) ab initio fre-

quencies were scaled by the factor 0.9613, as carried out

by other authors [20–22], since it is known that the

ab initio normal modes overestimate the experimental

values. Classical normal modes were calculated with the

nmodes program [23]. Theoretical chemical shift (in ppm

with respect to tetramethylsilane, TMS) has been derived

from magnetic shielding calculated with the gauge inde-

pendent atomic orbital method (GIAO) [24] using the

formula:

di ¼ rTMS � ri

where di is the 13C chemical shift of the i-th atom ri its

magnetic shielding, and rTMS ¼ 188:1 [25], the magnetic

shielding of our reference.

Starting from the QM results, we developed a force field

to be used in simulations of Top1–DNA–TPT complexes in

aqueous solution. Molecular mechanics intra-molecular

parameters were obtained using the antechamber software

in the AMBER suite, generating a set of parameters com-

patible with the Amber 2003 (amber03) force field [26].

Then, atomic charges were fitted with the RESP method

Fig. 1 Schematic

representation of the lactonic

tautomers of TPT present under

physiological conditions.

Substituent groups on ring A are

specific of topotecan as

compared to camptothecin.

a Type 2a with protonated

nitrogen of the dimethylamino

group; b type 2b with neutral

dimethylamino group
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[27, 28]. Subsequently, only for the type 2b structure, the

atomic charges have been calculated applying the multi-

conformation RESP (MultiRESP) procedure [29], which

takes into account more than one conformation of mini-

mum energy via the following equation:

CðnÞ ¼
P

i CiðnÞe
�DEi

kT

P
e
�DEi

kT

ð1Þ

where C(n) is the MultiRESP charge of the atom n; Ci(n)

is the charge of atom n in the conformation i; DEi is

the energy difference between the conformation i and the

global minimum; k is the Boltzmann constant; T is the

temperature (300 K in our case).

The AMBER topology was converted in GROMACS

format using the amb2gmx.pl script [30], distributed with

ffAMBER, the AMBER force field porting in the GRO-

MACS molecular dynamics suite [31]. Classical MD sim-

ulations have been performed with the GROMACS-3.3.3

software. A single TPT molecule has been solvated in a

box of dimensions 3.92 9 3.16 9 2.88 nm3 containing

1151 TIP3P water molecules. Simulations have been per-

formed at constant temperature of 300 K by means of the

Berendsen method [32] with a coupling constant of 0.1 ps.

Electrostatic interactions were taken into account by

means of the Particle Mesh Ewald method [33], using a

cutoff radius of 1.2 nm in real space. A cutoff radius of

1.2 nm was chosen also for the van der Waals interactions.

The linear constraint solver (LINCS) algorithm has been

applied to constrain fast atomic motions [34]. Metady-

namics simulations, using the same set of parameters of

the other MD simulations, have been performed with

GROMETA-3.3.3 package which implements the Parri-

nello–Laio biased potential technique [35]. Rotations about

the dimethylamino group of ring A were used as meta-

coordinates via the TORSION keyword and the potential

wells were filled using Gaussian hills 0.5 kJ/mol high and

0.25 radians wide, deposed every 100 simulation steps.

Other analyses have been carried out using GROMACS

tools and in-house written codes. Dihedral autocorrelation

functions were calculated CðtÞ ¼ hcos hðsÞ � hðt þ sÞ½ �iT
[36] and the time constant s was estimated using the

approximation expression for C(t) proposed in the same

paper: CðtÞ ¼ S2
D þ 1� S2

D

� �
e�t=r. Figure 11 was created

using the CHIMERA package [37]; graphs were obtained

with the Grace program [38] and PES plots have been

produced with Octave [39] and Matplotlib [40] scripts. All

the molecular mechanics parameters for the type 2a and 2b

TPT forms are reported in the supplementary material, in

GROMACS compatible format.

3 Results

3.1 Bond length and bond angle terms

The TPT force field parameters have been generated to be

compatible with the amber03 force field, and their reli-

ability has been checked comparing the normal modes

vibrational analysis calculated at B3LYP/6-31G* level

with its counterpart at MM level. The results indicate an

almost perfect correspondence between the two methods

up to 1,400 cm-1, while around 1,600 cm-1, correspond-

ing to the stretching of C–C, C–N, and C–O bonds, the

agreement is somewhat less accurate (Fig. 2). QM and MM

normal modes are again in good agreement for bonded

interactions around 3,000 cm-1, corresponding to stretch-

ing of the C–H bonds. For type 2a the MM parameter is

less accurate around 2,400 cm-1 which corresponds to the

stretching of the N–H bond. On the whole the results are in

a very good agreement, being 0.9953 and 0.9965 the cor-

relation between the two sets of data in the type 2a and 2b

form, respectively. As a further validation, QM harmonic

frequencies have been compared to the IR experimental

band positions in the TPT–HCl pentahydrate crystal [41]

Fig. 2 Comparison of quantum

and classical frequencies of type

2a (a) and 2b (b) forms of

topotecan
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(Table 1). The results are very satisfactory with the slight

exception of the frequencies assigned to the stretching

modes of the lactone and amide carbonylic bonds, which,

however, result to be a hydrogen-bonding site in the TPT–

HCl pentahydrate crystal. A third evaluation of the accu-

racy of our quantum mechanical description of TPT has

been performed comparing experimental [41, 42] and

QM-derived 13C chemical shifts. The correlation between

experimental and theoretical data, shown in Fig. 3, is

0.9988. These results confirm that that the overall perfor-

mance of the B3LYP/6-31G* level of theory is adequate

to describe the TPT electronic properties and that

the amber03 parameters can be directly used in the clas-

sical MD simulations of drug–enzyme–DNA complexes,

applying the typical constrains to treat hydrogen atom

dynamics [43].

3.2 Dimethylamino group of ring A

TPT differs from CPT by the two substitutions in positions

9 and 10 of ring A (Fig. 4). These modifications make TPT

more soluble, and decrease its half life and toxicity, thus

reducing the problem of drug accumulation at the increase

of daily doses [44–46].

Particular attention, has been paid to the force field

parametrization of these groups, to model the TPT–DNA

and TPT–enzyme interactions. The conformational degree

of freedom of the dimethylamino group in position 9 can be

described by two dihedral angles (a and b in Fig. 4). The

potential energy surface (PES) of this group has been

characterized through calculation of the QM energy of

several TPT conformations, obtained by systematically

changing the values of the two dihedral angles. A reduced

model of TPT, consisting of the A ? B ring quinoline

subunit of the molecule, has been used to build the PES.

The resulting surfaces are shown in Fig. 5. The type 2a

structure (panel A) has two potential energy minima

(A1 and A2), symmetric with respect to the plane of ring A.

Table 1 Comparison between QM frequencies (scaled by a factor of

0.9613) and IR frequencies of TPT–HCl pentahydrate crystals [41]

QM freq.

(cm-1)

QM normal

mode

IR freq.

[41]

Assignment

[41]

1,722 C=O lactone 1,754, 1,745, 1,740 C=O lactone

1,636 C=O amide 1,658 C=O amide

1,609 C=N aromatic 1,649 C=N aromatic

1,595 C=C ar., C=N ar. 1,596 C=C aromatic

1,582 C=C aromatic 1,584 C=C aromatic

1,569 C=C aromatic

1,529 C=C aromatic

1,508 C=C aromatic 1,506 C=C aromatic

Assignment of QM normal modes have been made by observation

with Molden visualization software

Fig. 3 Comparison between experimental 13C and QM chemical shift

derived from magnetic shielding calculated with the gauge indepen-

dent atomic orbital method at the B3LYP/6-31G* level

Fig. 4 Chemical structure of

campthotecin (left) and

topotecan (right). Principal

dihedral angle of the

dimethylamino substituent in

position 9 are highlighted
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On the other hand, the PES of type 2b (panel B) shows

the presence of four minima, with the two indicated by A2

and B2 symmetric to A1 and B1 with respect to the plane of

ring A.

To test the capability of the classical force field to

reproduce the QM-level PES, we performed MD simula-

tions of both type 2a and 2b TPT tautomers in water.

Atomic charges were obtained by fitting the results of

ab initio calculations applying the RESP method [27, 28].

To ensure sufficient sampling of conformational basins in

the two systems, two 20 ns simulations were performed.

This sampling time is very long as compared to expected

relaxation rate for the rotation around a and b, and should

assure a very accurate reproduction of the phase space. For

instance, relaxation rates of most aminoacid side chains,

even with much bulkier substitutes than a –N(CH3)2 group,

are of the order of 10–102 ps [47]. The time needed to

move to one conformational basin to another can be

Fig. 5 PES of the two dihedral

angles a and b describing the

orientation of the

dimethylamino group,

calculated over a simplified

model of topotecan, at B3LYP/

6-31G* ? PCM level of theory.

Panel A type 2a tautomer

showing the presence of a single

minimum A1 and its symmetric

conformation A2; Panel B type

2b tautomer showing the

presence of two minima A1 and

B1 and their symmetric

conformations A2 and B2

Fig. 6 Superimposition of PES

of the two dihedral angles a and

b with the values (blue dots)

visited during the MD

simulations performed using the

RESP charges calculated on the

global minimum for each

conformation. Panel A type 2a

trajectory; Panel B type 2b

trajectory

Table 2 Ab initio energy values for TPT type 2b geometry optimi-

zation at B3LYP/6-31G* ? PCM level of theory are reported for the

four minima shown in Fig. 4, together with the relative dihedral angle

values

Dihedral

angle a (�)

Dihedral

angle b (�)

Energy

(au)

Name in

Fig. 4

-167,38 -103,03 -1430.725522 A1

-61,73 -56,93 -1430.728025 B1

-171,26 57,50 -1430.727890 B2

-68,42 103,72 -1430.725314 A2

Theor Chem Acc (2010) 127:293–302 297

123



estimated using the time decay constant s of the dihedral

autocorrelation function, since this quantity is strictly

related to the mean residence time spent in each allowed

conformation. Values of 9 and 127 ps are obtained for the a
and b dihedral angles, respectively, in full agreement with

results obtained for comparable systems. Visited confor-

mations are shown in Fig. 6 as blue dots superimposed on

the ab initio PESs.

The results in panel A show that the type 2a parame-

trization is very satisfactory since the a and b dihedral

angle conformations visited during the simulation are close

to the energy minima identified by the ab initio PES cal-

culation. On the contrary, the results for type 2b are less

satisfactory, since several configurations fall in PES

regions characterized by high potential energy. The sam-

pling of high conformational energy space regions

observed in the type 2b trajectory can be explained by the

assumption in the RESP procedure of the existence of a

single potential energy minimum, but type 2b has two

Fig. 7 Superimposition of PES of the two dihedral angles a and b of

type 2b with the dihedral angle values (red dots) visited during the

MD simulations using the MultiRESP charges

Fig. 8 Superimposition of PES of the two dihedral angles a and b of

type 2b with the dihedral angle values (green dots) visited during the

MD simulations of the Top1–DNA–TPT ternary complex, performed

using the MultiRESP charges for the TPT molecule. Dihedral angle

values of the two available TPT ternary complex crystal structures

(PDB: 1K4T) are indicated with two red circles

Fig. 9 Dihedral angles a and b values as a function of time calculated

from the MultiRESP (green dots) and RESP (black dots) simulations

of type 2a in water. Panel A values of the a dihedral angle. Panel B
values of the b dihedral angle. The estimated relaxation time,

calculated from dihedral auto-correlation of the MultiRESP trajec-

tory, is 166 ps
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symmetric couples of energy minima (Fig. 5, panel B). In

the case of multiple energy minima, the MultiRESP

method [29] has been proven to yield better results. To this

end, full ab initio geometry optimizations of the whole

TPT molecule at the PCM(B3LYP/6-31G*) level have

been carried out on the four minima conformations iden-

tified by the ab initio calculations and the relevant results

are reported in Table 2. These new optimized molecular

geometries were then used in the MultiRESP procedure of

in Eq. 1, as reported in Sect. 2. Then, a new 20 ns MD

simulation has been carried out using the MultiRESP

atomic charges. The dihedral angle conformations visited

during the new simulation are superimposed as red dots on

the type 2b PES in Fig. 7. The two A1–B1 minima are now

fully explored during the simulation and no high energy

conformations were visited by the MD simulation. There-

fore, the MultiRESP charges solve the electrostatic

parametrization for the dimethylamino group of ring A in

type 2b (compare panel B of Fig. 6 with Fig. 7).

It is worth noting that the parametrization of the

dimethylamino group of ring A has a direct influence on

the simulation of topoisomerase I–DNA interaction with

the TPT anticancer drug. Preliminary MD results on the

ternary topoisomerase I–DNA–TPT complex show, in fact,

that the environment changes the probability to visit the A1

or B1 minima in the type 2b form, as shown by super-

imposing the dihedral angle conformations over the type 2b

PES (green dots in Fig. 8). The results show a higher

tendency of visiting the A1 minimum region in the simu-

lation of the ternary complex, while in water the B1 min-

imum is preferred (compare red dots in Fig. 7 with green

dots in Fig. 8). In line with these findings, the dihedral

angle conformations in the two X-ray crystallographic

structures of TPT in complex with Top1 and DNA [4] are

in the A1 minimum region (red circles in Fig. 8).

3.3 Comparison of MD results with non-equilibrium

sampling approaches

As shown before, transition from one conformational

minimum to another for the dimethylamino group is by no

means a rare event in the simulated conditions, and several

transitions between dihedral configurations are observed

both in the MultiRESP and in the RESP simulations of type

2b (see Fig. 9). A quantitative evaluation of differences

between the PES obtained using either the MultiRESP or

RESP approaches can be obtained using a method aimed at

reconstructing the multidimensional free energy of com-

plex systems, such as metadynamics [35]. To this end, we

performed two metadynamic simulations defining the a and

b dihedral angles as collective variables (CVs) and using

the two set of charges (MultiRESP or RESP) of TPT.

Monitoring the evolution of CV during simulation we

observed a progressive broadening of the fluctuations,

related to the filling of free energy well. After 10 ns in both

simulations the frequency of flipping of b dihedral angle

between negative and positive values (that is the transition

with the highest energy barrier, see Fig. 5b) becomes very

high. To ensure a complete filling of energy wells we

calculated the free energy surfaces (FES) summing 105

Gaussian hills corresponding to 20 ns of simulation.

Figure 10a shows the superposition of the QM-level

potential energy surface (drawn as a contour plot) with the

DDG surface calculated as a difference of the FES: DDG ¼
DGMultiRESP � DGSimpleRESP (drawn using color code).

Therefore, zones where the MultiRESP energy is lower

Fig. 10 a Superimposition of

the FES difference, obtained

from the metadynamic

simulations, on the PES of the

two dihedral angles a and b of

type 2b. b Superimposition of

the FES difference obtained

from the metadynamic

simulations with the point

sampled during the MD

simulations. Cyan and orange
colors are used for

configurations sampled using

the RESP or MultiRESP

charges, respectively
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than the RESP one are shown in red, while a blue color is

adopted when the MultiRESP energy is higher than the

RESP one. The near-perfect coincidence of QM B1 minima

with zones where the MultiRESP geometries are more

stable is clearly visible. The difference of free energy in the

B1 minimum is not very high DDG ¼ �3:44 kJ/mole but,

interestingly, an unfavorable blue region is visible at

a * -160� and b * -60�. This corresponds to confor-

mations sampled only in the RESP MD trajectory (see

Fig. 6b) that are in a high-energy zone which should not be

sampled at 300 K. In this case DDGBi
¼ þ3:34 kJ/mole

Comparison of the DDG surface obtained from the meta-

dynamic simulations with the zones sampled by the simple

MD trajectories (see Fig. 10b) shows that during the nor-

mal MD simulations the energy minima are explored very

well using the MultiRESP or RESP charges and that simple

MD trajectories are long enough to yield an accurate

description of systems of this size complexity.

3.4 Ketone groups on rings D and E

Recently, we demonstrated that hydrogen bond inter-

actions with the ketone group of CPT ring D modulate the

wavelength of UV–Vis absorption bands of the drug, and

that only by taking into account the electronic contribu-

tion of two interacting water molecules can all the

experimental UV–Vis bands be reproduced [16]. This

result indicates that an accurate modeling of the ketone

groups on rings D and E is essential to reproduce pre-

cisely the drug interaction with the solvent or with the

protein–DNA target. We have modeled these groups by

adding two virtual sites on each oxygen atom and

assigning half of the oxygen atomic charge to each virtual

site, making the ketone oxygen atom neutral. These vir-

tual sites allow a better hydrogen bonding directionality,

mimicking the electronic localization of the two oxygen

lone pairs. Such a procedure has already been used suc-

cessfully for the MM parametrization of the acetone

molecule allowing the reproduction of several UV and

NMR spectroscopic properties [48]. The virtual sites

constrain the spatial distribution of water hydrogen atoms

around the TPT molecule as observed in Fig. 11, where

the first shell water molecules near the carbonyl group on

ring D form two distinct surfaces if virtual sites are used.

4 Conclusions

The anticancer drug topotecan in the lactonic form has

been fully parametrized following a procedure compliant

with the amber03 force field parametrization [26], based on

quantum mechanics calculations, including solvent effects

by means of continuum models. The proposed TPT classic

molecular mechanics force field is able to reproduce the

internal flexibility of the molecule and the interaction with

the solvent or the DNA–topoisomerase enzyme target.

Adoption of this method allows the easy generation of

force fields for other CPT derivatives and in principle even

for the carboxylate forms. This work paves the route

toward a structural and dynamic investigation on the role of

this class of anticancer drugs in the inhibition of the

topoisomerase enzyme and in the mechanism of resistance

of topoisomerase mutants.
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