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Abstract—Cancerous cell immortality is due to relatively high concentrations of telomerase enzyme which maintains telomere
sequence during cell division. Deoxyribonucleic guanidine (DNG) is a positively charged DNA analog in which guanidine replaces
the phosphordiester linkage of DNA. Mixed sequences of DNG and DNA oligonucleotides are referred to as chimera. Complex-
ation of DNG and chimeric polycations with the complementary negatively charged non-coding telomere single strand d(5'-
TTAGGG-3’), and the 11-base telomeric RNA template (5'-CUAACCCUAAC-3’) in the active site of telomerase has been studied.
Calculated by ensemble sampling simulations in GBMYV solvent model, we found that binding of complementary DNG hexamer
with telomere is favored over that of DNA-telomere by ~10°-fold and binding of chimera hexamer is favored by ~10*-fold. Binding
of complementary DNG with telomeric RNA is favored by 43 kcal/mol over telomere substrate binding with telomeric RNA.

© 2007 Elsevier Ltd. All rights reserved.

Telomeres are non-coding DNA repetitive sequences
that cap the 3’-end of the chromosome to prevent loss
of vital genetic information during cell division.! Hu-
man telomeric DNA consists of repeats of the sequence
d(5’-TTAGGG-3’) on one strand and a complementary
sequence on the matching strand (3'-AATCCC-5"). The
matching strand is shorter than the repetitive telomere
sequence by 150-300 bases.? The telomere single strand
serves as substrate for the telomerase enzyme, which re-
builds the telomere strand lost during cell division. The
telomerase enzyme is comprised of a reverse transcrip-
tase protein and a telomeric RNA 11-base template
(5-CUAACCCUAAC-3').* The telomerase synthesis
of telomere is regulated by telomere-specific proteins
such as protection of telomeres-1 (POT1).> A model,
provided by Lei et al., demonstrated that in cell division
the length of 3’-end overhanging telomere single strand
from POTI is crucial to the synthesis of telomere se-
quences.® Telomerase catalysis is inactive when the over-
hanging telomere single strand consists of less than six
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nucleotides (such as TTAGGG), while it is highly active
when the single strand contains more than -eight
nucleotides.

Each time a cell divides, the telomere is shortened in the
daughter strand. Continued shortening of the telomere
results in decreased cell longevity. Cancer cells contain
an abundance of telomerase, which makes them immor-
tal. Two possible approaches to prevent telomere
replacement in cancerous cells follow: (a) altering the
overhanging telomere single strand so that it is no longer
a substrate for the telomerase enzyme; and (b) inhibition
of the telomerase enzyme by blocking the telomeric
RNA 11-base template.

Telomerase inhibition is a well-known approach to can-
cer therapeutics.* The DNA substrate of telomerase is a
polyanion. Drugs invented as inhibitors of enzymes
operating on DNA are also generally polyanions. One
example is GRN163L (5-pam-TAGGGTTAGACAA-
NH,-3’), a lipid conjugated 13-mer thiophosphorami-
dite oligomer (Geron Corporation, California) that is re-
ported to inhibit human telomerase and has clearance
by the US FDA to enter human phase I/II of clinical
testing against chronic lymphocytic leukeimia and
breast cancer.’
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Figure 1. Comparison of DNA and DNG structures.

Since DNA is a polyanion, a polycationic complemen-
tary nucleotide sequence to a given DNA target may
prove useful. To this end, DNG and RNG compounds
were invented. The structure of DNG and RNG differs
from that of DNA and RNA (Fig. 1) through replace-
ment of the DNA negatively charged phosphordiester
linkages by positively charged guanidinium linkages.®'°
Polyanion DNA binds to polycation DNG with high
affinity and sequence specificity. Moreover, DNG inter-
venes less with telomere-specific proteins due to the posi-
tively charged binding sites of these proteins. Chimeric
sequences of DNG and DNA nucleotides have also been
introduced.!!

The CHARMM?27 all-atom nucleic acid residue force
field was employed in the simulations.'?> The starting
structures employed in this study were constructed using
the Nucleic Acid Builder (NAB),'? selecting the B form
of DNA as initial conformers. The replacement of phos-
phodiester linkages with the guanidinium linkage was
carried out using the patch command in CHARMM.
Langevin dynamics were employed in the integration
of the equations of motion with a time step of 1.5 fs.
All the trajectories were followed to 6ns. Binding
affinities of DNG/chimera with telomere single strand
and telomeric RNA were calculated by ensemble
sampling.

Due to the computational cost an implicit solvent mod-
el, Generalized Born Molecular Volume (GBMYV), was
employed in the simulation.'*!> Generalized Born
(GB) model is one of the most popular approaches to
approximate the solvent as continuum electrostatics.
In GBMYV model, a molecular volume correction term
has also been introduced to correctly describe the sol-
vent-excluded volume of each pair of atoms to yield bet-
ter conformational ensembles.!®!” A benchmark study
of DNA simulation using GBMYV has been carried out
by Chocholousova et al.,'® which demonstrates that
the results of GBMYV simulations are in good agreement
with either experimental data or explicit solvent simula-
tions. As suggested by professor Feig, the GBMV
parameters in this study were set to resemble the water
solvent as follows: f=—-12, S;=0.65 Co=-0.1,
C;=0.9. The definition of GBMYV parameters can be
found in Lee et al.’s papers.!*!> The GB radii were ta-
ken from the CHARMM force field Lennard-Jones o
values. The hydrophobic contribution to the solvation
free energy was obtained based on the solvent accessible

surface area (SASA) calculation implemented within the
GBMYV module. The radius of probe sphere for the
SASA calculation was set to 1.4 A. A dielectric constant
of 80.0 was used for the GB continuum solvent model.
In order to study the effect of the ionic strength on the
binding affinity, two different ionic strengths (u), 0.12
(physiological condition) and 1.0, were used in the bind-
ing affinity calculations.

The helical parameters of dodecamer and hexamer du-
plexes were calculated by FREEHELIX program.'® To

Figure 2. Average structures of (a) d(Gp)2°d(Cp)12, (b) d(Gg)1,:d(Cg);2,
(c) d(Ap)12:d(Tp)i2, and (d) d(Ag);»:d(Tg),» duplexes in CPK model.
Structures are averaged from 6 ns MD simulations. Only heavy atoms
are shown in the figure. Atoms are colored by atom type. Critical helical
parameters: rises of helixes are (a) 3.3 £ 0.4, (b) 3.5+ 0.6, (c) 3.2 £ 0.6,
and(d)3.5+% 0.7A; twisted angles are (a) 35.8 £ 3.0°, (b) 28.3 + 6.3°, (c)
34.0 = 5.1°, and (d) 29.8 + 7.2°; helical bendings are (a) 13.1 £ 6.7°, (b)
18.9 £9.7°,(c) 15.7 £ 7.9°, and (d) 20.1 + 9.1°. Major groove width: (a)
165+ 0.8 A, () 20.6 = 1.1, (¢) 17.8 £ 0.7, and (d) 21.3 + 0.9 A. Minor
groove width: (a) 14.2 £ 0.6 A, (b) 12.8 £ 0.8, (c) 13.7£0.6, and (d)
129 £0.8 A.
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reduce the effect of terminal base pairs, only the central
base steps and base pairs of each dodecamer/hexamer
were evaluated. The major groove width is defined as in-
ter-strand phosphorous atoms (or guanidinium carbons,
CGl1) P(i — 2)---P’(i + 2) across the major groove with
four base pair separation, while minor groove width is
defined as P’(i — 2)---P(i + 2) across the minor groove
separated by three base pairs.

Simulations of structures of d(Ag);»d(Tg);» and
d(Gg)1»d(Cg);, DNG dodecamers were carried out
using the GBMV model (‘g’ denotes guanidinium link-

age and ‘p’ represents phosphate linkage). Results were
compared to that of their corresponding DNA dodeca-
mers, d(Ap)1>d(Tp)i> and d(Gp),2:d(Cp);, (Fig. 2). In
a previous study by Toporowski et al.,?° simulations
of DNG duplexes were performed in explicit TIP3P
water. The differences in structure of DNA and DNG
duplexes, originating from the sp® hybridized guanidi-
nium group and sp° phosphate, have been described.2
These results are consistent with the results of the GC
and AT dodecamers obtained from current GBMYV sim-
ulations. The helix rise of DNG is slightly larger than
those of DNA and the twist angle of DNG is smaller

Table 1. The calculated binding affinity of various DNA, chimeras, DNG sequences with telomere and telomeric RNA strand of telomerase enzyme

at different ionic concentrations

Sequence® Binding Affinity (kcal/mol)P
p =0.12¢ n2=1.0
Telomere single Strand
5'-TTAGGGTTAGGG-3'
Hexamer
DNA 3'-ATCCCA-5’ -45.9 -48.2
Chimera 3'-ATCCCA-5’ -51.5 -51.2
DNG 3'-ATCCCA-5’ -53.3 -52.1
Dodecamer
DNA 3'-AATCCCAATCCC-5’ -89.5 -93.2
Chi-1 3'-AATCCCAATCCC-5’ -111.5 -111.0
Chi-2 3'-AATCCCAATCCC-5’ -116.7 -116.6
Chi-3 3'-AATCCCAATCCC-5’ -112.4 -111.7
Chi-4 3'-AATCCCAATCCC-5’ -110.9 -110.3
DNG 3'-AATCCCAATCCC-5’ -139.7 -133.4
Telomeric RNA 11-Base Template
5'-CUAACCCUAAC-3’
DNA 3'-GATTIGGGATIG-5’ -69.4 -76.8
DNG 3'-GATTGGGATIG-5' -112.1 -107.3

*DNG nucleotides are in red and DNA in black.

®Binding affinity is calculated by the equation: AAGhinding = AGeomplex — AGreceptor — AGiigand-

‘u; ionic strength at physiological conditions.
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Figure 3. Average structures of (a) DNA-, (b) chimera-, and (¢) DNG-bound telomere hexamers from 6 ns MD simulations. Structures are depicted
in sticks model. Only heavy atoms are shown in the figure. Atoms are colored by types. Critical helical parameters: Rises of helixes are (a) 3.3 + 0.5,

(b) 3.3 £ 0.4, and (c) 3.4 £ 0.3 A; twisted angles are: (a) 35.5 £ 4.0°, (b) 35.4 £ 5.9°, and (c) 33.1 £ 4.4°.

than that of DNA. DNG dodecamers also have wider
major groove and larger helix bending.

DNG (5-AgCgCgCgTgA-3') and chimera (5'-
AgCpCgCpTgA-3’) hexamers have been designed to
complement telomere segment (5'-TpApGpGpGpT-3').
The MD dynamics structures of DNA, the chimeric,
and DNG hexamer complex with telomeres were ob-
tained. The binding energies for different duplexes were
calculated (Table 1). At physiological ionic strength
(1 =0.12), the binding free energies of telomere single
strand with 5-TpApGpGpGpT-3":5'-AgCpCgCpTgA-
3:5'-AgCgCgCgTgA-3’ are —45.9:—51.5:—53.3 kcal/
mol, respectively. Thus, binding constant of DNG hex-
amer with telomere is approximately 10°-fold greater
than that for the DNA hexamer with telomere. Binding
constant of chimera hexamer with telomere is approxi-
mately 10%-fold greater than that for the DNA hexamer
with telomere.

The critical helical parameters for the DNA, chimera,
and DNG hexamer-bound telomere are shown in Figure
3. The rise between nucleotide bases for the chimera-
bound telomere strand is the same as that of DNA du-
plex. The helix rise for the DNG-bound telomere is
slightly larger than that of DNA duplex by 0.1 A, which
is due to the stretching of the DNG single strand. The
twist angles of DNG-bound telomere are smaller than
that of DNA- and chimera-bound telomere by about
2°. This is the result of less twist in the DNG strand.

The Watson—Crick hydrogen bonds between base pairs
in DNA, chimera, and DNG hexamer-bound telomere
are similar to each other. The base pairs between
DNG/chimera and telomere are the same as those in
the DNA duplex. The Watson—Crick base pairing is
not affected by the replacement of the phosphate linkage
with guanidinium linkage. Binding of both DNG and

Figure 4. Average structures of (a) DNA and (b) Chi-1 bound
telomere dodecamers. Structures are depicted in sticks model. Only
heavy atoms are shown in the figure. Atoms are colored by types.

Figure 5. Average structures of (a) DNA and (b) DNG binding with
telomeric RNA 11-base template. Structures are depicted in sticks
model. Only heavy atoms are shown in the figure. Atoms are colored
by types.
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chimera with telomere is sequence specific. The telomere
sequence was aligned with human genomes by the
BLAST?! program on the NCBI website. No significant
similarity is found between telomere sequence and seg-
ments of human genome. Thus, the DNG and chimera
sequences complementary to the telomere sequence
should not interfere with the human genome carrying
gene information.

A DNG dodecamer and a series of chimera dodecamers
have been studied (Table 1). The geometry of Chi-1 dode-
camer-bound telomere resembles closely that of DNA
dodecamer-bound telomere. Both of them have similar
helical rise, twisted angle, major groove width, and minor
groove width (Fig. 4). For the Chi-2, Chi-3, Chi-4, and
DNG dodecamers, the helical rise and twisted angle are
different. Binding of telomere with DNG is tightest. The
nucleotides of Chi-1, Chi-2, Chi-3, and Chi-4 are linked
by the same number of guanidinium linkages (Table 1).
Binding affinity of various chimeras with telomere ranges
from —111 to —117 kcal/mol. The dodecamer ligands are,
as expected, more effective in binding with the telomere
than the hexamer ligands.

Change of the ionic strength from physiological
1=0.12-1.0 only slightly affects the binding affinities
between the chimera and telomere single strand, where
the binding constants differ by less than 1.0 kcal/mol
(Table 1). As expected, binding affinities between
DNG hexamer/dodecamer and telomere decrease as
the ionic concentration increases from u = 0.12-1.0.

The second approach to telomere regeneration is to
inhibit the telomerase enzyme by blocking the telo-
meric RNA 11-base template. Due to lack of an X-
ray structure for telomerase, only the binding between
DNG and telomeric RNA 11-base template could be
calculated (Fig. 5). The binding affinity of the DNG
(3'-GgAgTgTgGgGegGgAgTgTgG-5") with telomeric
RNA is greater than that of corresponding DNA by
43 kcal/mol (Table 1). The binding of DNG with telo-
meric RNA is so favorable that the interaction be-
tween DNG and the telomerase (excluding telomeric
RNA) cannot resist DNG and telomeric RNA coming
together. It is most possible that DNG is also an ideal
ligand to inhibit the telomerase enzyme.

In summary, DNG polynucleotides and DNG/DNA
mixed sequences (chimera) bind complementary telomere
single strand and telomeric RNA with high sequence spec-
ificity. DNG/chimera sequences complementary to the
telomere sequence should not interfere with coding se-
quences because the telomere sequence is not found in
coding regions of the human genome. Various DNG
and chimera sequences complementary to the telomere
single strand and the telomeric RNA 11-base template
in the active site of telomerase have been studied. Geom-
etries of the chimeric hexamer- and Chi-1 dodecamer-
bound telomere resemble closely their DNA counter-

parts. Binding of DNG hexamer with telomere is favored
over that of DNA by about 10°-fold. Binding of the chi-
meric hexamer with the telomere is favored over that of
DNA by approximately 10*-fold. Complementary DNG
has great binding affinity with telomeric RNA, which sug-
gests that it could be a promising telomerase inhibitor.
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