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The mechanism of inhibition of telomerase by drugs is a key factor in an understanding of guanine-quadruplex
complex stabilization during human cancer. This study describes a simulated annealing docking and molecular
dynamics simulation to investigate a synthesized potent inhibitor, 3,6-bis(1-methyl-4-vinylpyridinium iodine)
carbazole (BMVC), which stabilizes the quadruplex structure of the human telomeric DNA sequence
d[AG3(T2AG3)5] and inhibits telomerase activity. The compound was predicted to selectively interact with
the quadruplex structure. During our simulation, the binding affinities were calculated and used to predict the
best drug-binding sites as well as enhanced selectivity compared with other compounds. Our studies suggest
that the simulation results quite coincide with the experimental results. In addition, molecular modeling
shows that a 2:1 binding model involving the external binding of BMVC to both ends of the G-quartet of
d[AG3(T.AG3)5] is the most stable binding mode and this agrees with the absorbance titration results that
show two binding sites. Of particular interest is that one pyridinium ring and carbazole moiety of the BMVC
can stack well at the end of G-quartet. This implies that BMVC is a good human quadruplex stabilizer and
also a good telomerase inhibitor.

I. Introduction sequences fold into a quadruplex structure. All quadruplexes
contain a basic repeating and stacking motif, the G-quartet

At the two ends of the chromosomes of eukaryotes, the sirycture, which is formed by four guanine bases and held in a
noncoding regions of DNA are called telometel.is well- plane by Hoogsteen hydrogen bords.

known that telomeric function plays a key role during cell
replication processes such as recombination and degradation.the guanine-rich telomeric DNA in a process by which the

In normal cells, typically, telqmgres shorten i.n length in somatic -,-omosome ends are protected from unwanted DNA damage,
cells w_|th e_a_ch round of replication, and this is as a consequencepya repair, recombination, and end-fusioh€:14Furthermore,

of the inability of DNA polymerase to fully replicate the_e_nc_is, the folded telomeric DNA quadruplex structures have been
Usually, 50-200 bases are lost at each round of cell division. ‘ghq,yn 10 inhibit the enzyme that catalyzes the elongation of
Once telomeres reach a crlthally short length, cells enter a qlomere repeats. Therefore, a designed compound that can
senescent state and do not replicate furthercontrast, in tumor stabilize such G-quartet structures may be a good candidate for

Ee”i' the '.e"gthf of E)ell\logenlas is hi%kg:_\)/ conlserved an(IJ! mzinkt]ained an effective telomerase inhibitor and a potential therapeutic agent
y the action of a polymerasePeople now realized that i, jany human cancer diseadéd There are quite a number

telomerase, a protein of about 170 kDa, catalyzes the elonga'[lonOf synthesized compounds that possess a planar aromatic

of ghe telognerfe repeats.”The:je_fore,dtelomeg?se_ is activated ilnchromophore, and these have been used to study the stabilization
80% to 90% of tumor cells and is undetectable in most normal 4 hinding affinity of folded quadruplex structurésBased

. 5 . . 7 . . . H
somatic cell$:5 In previous studie®; the authors have shown on extended amido-anthraquinone derivatiteand diben-

that thﬁ |nh|b|t|08 ?f tglomeraﬁedovehrc.omes the abr:I'lty of cells zophenanthroline derivativé$,our studies suggest that the
to proliferate and leads to cell death in tumors. This suggests biological activity can be related to vitro measurements using

that telomerase is a potent anticancer drug térget. a modified TRAP assay, binding affinity, and increases in
As far as we know, the telomeric DNA consists of simple melting temperature.
tandem repeats ofgl_Janlne (G)-rich sequences, Wh|ch1are_typ|f|ed In the present work, we performed a molecular dynamics
by the hexanucleotide d(TTAGGG)n in vertebrat@s: This simulation to calculate relative binding energies and these were
G-rlch.telomerlc repeat is known to have been conserved over se( to predict the most effective drug-binding sites and any
evolutionary time. In eukaryotes, the telomere length of the gnnanced selectivity for a number of compoutfi.A novel
repeat TTAGGG is between about 5 kb and 15'RUn this  gynthesized molecule, 3,6-bis(1-methyl-4-vinylpyridinium) car-
region of telomeric DNA, the tandem repeats of the G-rich pa;0e diiodide (BMVC)8was used to interact with the human
22-mer telomeric DNA single strand d[AQ 2AG3)3] (Hum22),
"'Part of the "Sheng Hsien Lin Festschrift’. and the results showed that this molecule could thermally
E_maciﬁ”sesspﬁgfgg n"’]‘”etggrt-WTek 886-2-28267233. Fax: 886-2-28234898. gtapjlize the G-quadruplex structure. A range of experimental
1 Na'tio%a Yang)fM'ing University. observations have found a significant increase in fluorescence
8 Academia Sinica. and distinctive changes in fluorescence properties when BMVC
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One possible direct end product of this is the functioning of
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Figure 1. (a) The structure of BMVC. (b) The structure of the precursor of BMVC (PBMVC). (c) The structure of the acridine chromophore (AC).
TABLE 1: The Binding Energies (kcal/mol) for BMVC 2

BMVC + DNA
BMVC + DNA
position (subset definition) vdw electrostatic binding energy

parallel loop —114.40 —-13.77 —128.17
(G4,T5,T6,A7,G8,G16,T17,T18,A19,G20)

diagonal loop —104.25 —13.12 —-117.37
(A1,G2,G10,T11,T12,A13,G14,G22)

wide groove —70.16 —-13.24 —83.40
(A1,G2,G3,G4,T5,T6,A7,G8,G9,G10,T11,T12)

L shape on wide groove —67.42 —12.94 —80.36
(G2,G3,G4,T5,T6,A7,G8,G9,G10)

narrow groove —62.18 —13.09 —75.27
(A13,G14,G15,G16,T17,T18,A19,G20,G21,G22)

top parallel loop —44.88 —-12.62 —57.50
(T5,76,A7,T17,T18,A19)

parallel loop+ diagonal loop —221.24 —23.58 —244.82

(A1,G2,G4,T5,T6,A7,G8,G10,T11,T12,A13,G14,G16,T17,T18,A19,G20, G22)
aHere we use the implicit water system with a dielectric constant of 78 after a simulated annealing docking process.

binds to DNA structure$®-21 Experimental result§ show that interaction of the drug and the telomere sequence and to use
the melting temperature of the G quadruplex is remarkably this to help the design of new, more potent and improved
increased by 13C on interaction with BMVC and there is a  stabilizers of the telomere structure. Such structure-based drug

high binding affinity of the order of 0M~1 in »itro.?? In design has recently had important impacts on the development
addition, an experimental assay by Lin and his co-wofers of antitumor drugs.

suggests that BMVC has a low telomeraseoplzalue (concen- The outline of this paper is as follows. In section II, the
tration required to inhibit cell growth by 50%) of about @« molecular modeling and molecular dynamics simulation meth-

compared with the other compounida?6e.17.2427 Analysis also ods are introduced. In section llI, the results of the molecular
shows that absorbance titration typically indicates the presencedynamics simulation are summarized and the various possible
of at least two binding sites for BMVC when it interacts with  binding sites for BMVC are discussed. Our simulation results
the G quadruplex dERAG3)4.1® Thus, it appears that BMVC  strongly support the experimental results that have been obtained
interacts and thermally stabilizes the folded G-quadruplex previously, and a brief conclusion drawing on this is presented
structure. The aim of this work is to identify the mechanism of in section IV.
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Figure 2. Sketch of the G-quadruplex structure of human 22 telomeric
DNA. The BMVC binding sites are shown as circles and are indicated.

II. Computational Methods

In this work, all of the molecular modeling and dynamics
simulations for the complexes of the quadruplex of the human
22-mer telomeric DNA single strand d[A@ 2AG3)3] (Hum22)
and BMVC for both external and internal intercalation sites were
performed using the software Insigif and the CVFF force
field.28 At the start, the initial structure of the Hum22 telomeric
d[AG3(T2AG3)3] was taken from one of the solution NMR
structures for folded intramolecular G-quadruplex structures
stored at Protein Data Bank code 143IThe sodium ions were

Yang et al.

descent (SD), and this was followed by 2000 steps of conjugate
gradient (CONJ). The minimized structure thus produced was
used as the initial structure for all studies herein. At the same
time, an optimized geometry for BMVC was built up and the
charge was calculated using the semiempirical MOPAC module
in Insight II.

A fixed approach to docking and simulated annealing (SA)
was adopted to identify the binding sites and study the binding
interactions of the compounds with the G-quadruplex structure.
We also introduced an intercalation ligand binding site between
the diagonal 7A loop and the G-quartet segment of the
structure. Next, the minimized BMVC was manually docked
into the binding sites. The positions and orientations of the
BMVC in the binding sites were optimized using the AFFINITY
module to ensure a starting model with low energy. This method
incorporates manual and automatic docking procedures and
allows nonbonded van der Waals and electrostatic interactions
to be monitored during the docking so that as many conforma-
tions as possible could be interactively evaluated. Furthermore,
flexible ligand docking also was used to define the lowest energy
position for the BMVC using a Monte Carlo automated docking
protocol. During these processes, the G quartets were restrained
to their original positions throughout the docking protocols.
During the simulation procedure, the BMVC atoms and receptor
binding site atoms were movable. As a result, a number of
possible conformations were evaluated. A similar search
procedure was also made for other high-affinity ligand binding
sites on the quadruplex. Finally, we found the final lowest
energy conformation of the G-quadruptedrug complex and
this was then subjected to a further 200 steps of SD with

inserted into the quartet planes and then the restraint tether forceunrestrained molecular energy minimization. The end product

was set at 150 kcal/md\ for the system. Our system was

of the above process was used as an initial model for further

subjected to energy minimization with 2000 steps of steepest studies.

Figure 3. Plots of the minimized complex structures and surface electrostatic potential at the various possible binding sites: (a) narrow groove,

(b) wide groove, (c) top parallel loop, and (d) L shape wide groove.
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Figure 4. (a) A plot of the structure of BMVC and the G-quadruplex complex in the parallel loop from the molecular dynamics simulation. (b and
c) Two different views of the binding site extracted from plot a.

Figure 5. (a) A plot of the structure of BMVC and the G-quadruplex complex in the diagonal loop from the molecular dynamics simulation. (b
and c) Two different views of the binding site extracted from plot a.

TABLE 2: The Stacked Distances (A) for BMVC in the End-Stacked G Quartets

stacked stacked
position in parallel loop distance (A) position in diagonal loop distance (A)
BMVC (carbazole)-G20 3.53 BMVC (carbazoleyG22 3.61
BMVC (pyridinium)---G8 3.54 BMVC (carbazole)-G14 3.60
BMVC (pyridinium)---T17 3.75 BMVC (pyridiniumj--G10 3.55
BMVC (carbazole)-A19 3.65 BMVC (carbazoley-A13 3.33

2 The stacked distance was identified after the molecular dynamics simulation.

Subsequently, the minimized G-quadruptekug complex extra sodium ions and four chlorine counterions were added to
was embedded in a TIP8Rwvater box of dimensions with 40.0  neutralize the system. The temperature was set to 300 K and
x 40.0 x 40.0(A3) with 1717 water molecules. For this part of the cell multipole methcd was used to treat the long-range
the study, we adopted a periodic boundary condition and 20 electrostatic interactions during our calculations. In all of the
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Figure 6. A comparison of the conformation of BMVC bound and free structures of the G-quadruplex structures (a) in the parallel loop and (b)
in the diagonal loop. The green ribbon shows the free G-quadruplex structure. The red ribbon shows the bound G-quadruplex structure with BMVC
in the parallel loop. The purple ribbon shows the bound G-quadruplex structure with BMVC in the diagonal loop.

dynamics with the restraint tether force set at 150 kcal/fol
for the complex system except for water molecules. In total,
30 ps of simulation dynamics was performed to gradually
remove restraint. A further 20 ps production simulation run was
used to analyze the ligand binding affinity.

For the drug only system, the starting model was taken from
the minimized combined G-quadruptedrug complex from
which the G quadruplex had been removed. The computational
protocol was the same as described in the preceding paragraphs
for the complex system without restraint.

We also evaluated the nonbonding interaction energy between
the G quadruplex and the drug by a direct calculation using the
DOCKING module. During our computation, the relative
binding affinity for all the models was calculated essentially
by subtracting the total averaged interaction energy of the
explicitly solvated drug and its surroundings in a neutral periodic
box with identical systems, while the ligand was bound to the
folded human G-quadruplex structure.

I1l. Results and Discussion

In this work, to unravel whether quadruplex stabilization plays
a key role in the interaction between stabilizer and G quadruplex,
we have focused on studying a synthesized compound BMVC
(see Figure 1a) and its interaction with the G-quadruplex
structure of human telomeric DNA sequence of diiIGAG3)s]
Figure 7. Plot of the structure of the 2:1 model where the two BMVCs  using molecular modeling and a molecular dynamics simulation
are bound with one G quadruplex in the end-stacked model. method. First of all, in order to screen for the best binding sites,

we directly performed SA docking to calculate the nonbond

molecular dynamics simulations, in order to constrain the bond interaction between BMVC and the DNA in the implicit water
lengths involving the hydrogen atoms, the SHAKE algorithm  system. Our calculated binding energies are listed in Table 1.
was applied. In each simulation, the time step was set to 1 fs in According to these, it was possible to predict by calculation
order to integrate out of the equations any motion by the where the best drug-binding sites are positioned and how to
molecules. For dynamic runs after minimizations, the initial enhance selectivity of this molecule compared to other com-
velocities were assigned using the standard Maxwellian distribu- pounds.
tions. Based on higher ranking after the SA docking process, several

Each complex system was separately subjected to 2000 stepgpparent binding sites of BMVC bound to the G-quadruplex of
of SD and CONJ energy minimization, followed by 2 ps of Hum22 telomeric DNA were identified and are shown in Figure
molecular dynamics to heat up the system temperature from2. There are seven major binding sites made up of two end-
0 to 300 K. This was followed by a further 20 ps of equilibrium  stacked quadruplex (parallel loop and diagonal loop), one wide
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Figure 8. Plot of the superposition of the orientations of BMVC taken from snapshots during the molecular dynamics simulation at 300 K.

TABLE 3: Relative Binding Energies (kcal/mol) for BMVC 2

BMVC + DNA + ions BMVC + ions
in water system in water system
relative binding
position vdw electrostatic total vdw electrostatic total energy
parallel loop —132.55 —269.31 —401.86 —73.15 —244.19 —317.34 —84.52
diagonal loop —121.33 —265.07 —386.40 —73.15 —244.19 —317.34 —69.06
wide groove —84.99 —255.51 —340.5 —73.15 —244.19 —317.34 —23.16
narrow groove —87.06 —243.69 —330.75 —73.15 —244.19 —317.34 —13.41
top parallel loop —80.62 —245.30 —325.92 —73.15 —244.19 —317.34 —7.96
. p: —117.25 —256.17 —373.42 _ _ _ _
parallel loop+ diagonal loop d —107.24 —27061 _377.85 73.15 244.19 317.34 116.59

ap: parallel loop. d: diagonal loop.

groove, two medium groove, one narrow groove, and top parallel from Figure 3, the carbazole part and pyridinium rings of BMVC
loop binding sites. Our molecular modeling shows that the end- are oriented on the groove and exhibit steric interactions with
stacked binding sites in the parallel and diagonal loops have the phosphate backbone.

the highest affinity and are more favorable; the groove binding  Our initial SA docking modeling studies show that the
sites are significantly less stable than the end-stacked bindinginteraction of both the BMVC and G quadruplex undergoes
sites. To find an intercalated site, we attempted to stack one conformational adjustment that led to significant changes in their
pyridinium of the BMVC at one end of the quartet and dock relative position, orientation, and binding energy. Using a 1:1
the rest of BMVC to quadruplex groove; this was called L shape stoichiometry of the BMVCEG-G-quadruplex complex in the
binding to the wide groove, and has a binding energy 80.36 parallel loop that is shown in Figure 4, it appears that the central
kcal/mol. Similarly, the binding energy when the drug is on carbazole moiety of BMVC can well form a sandwich-like stack
top of the parallel loop is-57.50 kcal/mol. Furthermore, we  with the G20 base of the G quartet and the A19 base of the
were unable to obtain a reasonable value for intercalation TTA loop and, furthermore, one of the pyridinium arms of
between the two quartet planes, because the space is small anBMVC stacks with the G8 base of the G quartet, and the second
not allowable using the program. For convenience, the mini- pyridinium reorients perpendicularly in order to stack on the
mized complex structures for these various binding sites are T17 base in the TTA loop. BMVC-induced rearrangements
presented in Figure 3, and these are (a) the narrow groove, (b)corresponding to local changes in G-quadruplex structure can
the wide groove, (c) the top parallel loop, and (d) the L shape also be observed in the diagonal loop, and this is shown in
wide groove. In this figure, surface electrostatic potential of Figure 5. Here, the carbazole moiety of BMVC can well form
each structure at pH 7.0 is also displayed. As can be seen directlya sandwich-like stack with the G14 and G22 bases of the G
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Figure 9. Plot of the fluctuation of the binding energy for the BMW¥G-quartet complex in the parallel loop.

quartet and the A13 base of the TTA loop together with one Our analysis reveals that the presence of a second BMVC
pyridinium ring of BMVC stacking with the G10 base of the G molecule further increases the overall binding energy of the
quartet, but with no stacking found for the second pyridinium 1:1 complex from—128.17 to—244.82 kcal/mol for the 2:1
ring. Interestingly enough, we also found that the pyridinium complex.
ring, when attached to the BMVC, shows strongly favorable  We found that the BMVC compound investigated in this work
steric interaction with the base of the loop. The stacked distancesis of special interest. Basically, the SA docking and subsequent
are listed in Table 2, and the values are quite close to thosemolecular dynamics simulation studies show an intriguing
found for DNA bases at about 3.63 A. From the binding energy binding model where the planar aromatic substituents of BMVC
point of view, the binding site in the parallel loop is a little are stabilized byr—a stacking interactions with the G quartet.
stronger than that in the diagonal loop. This supports the hypothesis that these directly stack on the G
Figures 6a and 6b show the conformational comparison of quartet planes and TTA bases on loops, and this may be involved
the BMVC bound and free structures of the G quadruplex in in increasing the interaction energy. Particularly, BMVC is able
the parallel loop and in the diagonal loop, individually. In this to bind effectively due to the two pyridinium rings at the ends
respect, the root-mean-square deviations of the conformationalof the two side chains, which are able to enhancesther
comparison in the parallel loop and in the diagonal loop are stacking interactions. This suggests that the optimal chain length
1.5225 and 1.5233 A, respectively. The green ribbon shows theis about 4-5 carbon atoms and it can easily rotate to maximize
free bound structure. BMVC-induced local loop changes cor- any nonbonding interactions. All of these findings agree well
responding to a pulling out of the loop and an increasing of the with the experimental results, which show that BMVC interacts
space in G-quadruplex structure are observed. and thermally stabilizes the folded G-quadruplex structure. Other
Moreover, a 2:1 model of two BMVCs bound with one G longer chains and different derivatives will be discussed in our
qguadruplex in the end-stacked model is shown in Figure 7. The future work. Generally speaking, our model suggests that any
presence of the BMVC molecule in the diagonal loop favored substituent at this position will potentially introduce steric
a change in the parallel loop, because of the presence of the Shindrances with the adjacent G quartet and interfere with the
and 3 ends of sequence in the diagonal loop. Once the BMVC essential 3.6 A stacking interactions. Moreover, thesn
enters the parallel loop site, the stacking interaction is stronger stacking interaction conjugates with the ring system and
than in the diagonal loop. It is important to compare how easily maintains planarity at the edge of the G quartet. Therefore,
the BMVC is able to enter into the parallel or diagonal loop BMVC is a good stabilizer for the folded G-quadruplex structure
sites, and we will discuss this kinetic problem in our future work. and is a potent telomerase inhibitor.
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TABLE 4: Comparison of the Relative Binding Energies (kcal/mol) in the Parallel Loop

drug+ DNA + ions water system drugs ions water system
relative binding
compound vdwW electrostatic total vdw electrostatic total energy
BMVC=? —132.55 —269.31 —401.86 —73.15 —244.19 —317.34 —84.52
PBMVCP —117.56 —5.92 —123.48 —54.19 —9.62 —63.81 —59.67
AC® —124.19 —421.27 —545.46 —56.42 —431.98 —488.4 —57.07

aBMVC: 3,6-bis(1-methyl-4-vinylpyridinium iodine carbazolé)PBMVC: BMVC precursor® AC: acridine chromophoré.Neidle et al®
obtained an estimated value 68.6 kcal/mol for AC.
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