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• Thermal stability of a quadruplex, 5′
G2T2G2TXTG2T2G2 (X = A, I or G), was
investigated.

• Thermal stability is lowest when X= A.
• Central G or I base can form hydrogen
bond with G bases in upper G-quartet.

• Replacement of G base did not affect
the spectral properties of TMPyP.
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The thermal stability of the G-quadruplex formed from the thrombin-binding aptamer, 5′G2T2G2TGTG2T2G2, in
which the guanine (G) base at the central loop was replaced with an adenine (A) or inosine (I) base, was
examined to determine the role of the central G base in stabilizing the quadruplex. Replacement of the cen-
tral G base by the I base resulted in a slight decrease in thermal stability. On the other hand, the stability of
the G-quadruplex decreased to a significant extent when it was replaced with the A base. The optimized
structure of the G-quadruplex, which was obtained by a molecular dynamic simulation, showed that the
carbonyl group of the C5 position of the central G base could form hydrogen bonds with the G1 amine
group at the C7 position on the upper G-quartet. This formation of a hydrogen bond contributes to the sta-
bility of the G-quadruplex. The spectral property of meso-tetrakis(N-methylpyridium-4yl)porphyrin
(TMPyP) associated with the G-quadruplex was characterized by a moderate red shift and hypochromism
in the absorption spectrum, a positive CD signal, and two emission maxima in the fluorescence emission
spectrum, suggesting that TMPyP binds at the exterior of the G-quadruplex. Spectral properties were slight-
ly altered when the G base at the central loop was replaced with A or I, while the fluorescence decay times of
TMPyP associated with the G-quadruplex were identical. Observed spectral properties removes the
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Fig. 1. Schematic diagram of
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possibility of intercalation binding mode for TMPyP. TMPyP binds at the exterior of the quadruplex. Wheth-
er it stacks on the central loop or binds at the side of the quadruplex is unclear at this stage.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Telomeres located at the end of chromosomes protect the chromo-
somes from deterioration and influences a range of biological processes,
such as the prevention of telomerase binding, promoter activation and
gene rearrangement [1]. Such biological importance has attracted
considerable attention for the structure and dynamics of the G-
quadruplex [2–6]. The G-quadruplex contains stretches of guanine
bases (G) that are capable of forming a unique structure called the G-
quadruplex, which is composed of four G-bases connected via
Hoogsteen type hydrogen bonding in the same plane. The stacking in-
teraction between the G bases as well as other electrostatic interaction
also helps stabilize the G-quartet in the G-quadruplex in addition to
hydrogen bonding. The presence of a monovalent cation, such as K+

or Na+ is essential for stabilizing the G-quadruplex [7]. These monova-
lent cationic ions interact with the carbonyl group of the G bases. A va-
riety of structures depending on the number of G-quartet, nature of
loops and central cation have been reported [8–15]. For example, an
early NMR study of a thrombin-binding aptamer, 5′G2T2G2TGTG2T2G2,
showed that this DNA adopts a highly compact, high symmetrical struc-
ture that consist of tetrads of G base pairs and three loops (Fig. 1) [9].
The loops linking the G quartets on the top or bottom of the G-
quadruplex can have various sequences and lengths. The nature of the
loops is related to the direction of theG-quartet runs [10,15–18]. For ex-
ample, a recent single molecule fluorescence technique showed that
both the loop length and sequence contribute to the conformation of
the G-quadruplex. The folding dynamics also depends on the loop com-
position [15]. On the other hand, the interaction and the role of the
nucleo-bases at the central loop in the stabilization of the G-
quadruplex are unclear.

Understanding the binding mode and interaction of metal com-
plexes including metallo-porphyrin derivatives to G quadruplexes is
important for identifying rational biological applications of these
molecules, such as the development of anticancer drugs [19]. Various
binding modes of the free base and metallo-porphyrin have been re-
ported, including the intercalation of planar porphyrin between two ad-
jacent G-quartets [20–26], weak external binding via electrostatic
interactions [27–31], and stacking on the external G-tetrads [32–39]. A
recent absorption spectrum, circular dichroism (CD) and fluorescence
study reported that a representative of the cationic porphyrin family,
meso-tetrakis(N-methylpyridium-4yl)porphyrin (TMPyP, Fig. 1),
the 5′G2T2G2TXTG2T2G2 quadruplex
exhibited an external binding mode to the 5′G2T2G2TGTG2T2G2

quadruplex [27].
In this study, the role of theG8 base at the central loop in the stability

of the G-quadruplex was investigated by comparing the thermal stabil-
ity of various G-quadruplexes at which G8 base was replaced with
adenine (A) or inosine base (I) (Fig. 1). The binding mode of TMPyP to
G-quadruplexes having different bases at the central loop was also
examined by CD and fluorescence decay profiles.

2. Experimental

2.1. Materials and methods

The thrombin-binding aptamer, 5′G2T2G2TXTG2T2G2 (X=A, I or G),
was purchased from SBS Genetech Co., Ltd (China) and TMPyP from
Frontier Scientific Inc. (Logan, Utah). They were dissolved in 5 mM
cacodylate buffer, pH 7.0, and used for the measurements without
further purification. The concentrations of the oligonucleotide and
TMPyP were determined spectrophotometrically using the extinction
coefficients of ε421nm = 2.26 × 105 M−1 cm−1 and ε260 nm =
1.43 × 105 M−1 cm−1 for TMPyP and oligonucleotide, respectively.
The quadruplex was formed by the addition of 100 mM KCl followed
by heating at 80 °C for 10min and annealing overnight at room temper-
ature. The formation of the quadruplex was confirmed by its character-
istic CD spectrum. The CD spectra were recorded on a Jasco J-810
spectropolarimeter (Tokyo, Japan) and the absorption spectra were
obtained on a Cary 100 spectrophotometer (Palo Alto, CA). The temper-
ature was increased by 0.2 °C every 2 min using a built-in peltier at
the temperature-dependent CD intensity that reflects the unfolding of
the quadruplex. Fluorescence emission spectrum was recorded on an
FS-2 fluorimeter at 20 °C (Sinco, Co. Seoul, Korea) with excitation
at 421 nm. The silt widths for both excitation and emission were
10/10 nm. The fluorescence decay profiles were measured on an
iHR320 TSCPC system constructed at the Center for Research Facilities,
Kongju National University. The sample was excited at 405 nm and
the emission was detected at 650 nm.

2.2. Computation

All molecular dynamic (MD) simulations were carried out using the
CHARMM program with the provisions for calculating multipolar
(where X = G, A, or I) and the chemical structure of TMPyP.



Table 1
Thermodynamic parameters for the thermal dissociation of the G-quadruplex.

Nucleotide ΔS, J · mol−1 ΔH, kJ · mol−1 ΔG25 °C, J · mol−1

G 7.55 ± 0.07 2.44 ± 0.02 189
I 7.73 ± 0.04 2.44 ± 0.01 135
A 7.10 ± 0.06 2.26 ± 0.02 143
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interactions. The initial structure of the G-quadruplex, 1C34, was obtain-
ed from the Protein Data Bank (PDB). The simulations were carried out
under spherical boundary conditions (SBC). The initial structure of the
G-quadruplex was obtained first by minimizing the total energy using
the steepest descent methods for 500 steps; the G-quadruplex was sol-
vated in a cubic water box with a length of 45 Å, containing close to
1000 water molecules. After solvation, the system was optimized,
followed by heating to 300 K for 20 ps and equilibration for 20 ps at
300 K. The production simulations in the NPT ensemble were conducted
using the TIP3P model, which is for water molecules. The TIP3P water
was used with SHAKE. Nonbonded interactions (electrostatic interac-
tions and van der Waals interactions) are included. The interaction of
distance is less than 10 Å and switched between 10 and 12 Å. After the
NPT ensemble, the product simulations were carried out by the NVE
ensemble.

3. Results and discussion

3.1. Thermal unfolding of G-quadruplex

The aptamer 5′G2T2G2TGTG2T2G2 exhibited a characteristic CD spec-
trum in the DNA absorption region with its positive maxima at 294 nm
and 248 nm, and negative minimum at 266 nm in the presence of
100 mM KCl at 20 °C (Fig. 2A, insertion), suggesting the formation of
Fig. 2. Temperature-dependent change in CD at 294 nm (A) and the van't Hoff plot (B) for
denaturation of the G-quadruplex, 5′G2T2G2TXTG2T2G2 (X= A, I or G). The concentration
of the G-quadruplex was 5 μM. The CD spectrum of the G-quadruplex (X = G) at 20 °C
(curve a) and at 80 °C is inserted in panel (A).
an antiparallel type G-quadruplex [27]. At high temperatures (80 °C),
the CD spectrum disappeared: a transition from the G-quadruplex to a
single stranded oligonucleotide occurred. The shape of the CD spectra
at 20 °C were unaffected by the replacement of the central G base by
the A or I base (supplementary information, S1). Similarly the CD spec-
trum at 80 °C was unaffected by replacing the central G base by A or I.
The origin of the CD spectrum of the achiral nucleobase from various
DNA secondary structures is the chiral arrangement of electric transition
moment of the stacked bases in the structure. This suggests that the na-
ture of the purine base at the central loop (position 8) has little effect on
the secondary structure of the G-quadruplex.

Fig. 2A shows the change in CD intensity at 294 nm with respect to
temperature. Replacing the G base with the A or I base destabilized
the G-quadruplex. The temperature at which a 50% transition (Tm) oc-
curred was ~50.8 °C for 5′G2T2G2TGTG2T2G2, which is slightly lower
than in the previous report [27]. Replacement of the G base at the cen-
tral loop by the I base, resulted in a slight decrease in Tm, whichwas ob-
served at ~49.5 °C. A large decrease in Tmwas observedwhen theG base
was replaced with the A base: Tm = ~45.0 °C. Considering that the
temperature-dependent change in CD reflects the shift in equilibrium
from the G-quadruplex to the single stranded 5′G2T2G2TXTG2T2G2

aptamer, the equilibriumconstant, K, can be calculated easily as follows:

G‐quadruplex⇌ single strand; K ¼ single strand½ �
G‐quadruplex½ � :

The logarithm of the temperature-dependent equilibrium constant
was plotted as a function of the reciprocal absolute temperature to
Fig. 3. Energy-minimized structure of the 5′G2T2G2TGTG2T2G2 G-quadruplex obtained by
a CharmmCHAR (c36a1) program in the presence of an excess of K+. The upper G-quartet
including sugar and phosphate moieties are visualized by a green color, whereas the G
base at the central loop is shown in red. The purple dot at the center represents K+.



Fig. 4. Top view of the G-quadruplexes to show the stacking between the base of the central loop and upper-G-quartet. From left, X = G, I and A.
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give a van't Hoff plot (Fig. 2B), where R is the gas constant and T is the
absolute temperature.

lnK ¼ −
ΔH∘

R
1
T

� �
þ ΔS∘

R

The enthalpy(ΔH∘) and entropy (ΔS∘) for unfolding of the G-
quadruplex can be calculated from the slope and y-intercept of the
plot. Table 1 lists the resulting thermodynamic parameters. As shown
in Fig. 2B, unfolding of the G-quadruplexes is endothermic with a nega-
tive slope in the van't Hoff plot and the entropy change was positive for
all three oligonucleotides. Therefore, the transition from the quadruplex
to a single strand is enthalpy driven. The positive Gibb's free energies at
25 °C for all oligonucleotides indicate that the dissociation of the G-
quadruplex to a single-strand is non-spontaneous. The Gibb's free ener-
gy is the largest for X=G. The slope of the van't Hoff plot shows that the
enthalpy changes are positive for all G-quadruplexes. A comparison of
X=GandX= I showed that the enthalpy changewas identical, where-
as the entropy change was larger for X = I than for X = G case. There-
fore, the difference in stability between these two quadruplexes
originates mainly from the difference in the entropy changes. In the
case of X=A, the stability appeared to be similar to X= Iwith a slightly
higher Gibb's free energy. The significantly low enthalpy change ap-
pears to be the main reason for the lower stability of the X = A
quadruplex compared to that of the X = G quadruplex.
Fig. 5. Enlarged view showing the carbonyl group of the G base (G8: O6, red ball) at the
central loop and a possible hydrogen bond forming atoms (gray balls). The hydrogen
atoms that possibly form a hydrogen bond with the carbonyl group of the central G base
are denoted by arrows.
3.2. Structure of the G-quadruplex with X = G, A or I

The crystal and in-solution structures of the G-quadruplex formed
from the thrombin-binding DNA aptamer, 5′G2T2G2TGTG2T2G2, have
been reported by nuclear magnetic resonance (NMR) spectroscopy
and X-ray crystallography [8–10]. The aptamer adopts a highly compact
symmetrical structure which consists of two G-quartet and three loops.
The energy-minimization study performed using the Charmm CHAR
(c36a1) program in the presence of an excess of K+ ion showed that
the 5′G2T2G2TGTG2T2G2 oligonucleotides had a similar structure
(Fig. 3). The loop length and sequence contribute to the conformation
of the G-quadruplex [15]. Replacement of the central G by A or I also
alter the overall structure (Supporting information S2), particularly
the lowerG-quartet. The carbonyl part of all four G bases near the center
tilt to a large extent at the lowerG-quartet, whereas the extent of the tilt
is less for those cases of X=Aor= I. Nevertheless, a detailed analysis of
the overall structure was beyond the scope of this study. The G bases
that form the upper G-quartet are in the same plane. The molecular
plane of the central bases i.e., G, A or I was almost parallel to the plane
of the upper G-quartet, suggesting the possibility of a stacking interac-
tion between the upper G-quartet and central base. Fig. 4 depicts the
top view of the upper G-quartet and the central purine bases. The phos-
phate moieties are not shown for clarity. In the X = G and = I cases, a
large overlap of the base plane of the central G and I base with G1 and
G6 at the upper G-quartet, was found. The carbonyl group at the C5 po-
sition of the G and I base is found toward the side of the G-quadruplex.
On the other hand, the A base moved toward the center of the upper G-
quartet when X = A. In view of Fig. 4, it is clear that the central G base
has slightly more stacking overlap than I, while A has poor stacking,
Therefore, the difference in the extent of overlap, i.e., stacking interac-
tion between the central base and the G bases at the upper G-quartet
contributes, at least in part, to the thermal stability of the G-quadruplex.

In the I base case, the amine group of G base at the C7 position was
missing, whereas the carbonyl group at C5 was replaced with an
amine group in the A base case. Considering that the position of the I
base relative to G1 and G6 is similar to that of the G base, the contribu-
tion of the C7 amine group in determining the conformation of the cen-
tral loop is minimal. When the carbonyl group of the G base, which is a
hydrogen acceptor in the hydrogen bond was replaced with an amine
Table 2
Distance (Å) of H atoms at the vicinity of the oxygen atom at the G8 carbonyl group.

Residue G I

G1H21 3.1509 4.1947
G1H22 4.1127 4.1564
G1H1 5.0604 5.4650
G1H8 6.8983 9.6040
G6H21 10.9032 8.6322
G6H22 11.0308 5.5296
G6H1 8.9810 7.0281
G6H8 5.5707 3.9252
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group, a hydrogen donor, significant relocation of the central base oc-
curs. This highlights the importance of the carbonyl group of the G
base at the central loop. Fig. 5 shows the G base at the central loop
and H atoms at the vicinity from which the formation of a hydrogen
bond is possible. Table 2 lists the distances between the oxygen atom
of the carbonyl group and the neighboring hydrogen atoms. The dis-
tance between hydrogen atoms at the C7 amine group of the G1 base
and the oxygen atom of the carbonyl group of the G8 base were
3.1509 and 4.1127 Å, which appear to be near enough to form a hydro-
gen bond in the X = G case. In the X = I case, however, the distances
were 4.1947 and 4.1564 Å. The Tm for 5′G2T2G2TGTG2T2G2 was
~50.8 °C,whereas that of 5′G2T2G2TITG2T2G2was ~49.5 °C. The carbonyl
group, which possibly forms a hydrogen bond, is missing in the X = A
case, which causes, at least in part, the instability of the G-quadruplex.
The observed Tm for the X = A case was ~45.0 °C. On the other hand,
the C7 amine group had negligible effects on stabilizing the G-
quadruplex because an absence of this group did not alter the Tm signif-
icantly as shown for theX=GandX= I cases. Therefore, this difference
in the distance can be the reason for the G-quadruplex with X= I being
slightly less stable than the X = G case, in addition to the difference in
the stacking interaction.

3.3. Binding mode of TMPyP

Cationic porphyrins have been used as a probe for the structure and
dynamics of various G-quadruplexes. In this study, TMPyP (Fig. 1) was
used as a probe to examine the effects of various purine bases at the
central loop. All spectral properties including the absorption, CD and
fluorescence emission spectra reported in this section were measured
Fig. 6. (A) Absorption and (B) CD spectra of the TMPyP complexed with G-quadruplex.
The absorption spectrum of quadruplex-free TMPyP is marked by curve a (Panel (A)).
The G-quadruplex with a different base at the central loop is denoted as G, A, and I.
[TMPyP]/[quadruplex] = 1. [Quadruplex] = 5 μM.
at [TMPyP]/[G-quadruplex] ratios of 0.1, 0.2, 0.4, 0.6, 0.8, and 1.0. The
mixing ratio for the fluorescence decay profile was 0.5. The measured
spectral properties were invariant regardless of the mixing ratios, sug-
gesting that the binding mode of TMPyP to the G-quadruplex is homo-
geneous at these ratios. Therefore, only those obtained at the [TMPyP]/
[G-quadruplex] = 1.0 are presented in this section for clarity. Fig. 6(A)
presents the absorption spectrum of TMPyP in the Soret absorption re-
gion in the presence and absence of the G-quadruplex.When associated
with the X = G quadruplex, TMPyP produced a 5 nm red shift (from
422 nm to 427 nm) and ~20% hypochromism, which is in agreement
with a previous study, but in contrast to that of the fully intercalated
TMPyP between the base pairs of double stranded DNA. In the latter
case, a ~20 nm red shift and ~47% hypochromism were reported [27].
Small variations in the absorption spectrum were observed when the
G base was replaced with the A or I base. In the X = I quadruplex
case, a small additional hypochromism and a 6 nm red shift was pro-
duced, whereas the X = A quadruplex showed no further shift and
the largest hypochromism. On the other hand, the observed variations
in the absorption spectra according to the nature of the base at position
X were too small to reflect the large change in the binding mode of
TMPyP. Rather, it should be accepted as a sign of a delicate change in
the environment of the TMPyP binding site. The CD spectrum is a sensi-
tive tool for examining the binding mode of TMPyP to various DNAs.
Achiral porphyrins induces a CD signal upon binding to double stranded
DNAs because of the interaction of the Bx and By electric transition
Fig. 7. Fluorescence emission spectra of TMPyP in the absence (curve a) and presence of
the G-quadruplex. The base at the central loop is denoted by G, A and I, respectively.
(B) Fluorescence decay time of TMPyP complexed with G-quadruplexes. The decay
profiles were identical for all three G-quadruplexes. [TMPyP]/[G-quadruplex] = 1.
[G-quadruplex] = 0.5 μM. The excitation wavelength was 421 nm for recording of
the emission spectrum. The slit widths were 10 nm for both excitation and emission
windows. The fluorescence decay profiles were recorded at 405 nm excitation and at
650 nm emission.
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moments of porphyrin and those of chirally-arranged DNA bases. In the
double stranded DNA case, a negative CD band in the Soret band was
considered to be diagnostic of the intercalation of porphyrin between
the DNA base pairs, whereas a positive band may reflect the external
binding mode [40,41]. Fig. 6(B) shows the CD spectrum of the TMPyP
bound to the G-quadruplexes at [TMPyP]/[G-quadruplex] = 1.0. For
all G-quadruplexes, i.e., X = G, A, or I, a positive CD spectrum in the
Soret region centered at ~430 nm was apparent. Cationic porphyrins
with axial ligands produced similar positive CD spectra [27] when
bound to the same G-quadruplex, indicating that TMPyP is not
intercalated between the G-quartet. The identical CD spectrum shows
that changing the G base to A or I did not affect the binding mode of
TMPyP.

Fig. 7(A) and 7(B) show the fluorescence emission spectrum and
decay profiles of TMPyP associated with the X= G, A and I quadruplex,
respectively. Although a broad emission band between 620–800 nm
was produced for TMPyP in the absence of the G-quadruplex when ex-
cited at the Soret region, two maxima at 650 nm and 713 nm were ap-
parent when associated with the X = G, A or I G-quadruplex. Although
small variations in the fluorescence intensity was observed, the appear-
ance of the emission spectrumwas essentially the same for X=G, A and
I G-quadruplex, suggesting that, in addition to the absorption and CD
spectrum, the change in the central G base at the loop did not alter
the bindingmode of TMPyP. The conversion of the featureless emission
spectrum of DNA-free TMPyP to two emission bands of DNA-bound
TMPyP is normally assigned to the conversion of self-associated porphy-
rin in an aqueous solution to monomeric DNA bound species. TMPyP in
aqueous solution was reported to exhibit two fluorescence decay times,
2.18 ns and 5.37 ns. The short component is normally assigned to
TMPyP adsorbed at the surface of the quartz cuvette. Upon binding to
the G-quadruplex, the long decay time increased to 8.76 ns [27,33].
The decay profile presented for the TMPyP complexed with the X = G
quadruplex in Fig. 7(B) exhibited similar behavior. The point is that
the fluorescence decay profiles of TMPyP remain when the X base at
the central loop is replaced with either A or I. The fluorescence decay
of TMPyP associated with X = G, A or I produced precisely the same
profiles.

As mentioned previously, various types of binding of cationic
porphyrins to the G-quadruplex produced a variety of binding modes
including the intercalation of planar porphyrin between the two adja-
cent G-quartets [20–26], weak external binding [27–31], and stacking
on the external G-tetrads [32–39] have been reported. The spectral
properties of TMPyP associated with the G-quadruplexes can be sum-
marized as a relatively small red shift and hypochromism in the absorp-
tion spectrum, a positive CD band and fluorescence emission spectrum
with two clear maxima. These properties remove the possibility of
intercalative binding. Whether TMPyP stacks on the external TGT
central loop or binds at the side of the G-quadruplex is unclear at this
stage because the effect of replacing the G base with A or I on the bind-
ing property was minimal.
4. Conclusion

The carbonyl group at the C5 position of the G base located at the
central loop contribute to the stability of the thrombin-binding 5′
G2T2G2TGTG2T2G2 aptamer, conceivably by forming hydrogen bonds
with the nearby H atoms at the C7 amine group of the G1 base. Replace-
ment of this G base with A or I base did not alter the binding mode of
TMPyP significantly.
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