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We have performed: (i) conformational analysis of two novel cytotoxic C2-substituted pyrrolo[2,3-
f]quinolines 5e and 5g in deuterated dimethylsulfoxide (DMSO-d6) utilizing NOE results from NMR spec-
troscopy; (ii) molecular dynamics (MD) calculations in water, DMSO and dimyristoyl phosphatidylcho-
line bilayers and (iii) molecular docking and MD calculations on DNA nucleotide sequences. The
obtained results for the two similar in structure molecules showed differences in: (i) their conformational
properties in silico and in media that reasonably simulate the biological environment; (ii) the way they
are incorporated into the lipid bilayers and therefore their diffusion ability and (iii) molecular docking
capacity as it is depicted from their different binding scores.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

DNA cross-linking agents are known for their significant antitu-
mor activity, which has been attributed to their ability to form
irreparable base pair adducts at precisely defined genomic loca-
tions.1 Most of the reported cross-linking probes involve three or
four aromatic chromophores in their skeleton and are of sufficient
size to recognize two or three base pairs. An extension of this lim-
ited sequence recognition, which is attained by the use of larger
aromatic heterocycles, has been found to drastically enhance cyto-
toxicity due to the formation of more rigid irreversible interstrand
bonds.2
ll rights reserved.
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In the course of our research towards the development of new
DNA-complexing agents, we have previously reported the synthe-
sis and cytotoxic profile of a series of C2-substituted pyrrolo[2,3-
f]quinolones.3 To further explore the activity of these agents we
have recently published the synthesis and biology of the dimeric
pyrrolo[2,3-f]quinolines 5e and 5g (Fig. 1).4 The overall size of
the skeleton of these molecules has been increased, allowing the
new probes to span a larger number of base pairs in order to act
as cross-linkers.

The promising diverse biological properties of these compounds
led us to apply a combination of NMR data analysis and conforma-
tional studies in different biomimetic media in an attempt to
understand and correlate their biological properties. The results
obtained show that although the two molecules possess very sim-
ilar chemical structures, they are characterized by different confor-
mational properties, different modes of incorporation in
membrane bilayers and of docking in the nucleotide sequences.
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Figure 1. Chemical structures of 5e (top) and 5g (bottom).

Table 1
1H NMR chemical shift assignments of 5e fumarate in DMSO solution (1.1 mM)

Hydrogen Chemical shift (ppm) # of hydrogens Multiplicity (J)

1, 10 12.97 1 m
12.74 1 m

3, 30 7.32 2 s
4, 40 7.59 2 d (J = 8.8 Hz)
5, 50 7.92 2 d (J = 8.9 Hz)
7, 70 9.17 1 d (J = 8.4 Hz)

9.15 1 d (J = 8.2 Hz)
8, 80 7.54 2 m
9, 90 8.80 2 dd (J = 10.8, 3.6 Hz)
10, 100 8.88 2 s
11, 110 3.39–3.42 4 m
12, 120 1.87 2 quin

1.80 2 quin
13, 130 2.88 3 br

2.58 1 br
14, 140 2.54 1 m

2.52 1 m
15, 150 2.81 3 br

2.68 1 br
16, 160 1.64 2 m

1.56 2 m
Fumarate 6.50 4 s
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2. Materials and methods

2.1. Materials

Compounds 5e and 5g were synthesized at Professor’s Andrew
Tsotinis laboratory by amidating 1H-pyrrolo[2,3-f]quinolone-2-
carboxylic acid3 with the appropriate a,x-diamine.4

2.2. Nuclear magnetic resonance experiments

The high-resolution NMR experiments were performed at the
National Institute of Chemistry in Slovenia on a Varian DirectDrive
800 MHz spectrometer. Samples for the NMR experiments were
dissolved in deuterated DMSO-d6 (1.1 mM solution) and TMS was
used as the chemical shift reference.

A two-dimensional (2D) 1H–1H chemical shift correlation spec-
trum (DQF-COSY) was obtained in order to assign proton reso-
nances of 5e and 5g. A 2D 1H–1H Nuclear Overhauser
Enhancement (NOESY) was performed to aid the assignment of 5e
and 5g and to study their conformational properties. Spectra were
collected in the phase sensitive mode using the pulse sequences
in the Varian library of pulse programs. All data were analyzed
using MestReNova Version 6.2.1.

2.3. Molecular modeling—molecular dynamics

Initial structures of 5e and 5g were generated using a 2D
sketcher module of SYBYL 8.0 molecular modeling interface. Next,
Gromacs topologies and pdb files, for both 5e and 5g, were gener-
ated in extended conformations using the JME editor (2D sketcher
module) in the DUNDEE PRODRG server (http://dav-
apc1.bioch.dundee.ac.uk/prodrg/).5

2.3.1. Compounds 5e and 5g in water and in DMSO
Molecular dynamics (MD) simulations were performed using

the MD package GROMACS 4.5.1.6–8 Each molecule was constructed
with the ANTECHAMBER module (using the general AMBER GAFF
force field)9,10 and atomic partial charges were assigned with the
AM1-BCC method.11
The canonical ensemble (NVT) at 300 K with periodic boundary
conditions was used and the temperature was kept constant with
the Berendsen thermostat.12 Electrostatic interactions were calcu-
lated using the particle mesh Ewald (PME) method.13 Cutoff dis-
tances for the calculation of Coulomb and van der Waals
interactions were 1.4 nm. The cubic elementary box containing
5e or 5g and �4000 water molecules was described by the Simple
Point Charge (SPC) model14, yielding an average density of 0.996 g/
cm3. Prior to the dynamics simulation, energy minimization was
applied to each system (5e or 5g with solvent water molecules)
without constraints, using the Steepest Descent integrator for
1000 steps. Finally, two all atom, unrestrained 40 ns MD simula-
tions were performed at 300 K with a time step of 1 fs. The effect
of solvation on the conformations was also examined by changing
the solvent from water to a pre-equilibrated DMSO box (containing
approximately 1200 DMSO molecules).

http://davapc1.bioch.dundee.ac.uk/prodrg/
http://davapc1.bioch.dundee.ac.uk/prodrg/


Table 2
1H NMR chemical shift assignments of 5g fumarate in DMSO-d6 solution (1.1 mM)

Hydrogen Chemical shift (ppm) # of hydrogens multiplicity (J)

1, 10 12.77 2 s
3, 30 7.30 2 s
4, 40 7.58 4 d (J = 8.8 Hz)
5, 50 7.91 1 d (J = 8.8 Hz)

7.90 1 s
7, 70 9.15 2 dd (J = 4.2, 1.4 Hz)
8, 80 7.53 2 dd (J = 8.3, 4.2 Hz)
9, 90 8.79 2 d (J = 8.1 Hz)
10, 19 8.64 2 bs (J = 4.8 Hz)
11, 18 3.38–3.41 4 m
12, 13, 17 1.78 6 quin
14, 16 2.58 1 m

2.54 1 m
2.52 2 m

15 2.29 1 s
Fumarate 6.50 4 s
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2.3.2. Compounds 5e and 5g in lipid bilayers
Drug topology files were produced using the PRODGR server as

mentioned above. For dimyristoylphosphatidylcholine (DMPC)
molecules, the united atom representation was adopted and the
topology files were downloaded from the Tieleman web page
(http://people.ucalgary.ca/~tieleman/download.html)15,16, while
water molecules were described by the Simple Point Charge
(SPC) model. The simulated bilayer system consisted of 128 DMPC
molecules in the liquid-crystalline phase and 3655 water mole-
cules. All simulations were performed with the MD package GRO-
MACS 4.5.1. Equations of motion were integrated with a time step
equal to 2 fs and all bonds were constrained to their equilibrium
length with a harmonic force constant of 1000 kJ mol�1 nm2, using
Figure 2. 1H NMR spectrum of 5g obtaine
the LINCS algorithm.17 The temperature was kept constant at 310 K
using a Berendsen thermostat with a coupling time constant equal
to 0.1 ps, while the Berendsen barostat was employed for the semi-
isotropic pressure coupling of the system at 1 bar. The latter means
that the Z-direction, which is perpendicular to the two monolayers,
is coupled independently from the XY plane but in both cases the
coupling time constant was set to 1 ps. Overall, there are two de-
grees of freedom distributed between Z direction and XY plane,
which are set to 1 bar. Long-range electrostatic interactions were
treated with the PME method, while Coulomb and Lennard-Jones
interactions have been calculated using a 1 nm cutoff. MD simula-
tions of the two bilayer systems were run for 100 ns each.

2.3.3. Docking and MD calculations of compounds 5e and 5g to
nucleotide sequences of DNA

Both structures were subjected to energy minimization using
the Steepest Descent, Conjugate Gradient and Powell algorithms.
Partial charge contributions were calculated by the Gasteiger–Huc-
kel method and a 0.001 kcal/mol energy gradient convergence cri-
terion using the standard Tripos MM force field of the Sybyl
molecular modeling package.18

Simulated annealing calculations were conducted in vacuum
without restraints, over 100 cycles with heating to 2000 K over
2 ps and subsequent annealing to 0 K over 10 ps, with an exponen-
tial function. This method resulted in 100 low-energy conformers
that were used for docking calculations.19,20

The structures of 5e and 5g were docked in the crystal DNA se-
quence obtained from the Protein Data Bank (code number 1d64)21

using the ‘extra-precision’ mode of Glide.21 This sequence presents
a high percentage of pair bases G–C and is complexed with pent-
amidine, a compound that has similar chemical structure to the
molecules under study.22
d in DMSO-d6 at 25 �C and 800 MHz.

http://people.ucalgary.ca/~tieleman/download.html


Figure 3. 1H NMR spectrum of 5e obtained in DMSO-d6 at 25 �C and 800 MHz.
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The DNA sequence for dodecamer 1d64, 50-d(C-G-C-A-A-T-T-C-
G-C-G)-30 was prepared with the Protein Preparation Wizard util-
ity provided by Schrödinger.23 According to this, bond orders were
assigned, crystal water molecules were removed and hydrogen
atoms were added. The 3D structure of DNA was further refined
using a restraint minimization method for hydrogen atoms only,
and constraint was set to 0.3 Å (Force field OPLS 2005).

MD calculations of 1d64-drug complexes were also performed
employing the GROMACS package and AMBER-03 all-atom force
field.24 A cubic box with 9014 SPC water molecules was con-
structed and 22 Na+ ions were added to neutralize the system.
Figure 4. (top, left) 5e in water, (top, right) 5e in DMSO, (
After manual docking of 5e or 5g into 1d64, the compounds were
found in the major groove of the double helix. The whole system
was initially energy-minimized using the steepest descent method.
MD simulations were then performed, initially with position re-
straints (for the first 10 ns) and subsequently fully unrestrained
(for additional 40 ns). The time step was equal to 2 fs with all
bonds constrained to their equilibrium length using the LINCS
algorithm. Temperature and pressure were kept constant at
310 K and at 1 bar, with time constants of 0.1 and 1 ps for the Ber-
endsen thermostat and barostat, respectively. The long range elec-
trostatic interactions were treated with the PME method, while
bottom, left) 5g in water, (bottom, right) 5g in DMSO.



Figure 5. Trajectory representations for compounds: (a) 5e and (b) 5g, into DMPC bilayer. Ten equally spaced snapshots throughout the last 20 ns of the simulation are
shown. The aromatic rings are colored green and hydrogen atoms have been omitted for clarity. (c, left) 5e in DMPC bilayer, (c, right) 5g in DMPC bilayer. (d, left) Most
preferable conformation of 5e molecule in the DMPC bilayer, based on clustering calculations. (d, right) Most preferable conformation of 5g molecule in the DMPC bilayer,
based on clustering calculations.
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Coulomb and Lennard-Jones interactions were calculated using a
1.0 nm cut-off.

Additional docking experiments with a different sequence,
1dne,25 were also performed to cross-check the docking mode of
the two compounds in DNA sequences (data shown in supporting
information). Identical parameters were used for these
calculations.

Docking experiments were designed according to previously
published studies.26–29
3. Results and discussion

3.1. Structure assignments of 5e and 5g

The 1H NMR spectra of 5e and 5g were fully assigned by the use
of a combination of 1D NMR and 2D homonuclear NMR spectros-
copy. Proton resonances for both molecules were identified from
integral inspection and chemical shifts of the 1H NMR spectra, from
the 2D DQF-COSY spectra and from the observed through-space



Figure 6. Mass density profile of 5e embedded in lipid bilayer (left) and 5g embedded in lipid bilayer (right).

Figure 7. All-atom RMSD of DNA-bound molecules 5e and 5g, starting from the
minimized structures and overlapped on the same structures.
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proton correlations in the 2D NOESY spectra. The 1H NMR spectra
of both 5e and 5g consist of two regions, one that accounts for the
protons of the aromatic system and another for the protons of the
aliphatic chain. Since 5e and 5g have similar structures, the assign-
ment of protons in 5g led directly to an assignment of 5e. As it can
be observed from Tables 1 and 2, both molecules present almost
identical chemical shifts in the aromatic region. Figures 2 and 3 de-
pict representative 1H NMR regions of the spectra of 5g and 5e,
respectively. The strategy applied for the assignment of 5g protons
is briefly explained. H1/H10 that resonate at high field (13 ppm)
and appear as singlet showed NOEs with H9/H90 (resonated at
9.15 ppm). The assignment of H9/H90 led through 2D DQF-COSY
correlations to H8/H80 and subsequently to H7/H70. 2D DQF-COSY
experiment depicted the correlations between H1/H10–H3/H30 (as-
signed at 7.30 ppm), H3/H30–H4/H40 (assigned at 7.58 ppm) and
H4/H40–H5/H50 (assigned at 7.91 ppm). The protons of the amide
bonds H10/H19 (resonated at 8.64 ppm) showed cross-peak sig-
nals in 2D DQF-COSY and NOESY experiments with H11/H18
(3.36–3.39 ppm). Subsequently, the 2D DQF-COSY experiment
showed through bond correlation with H12/H13/H17 (assigned
at 1.78 ppm, appears as a peak with quintet multiplicity and is
integrated to 6H). Finally, H12/H13/H17 showed a DQF-COSY cor-
relation with H14/H16 (assigned at 2.52–2.58 ppm). For the
assignment of the structurally similar compound 5e, the same
strategy was applied.
After the full assignment of the 1H NMR spectra of 5e and 5g,
the identification of critical NOEs for the two compounds was
examined using 2D NOESY spectra. Critical NOEs lead to the deter-
mination of the orientation of the aliphatic chains of the molecules
in relation to the aromatic segments. From the absence of long
NOEs, using different mixing times and 2D ROESY experiments, it
was concluded that both molecules receive extensive conforma-
tions in DMSO-d6.

3.2. Molecular dynamics simulations

MD simulations of 5e and 5g were initially performed in vac-
uum (supporting information), then in solvents (water and DMSO)
and finally into DMPC lipid bilayer and in DNA complexes.

3.2.1. MD simulations of 5e and 5g in water and DMSO
MD simulations were performed for the two molecules in water

and DMSO using explicit solvent treatments. Each system was sim-
ulated for 40 ns. In both solvents, 5e adopted primarily extended
conformations, whereas 5g showed a closed conformation in water
with aromatic rings p–p stacking (Fig. 4). Interestingly, this confor-
mation (being present for 55% of the simulation time) predomi-
nated in vacuum (70%). In DMSO, both molecules adopted an
extended conformation in accordance with the NMR data. These
results suggest that 5e stabilizes in an extended conformation in
various media with different dielectric constants (e = 1 for vacuum,
e = 45 for DMSO and e = 81 for water), while 5g adopts both ex-
tended and predominant closed conformations in water and in
vacuum.

3.2.2. MD simulations of 5e and 5g in DMPC bilayers
Drugs usually exert their biological activity after passing the

aqueous barrier of membrane bilayers.30 Since these molecules
show cytotoxic activity, it would be of interest to examine their
ability to penetrate into lipid bilayers. The two molecules were ini-
tially positioned in extended conformations at the aqueous layer of
DMPC to examine if they pass the aqueous barrier and are incorpo-
rated spontaneously in the bilayer core. Trajectory representations
of the two molecules are shown in Figure 5a and b. The most pref-
erable conformations of the two molecules into DMPC, after even-
tually crossing the lipid bilayer, are shown in Figure 5c and d and
are based on a clustering algorithm that is available in Chimera.31

It was observed that 5e spans the whole hydrophobic bilayer in an



Figure 8. Docking of (a) 5g and (b) 5e in the crystal DNA sequence 1d64. Principal hydrogen bonding interactions are shown in dotted lines.
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extended form, while 5g spans one layer of the bilayer in a ‘semi-
closed’ conformation (V-form). This shows that 5e can be more
easily accommodated into the lipid core, with the alkyl chain par-
allel to the corresponding alkyl chains of the lipid bilayers. This is,
however, not the case for 5g, where its alkyl chain is tilted with re-
spect to the alkyl chains of DMPC. Thus, while 5g appears to anchor
onto the interface rather than the bilayer core, 5e spans across the
hydrophobic core. Consequently, this may indicate that 5g will
have more difficulty in penetrating the lipid bilayers than 5e.

Figure 6 depicts their mass distribution along the Z-axis. These
conformations can be clearly seen in the mass density profiles of 5e
and 5g in lipid bilayers (Fig. 6).

The density profile of DMPC molecules along Z-axis is denoted
with red color in Fig. 6 and shows higher mass in the head-group
region because it contains the heavier atoms of oxygen, phospho-
rous and nitrogen, while the hydrophobic region that contains only
carbon atoms and hydrogen atoms has lower mass. Compound 5e
(shown in green) spans over the hydrophobic region of the lipid
bilayers. The maxima close to the interface of the lipid bilayers
(green curve) probably represent the localization of the aromatic
rings as they represent the most dense area of the compound. In
the case of 5g, there is a single maximum in the corresponding
density profile due to its strong anchoring to the one leaflet, adopt-
ing a tilted conformation (see also Fig. 5).

A plausible explanation is that ring rigidity does not favor inter-
actions with the flexible alkyl chains. Generally, rigid rings tend to
localize in the upper segment of alkyl chains and close to the inter-
face rather than deeply into the alkyl chain region (e.g., the tricyclic
segment of cholesterol prefers the upper part of the alkyl chain and
interface and its alkyl chain is embedded into the center of the bi-
layer). Such an orientation may hinder the movement towards the
interior of the cell. Interestingly, in 5e due to the reduced flexibility
of alkyl chain (interrupted by the two –NH groups), the aromatic
rings scavenge both the interface and deeply towards the center
of the bilayer.
Compound 5g does not show any density around the center of
the bilayer, indicating that its interaction is limited in the interface
region and upper hydrophobic segment of the lipid bilayers. None-
theless, both molecules are incorporated in the bilayer core and
spontaneously anchor adopting a different orientation and locali-
zation. Another important structural property is the area per lipid,
which is defined as the product of X and Y dimensions divided by
the number of lipid molecules in each leaflet (64 in this case). The
area per lipid is a diagnostic tool of the mesomorphic state of the
lipid bilayer. For the systems with 5g and 5e molecules, the above-
mentioned quantity is equal to 0.635 ± 0.003 and 0.632 ±
0.005 nm2/lipid, respectively. Indeed, this value corresponds to a li-
pid bilayer that is found in the liquid-crystalline phase as expected
by the temperature of the simulations (310 K).

3.2.3. Docking and molecular dynamics of 5e and 5g bound to
DNA

An early convergence of the simulations denoted the structural
stability of both DNA-bound systems (Fig. 7). Hydrogen bonding
analysis was done through appropriate GROMACS tools,8 which
use standard geometrical criteria such as distance between accep-
tor and donor (<0.35 nm) and the angle among acceptor–hydro-
gen–donor (<30�). Compound 5e cross-links with the 1d64 DNA
sequence, resulting in several hydrogen bonding interactions be-
tween nitrogen and oxygen atoms of the drug and DNA bases
guanine 10/14 (Fig. 8). Compound 5g displayed a less extensive
hydrogen bonding network with 1d64, as it only formed two
hydrogen bonds with guanine22 and cytocine21. This may par-
tially rationalize the increased binding affinity of 5e toward DNA.
MD simulations of the complex DNA-5e in water further confirmed
its stability, with 5e adopting an extended conformation. In partic-
ular, the angle among atoms 2-16-20 (Fig. 1) is monitored during
the course of the simulation to be 146� ± 3�. Compound 5g also
adopted an extended conformation as seen by the angle 2-15-20,
which was found to be 167� ± 1�.



Table 3
Docking scores and binding free energies of 5e and 5g with 1d64 DNA sequence

Compound Docking score (glide) in
kcal/mol

Binding energy (LIE method) in
kcal/mol

5e �13.094 �14.96 (3.70)
5g �9.695 �12.74 (3.33)
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Similar results were obtained for 5e with the crystal DNA se-
quence 1dne (data not shown). Compound 5e cross-links with
1dne DNA sequence, resulting in enhanced hydrogen bonding, sim-
ilar to 1d64.

In addition to the previously described computations, the bind-
ing free energy was estimated through the Linear Interaction En-
ergy (LIE) method,32 in which two different MD simulations are
needed: one of the total system with the drug bound to the DNA
at the position indicated by the docking calculations and one of
the drug placed in pure solvent (water). An estimate for the bind-
ing free energy is given by the following equation:

DGbind ¼ aDVvdw þ bDVel ð1Þ

where the differences DVvdw, DVel are the MD averages of the non-
bonded (van der Waals) and electrostatic interactions of the ligand
in the free (pure solvent) and bound states. The adjustable param-
eters a, b of Eq. 1 were assigned to 0.181 and 0.500, respectively,
and a full description of the method and how it is applied in GRO-
MACS can be found elsewhere.8,32 The values of parameters in Eq. 1
are the same for both systems due to the similarity of the molecules
(5e and 5g) that are bound at the same position of the DNA helix.
The binding free energies are summarized in Table 3 and they are
compared to the estimates obtained by the docking computations.
An interesting observation was that 5e binds more efficiently than
5g and consequently it is more suitable as a cross-linking probe
due to its ability to interact more strongly with the two helices of
the DNA. It is important to note that although the LIE method is
considered as more accurate than docking calculations, its useful-
ness is primarily focused on the estimation of the difference be-
tween the binding energies of two complexes rather than the
accurate prediction of their absolute binding energies.

Furthermore, it was observed that 5e cross-links with both
nucleotide sequences, whereas 5g cross-links with only the 1dne
nucleotide sequence. Irrespective of the initial conformation of
the ligand, docking calculations showed that it always acquired ex-
tended conformations.

4. Conclusions

Cytotoxic molecules are well known to interact with DNA nucle-
otide sequences and to interfere with their replication. However, in
order to reach their site of action in the nucleus of the cell, these
molecules must first cross the lipid bilayer barrier. To understand
the mechanism of action of two novel cytotoxic C2-substituted pyr-
rolo[2,3-f]quinolines, we have explored their conformations in dif-
ferent media and their ability to be incorporated into the lipid
bilayers. Although the two molecules have similar chemical struc-
tures, they adopted different conformations. In silico calculations
revealed that 5e adopted primarily an extended conformation in
media varying in dielectric constants, in agreement with NOE data.
Compound 5g was additionally found to acquire semi-closed (V-
shaped) or even closed conformations in water and in vacuum.
The most striking difference between the two molecules was ob-
served after they were initiated for MD calculations in the aqueous
layer and spontaneously permeated into the DMPC lipid core: 5e
was incorporated into the lipid core in an extended conformation
and in a fashion that its alkyl segment was parallel to the alkyl
chains of the lipid bilayers. Such an orientation facilitates its pas-
sage to the cytoplasm and finally to the nucleus. On the other hand,
5g anchors at the interface in an unusual way. Its alkyl chain is
tilted with respect to the alkyl chains of the phospholipids. Aro-
matic rings in 5g are localized in the interface region. Such an ori-
entation of aromatic rings has been suggested by several previous
studies.33–36

Regarding their interactions with DNA nucleotide sequence, 5e
binds more favorably than 5g, forming an enhanced hydrogen
bonding network and cross-links. Such strong interactions by 5e
establish that not only does it reach more easily its target but it also
induces stronger binding effects. In conclusion, the combination of
experimental and theoretical methodologies applied may provide a
plausible explanation of the efficient cytotoxic effects of 5e.
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