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Abstract

We have investigated the interaction of the intramolecular human telomeric DNA G-quadruplex
with a hemicyanine—peptide ligand, by studying the rate of quadruplex opening with a
complementary DNA oligonucleotide. By employing a minimal kinetic model, the relationship
between the observed rate of quadruplex opening and the ligand concentration has enabled
estimation of the dissociation constant. A van't Hoff analysis revealed the enthalpy and entropy
changes of binding to be —77 + 22 kJ mol~1 and -163 + 75 J mol~1 K1, respectively. Arrhenius
analyses of the rate constants of opening free and bound quadruplex gave activation energies of
118 + 2 and 98 = 10 kJ mol~1, respectively. These results indicate that the presence of the ligand
has only a small effect on the activation energy, suggesting that the unbinding of the ligand occurs
after the transition state for quadruplex unfolding.

Introduction

DNA sequences containing guanine stretches can form four-stranded structures called G-
quadruplexes.1 Such structures arise due to the ability of guanine to hydrogen bond in a
cyclical fashion to form tetrads.2 Quadruplexes are further stabilized by the coordination of
interstitial cations (e.g., Na* and K*). There is growing evidence to suggest that
quadruplexes may have a biological role. Several naturally occurring proteins have been
identified that interact with quadruplex DNA in preference to duplex DNA.3-5 Telomeric
DNA has been shown to form quadruplexes under pseudo-physiological conditions,6 and
stabilization of the telomeric quadruplex has been shown to inhibit the action of telomerase.
7 Furthermore, putative quadruplex-forming motifs have been identified throughout the
genome.8,9 There has been a particular focus on nontelomeric quadruplexes in the promoter
regions of genes.10-15 The case of the c-myc quadruplex has been well-studied and shown
to act as a negative regulator of this gene.16-18 Quadruplexes are thus emerging as a broad
class of targets for small molecule-based intervention in biology. Several classes of
quadruplex ligands have been developed.19,20 We previously reported a quadruplex-
specific family of ligands made by conjugating a hemicyanine to a series of tetrapeptides
selected by combinatorial methods.21

Intramolecular quadruplexes can comprise several interconverting conformations,18,22
which has prompted the study of quadruplex dynamics.22-25 In particular, a number of
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studies have been carried out on the kinetics of quadruplex unfolding using a
complementary oligonucleotide (or mimic) as a hybridization trap.24 It has been observed
that the rate of quadruplex opening can be independent of complementary strand
concentration,23 implying that some disruption of the quadruplex is a prerequisite of duplex
formation. Furthermore, it has been shown by mass spectrometry that the presence of the
quadruplex-binding ligand telomestatin is capable of further slowing the rate of quadruplex
opening.26 Fluorescence resonance energy transfer (FRET) is a convenient method for
studying biomolecular dynamics and has been applied to quadruplexes.23-24,27

Figure 1 (not drawn to scale) shows the experimental design of a system developed
previously by us to study quadruplex opening.24 Hybridization of oligonucleotide 111 to the
complementary region of | traps the opened quadruplex as a duplex. The concomitant
separation of donor (tetramethylrhodamine, TMR) and acceptor (Cy5) fluorophores causes a
large decrease in FRET, enabling the unfolding kinetics to be monitored by changes in
fluorescence.

We previously reported a hemicyanine-based quadruplex ligand (HC, Figure 2) that was
shown, by SPR, to bind the human telomeric quadruplex in a 1:1 stoichiometry with ~50-
fold discrimination in favor of quadruplex recognition as compared to duplex.21 In this
article, we report on experiments that studied the influence of HC on the opening kinetics of
the human intramolecular telomeric quadruplex.

Materials and Methods

1 M Tris-HCI (pH 7.4) was purchased from Sigma (Dorset, UK) and solid NaCl was
purchased from Breckland (Norfolk, UK). Deionized water was obtained from an Elga
Maxima or a MilliPore Milli-Qp_ys and used throughout. Fluorescence measurements were
taken using an Aminco-Bowman Series 2 fluorimeter equipped with a water bath. DNA was
annealed in buffer by heating to 90 °C for at least 10 min, followed by slow cooling to room
temperature. Annealed samples were stored at 4 °C.

The fluorophore-labeled DNA oligonucleotides I and 11 used in this study were purchased
from Cruachem (Glasgow, UK). Unlabeled DNA oligonucleotide 111 was purchased from
Oswel (Southampton, UK). The sequences of these oligonucleotides are given below, and
the chemical structures of the modifications are given in the Supporting Information.

15" Cy5-GGG TTA GGG TTA GGG TTA GGG AGA GGT AAA AGG ATA ATG
GCC ACG GTG CGG ACG GC 3’

115" GCC GTC CGC ACC GTG GCC ATT ATCCTT *TTACCTCT 3’
*T = TAMRA-dT
115" CCC TAACCC TAACCC TAACCC 3’

I contains the human telomeric repeat motif, 5'-GGG TTA GGG TTA GGG TTA GGG-3’,
which can form an intramolecular G-quadruplex,6,29 with Cy5 coupled to the 5" terminus.
11 is the complement of the 35-nucleotide overhang of I, with TMR coupled to a thymine
(T28) via a six-carbon linkage. 111 is the complement of the quadruplex-forming region of 1.
DNA concentrations were determined by absorbance at 260 nm. The absorbances at 555 nm
for TMR and 649 nm for Cy5 were used to check the purities of the labeled samples. The
quadruplex-binding ligand HC (Figure 2) was synthesized and purified as described.21

To show the effect of the ligand on the rate of hybridization of the quadruplex to its
complement, several kinetics runs were performed in the presence of 0-54 M HC. In each
run, a solution of HC and 10 nM I:11 in 10 mM Tris-HCI (pH 7.4) and 100 mM NaCl was
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prepared from stocks held at 20 °C. The intensity of the fluorescence emission of TMR,
exciting at 500 nm or at 515 nm while monitoring at 580 nm, was followed for 100 s. If the
signal was found to be systematically changing, it was allowed to stabilize. Then, a small
volume of solution containing 111, also at 20 °C, was added at time #= 0 to give a final
concentration of 100 nM. The progress of the hybridization was monitored by following the
increase in TMR (donor) fluorescence as the duplex formed. This was repeated at
temperatures of 10, 15, and 25 °C. At higher temperatures, the opening rate becomes fast
relative to the mixing time preventing accurate determination of kinetic parameters.
Nitrogen gas was passed through the sample chamber at low temperature in order to prevent
condensation.

The resulting traces were fitted to both single exponential (eq 1) and double exponential (eq
2) using the Solver module of Microsoft Excel. z, 71, and z, represent the time constants of
the exponential components, and A, A1, and A, represent their respective amplitudes, where
A1 > Ay. Cis the fluorescence at £= 00, and Fis the measured fluorescence intensity.

F=Aexp(-t/T)+C (1

F=Ajexp(—t/T1) +Azexp (—t/T2) +C (2

The observed rate constant of quadruplex opening, Agps, Was calculated as the inverse of the
time constant of a single-exponential increase, or, where a double exponential gave a
significantly better fit, as the time constant of the major component (generally found to be
about 80% of the total amplitude) of a double-exponential process. This is summarized in eq
3.

e (1/7)  Single—exponential decay
7\ (1/r;) Double—exponential decay

A minimal kinetic scheme for quadruplex opening is given in Figure 3. If kon[L] + Aoff > K
and A, then during quadruplex opening Q, L and QL are in fast equilibrium with
dissociation constant Ky = Aoft/ kon = [QI[L)/[QL]. In this case, the observed rate of
hybridization, ks, is only related to Ay, &>, Ky, and [L] as given in eq 4 (see the Supporting
Information for derivation).

[L]
Kq+[L]

kobs= (ko — k1) +ki (@)

Graphs of kgps versus [HC] (i.e., where L = HC) were fitted to eq 4 using the nonlinear
curve-fitting software Grace 5.1.12, to evaluate Ky, A1, and 4.

Kinetic Model

Figure 3 shows a minimal kinetic scheme devised to study the influence of a ligand (L) on
the opening of a quadruplex, Q, to give a duplex, D. QL is the complex formed by Q and L.
kon and Aqfs are the association and dissociation rate constants, respectively, for the binding
of L to Q. & and A are the rate constants for the opening of Q and QL, respectively. This
model assumes that hybridization is irreversible, which is supported by our previous
experiments on this quadruplex, where duplex formation in the absence of a ligand went to
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completion at concentrations of strand C lower than those used here.23 The analysis was
simplified by assuming that the concentrations of C and L, which were at least 10 times that
of Q, are constant throughout the hybridization process.

The quadruplex system 1:11 was characterized by UV melting, CD spectroscopy, and
fluorescence spectroscopy as described previously.23 Figure 4 shows fluorescence traces
produced by quadruplex opening experiments performed in the presence of 100 mM NaCl at
20 °C, along with single exponential (eq 1) fits to the data. These data clearly show that
quadruplex opening is slowed by the presence of the ligand. This was repeated at various
temperatures. At 10 and 15 °C, it was observed that a second exponential component (~20%
of the total amplitude) was necessary to fit the data, and for these cases only the major
component was fitted to eq 4 (see the Supporting Information for details).

The rate constants for the opening of I:11 and of HC-I:11 (i.e., k& and 43, respectively) were
obtained from the fit to eq 4. This treatment of the data assumes that the bound and free
quadruplex are in equilibrium at all times (i.e., the rate of ligand binding and unbinding is
much faster than that of the hybridization to either species; see the Supporting Information
for justification and discussion).

To determine whether the system had had enough time to equilibrate at low temperatures,
experiments were rerun for 15 M HC at 10 °C with delays of 0, 1, and 4 h between the
mixing of I:11 and HC and the collection of data. No significant difference was seen
between these cases (data not shown), confirming that the system had indeed equilibrated,
prior to quadruplex opening.

Van't Hoff and Arrhenius analyses of the data were used to obtain the thermodynamic
parameters of binding and the activation energies for the opening of the unliganded (i.e.,
I:11, k) and liganded (i.e., HC I:11, &) quadruplexes (see Table 1). A van't Hoff plot of the
binding constant and Arrhenius plots of the rate constants are shown in Figure 5.

Discussion

Our system interrogates the unfolding of a quadruplex in the presence of an excess of
trapping oligonucleotide, which therefore gives rise to pseudo-first-order conditions for
quadruplex opening. A minimal kinetics model (Figure 3) was employed to quantitatively
evaluate the influence of a quadruplex ligand on quadruplex opening. The activation energy
for the opening of the human telomeric quadruplex, in the absence of ligand (118 + 2 kJ
mol~1), is close to the values determined in other related studies (98 + 8 kJ mol~124 and 102
kJ mol~139). Also, the rate of quadruplex opening in the absence of the ligand at 20 °C
(0.009 s71) is in good agreement with that found for a similar quadruplex under comparable
conditions (0.008 s7139). The binding constant of ligand HC to a human telomeric
quadruplex has been previously measured to be 14.7 + 1.6 M at 25 °C,21 which is in good
agreement with the value of 11.8 + 4.9 uM measured here. This supports that the kinetics
scheme described in Figure 3 is a reasonable model. Kinetics analysis at several
temperatures has allowed the determination of the enthalpy and entropy changes associated
with ligand binding as —77 + 22 kJ mol~1 and -163 + 75 J mol~1 K1, respectively.
Calorimetric measurements have been made for a porphyrin quadruplex ligand, of
comparable Kjg, under similar conditions where the enthalpy and entropy changes were
measured at —28.4 kJ mol~1 and -8.4 J mol~1 K1, respectively.31 The apparent loss in
entropy associated with HC binding is large, which is likely to be a reflection of the
significant loss in conformational flexibility in the tetrapeptide portion of HC upon
complexation with the quadruplex, accompanied by compensatory enthalpic interactions.
We have previously proposed that the HC quadruplex binding mode is likely to involve
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loop-groove interactions,21 which would lead to a reduction in quadruplex loop flexibility
and contribute to entropy loss consistent with this new data. In contrast, the porphyrin ligand
is a rigid system believed to interact with a quadruplex via stacking on a terminal tetrad,32
which would be expected to give a smaller entropy loss than the case of HC binding.

While the presence of HC clearly slows down the kinetics of quadruplex opening, it is
interesting to note that the ligand causes a small change in the activation energy for
quadruplex opening reaction (118 + 2 kJ mol~1 for the quadruplex alone and 98 + 10 kJ
mol~1 for the quadruplex-ligand complex).33 Thus it seems likely that the ligand is still
associated with the quadruplex in the rate-determining step of the quadruplex opening, as
otherwise one would expect a ligand-induced increase in activation energy comparable in
magnitude to the binding energy of the ligand. The quadruplex opening reaction may well
proceed via a partially unfolded state that is then captured by hybridization driving the
reaction to completion. A similar mechanism has been recently proposed for the disruption
of the telomeric quadruplex by the human protein hPOT1.34 In the case of our study, the
ligand HC may act by reducing the extent to which the quadruplex can partially unfold.

Conclusion

The opening of the human telomeric DNA G-quadruplex in the presence of a quadruplex-
binding hemicyanine—peptide ligand has been investigated by FRET-based kinetics. The
resulting data were fitted to a minimal model and used to derive kinetics and
thermodynamics data to characterize the ligand—quadruplex interaction. The dissociation
constant measured for the ligand and quadruplex agreed with an independently determined
value, and the process of complex formation had a relatively large associated decrease in
entropy. The ligand caused only a small change in the activation energy, implying that the
ligand is still associated with the quadruplex in the transition state. We believe that the
analysis of opening kinetics by FRET may be a more general approach to consider in the
study of ligand—nucleic acid interactions.
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Figure 1.

FRET-based quadruplex system used in this study. Roman numerals represent the labels
given to strands (see Materials and Methods), and TMR and Cy5 are the fluorophores that
make up a FRET pair. Quadruplex opening is followed using the change in FRET efficiency
between the TMR and Cy5.
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Figure 2.
Structure of the hemicyanine tetrapeptide conjugate HC.21
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Figure 3.
Scheme used to derive a kinetic model of the opening of quadruplex Q in the presence of
ligand L and complementary strand C to give duplex D.
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Figure 4.

Top: the increase of TMR fluorescence monitored at 580 nm as the quadruplex formed by
1:11 is opened by 111 in 10 mM Tris-HCI (pH 7.4) and 100 mM NacCl at 20 °C. Data from
runs performed in the presence of ligand HC at concentrations 0 (O), 5 uM (@), and 50 M
(M) are shown, along with single-exponential fits (solid lines). In each series the initial
fluorescence intensity has been subtracted from each data point. The rate constants of
opening, Aops, Were found to be 0.0086, 0.0053, and 0.0027 s™1 at 0, 5, and 50 M HC,
respectively. Bottom: the variation of observed rate constant with concentration of HC for
the hybridization of I:11 to 111 at 20 °C in 10 mM Tris-HCI (pH 7.4) and 100 mM NaCl. The
data are shown as open circles and fits to eq 4 as a solid line.
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Top: Arrhenius plots of the opening rates of I:11 (ky, @) and HC:1:11 (k», A), respectively.
Bottom: van't Hoff plot of the dissociation constant (K, l) of HC to I:11. Activation
energies for k1 and k» obtained from the fits are 118 + 2 and 98 + 10 kJ mol~2, respectively,
and the thermodynamic parameters found are AH=-77 + 22 kI mol~t and AS=-163 + 75
Jmol1 K1,
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Parameters Obtained from Curve Fits of Eq 4 to Plots of Quadruplex Opening in 10 mM Tris-HCI (pH 7.4)
and 100 mM NaCl

temperature/°C

ki/(1073s7Y)  ky/(1073s7h) Kg/uM

10
15
20
25

23+01 0.66+0.09 18+05
35+01 0.95+0.08 3.0+£05
89+04 24+0.2 36+14
23407 44+28 11.8+49
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