JIAICIS

A RTI

CLES

Published on Web 07/07/2006

Investigating a Quadruplex

—Ligand Interaction by Unfolding

Kinetics

Jeremy J. Green, Sylvain Ladame, Liming Ying, David Klenerman,* and
Shankar Balasubramanian*

Contribution from the Department of Chemistry, Usisity of Cambridge, Lensfield Road,
Cambridge, CB2 1EW, U.K.

Received March 6, 2006; E-mail: sh10031@cam.ac.uk; dk10012@cam.ac.uk

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
guadruplex 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~* and
—163 + 75 J mol~t K™%, respectively. Arrhenius analyses of the rate constants of opening free and bound
guadruplex gave activation energies of 118 4+ 2 and 98 4+ 10 kJ mol~%, 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

regulator of this gen& 18 Quadruplexes are thus emerging as

DNA sequences containing guanine stretches can form four- & Proad class of targets for small molecule-based intervention

stranded structures called G-quadrupleéx8sch structures arise

in biology. Several classes of quadruplex ligands have been

due to the ability of guanine to hydrogen bond in a cyclical developed?2°We previously reported a quadruplex-specific

fashion to form tetrad$Quadruplexes are further stabilized by
the coordination of interstitial cations (e.g., Nand K). There

is growing evidence to suggest that quadruplexes may have a

family of ligands made by conjugating a hemicyanine to a series

of tetrapeptides selected by combinatorial metdds.
Intramolecular quadruplexes can comprise several intercon-

biological role. Several naturally occurring proteins have been Verting conformations?>> which has prompted the study of

identified that interact with quadruplex DNA in preference to
duplex DNASZ~5 Telomeric DNA has been shown to form
quadruplexes under pseudo-physiological conditfoasd sta-

quadruplex dynamic® 25 In particular, a number of studies
have been carried out on the kinetics of quadruplex unfolding
using a complementary oligonucleotide (or mimic) as a hybrid-

bilization of the telomeric quadruplex has been shown to inhibit iZation trap?* It has been observed that the rate of quadruplex

the action of telomeraseFurthermore, putative quadruplex-
forming motifs have been identified throughout the gendihe.

opening can be independent of complementary strand concen-

tration?® implying that some disruption of the quadruplex is a

There has been a particular focus on nontelomeric quadruplexesorereqUiSite of duplex formation. Furthermore, it has been shown

in the promoter regions of gen&s.!® The case of the c-myc

guadruplex has been well-studied and shown to act as a negativ
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/\ least 10 min, followed by slow cooling to room temperature. Annealed
[ samples were stored at°C.

The fluorophore-labeled DNA oligonucleotideandll used in this
ol 1 study were purchased from Cruachem (Glasgow, UK). Unlabeled DNA

[TTITTTTTTT

[TTTTT = TTTTTTT] oligonucleotidelll was purchased from Oswel (Southampton, UK).
v 11 The sequences of these oligonucleotides are given below, and the
Cvs O chemical structures of the modifications are given in the Supporting
’ TMR Information.
1+III | 5 Cy5-GGG TTA GGG TTA GGG TTA GGG AGA GGT AAA

AGG ATA ATG GCC ACG GTG CGG ACG GC'3
Cys I I 5 GCC GTC CGC ACC GTG GCCATTATC CTT *TTACCT
s CT3
IRERERRIRRRRRRRNENNR NN [HEERER T = TAMRA-dT
I ™R O L Il 5 CCC TAA CCC TAA CCC TAACCC 3
| contains the human telomeric repeat motitGB5G TTA GGG

Figure 1. FRET-based quadruplex system used in this study. Roman 1 GGG TTA GGG-3, which can form an intramolecular G-quadru-
numerals represent the labels given to strands (see Materials and Methods) lex 62 with CV5 led to the 'Berminus. is th molement of
and TMR and Cy5 are the fluorophores that make up a FRET pair. P1€X.* With Cy5 coupled to the Jerminus.Il is the complement o
Quadruplex opening is followed using the change in FRET efficiency the 35-nucleotide overhang bfwith TMR coupled to a thymine (T28)
between the TMR and Cy5. via a six-carbon linkagelll is the complement of the quadruplex-

forming region ofl. DNA concentrations were determined by absor-

N\ bance at 260 nm. The absorbances at 555 nm for TMR and 649 nm
o —~ NH for Cy5 were used to check the purities of the labeled samples. The
H 0 H % quadruplex-binding ligan®iC (Figure 2) was synthesized and purified
N N%N N\:/LNH2 as describedt _ o
H To show the effect of the ligand on the rate of hybridization of the
K 0 quadruplex to its complement, several kinetics runs were performed in
\L \L the presence of-954 uM HC. In each run, a solution dfiC and 10
NH* NH* nM I:1I in 10 mM TrisHCI (pH 7.4) and 100 mM NaCl was prepared
H N)J\NH . N)kNH from stocks held at 20C. The intensity of the fluorescence emission
2 2 2 : of TMR, exciting at 500 nm or at 515 nm while monitoring at 580 nm,
HC was followed for 100 s. If the signal was found to be systematically
Figure 2. Structure of the hemicyanine tetrapeptide conjug#@?! changing, it was allowed to stabilize. Then, a small volume of solution

containinglll , also at 20°C, was added at time= 0 to give a final
by mass spectrometry that the presence of the quadruplex-concentration of 100 nM. The progress of the hybridization was
binding ligand telomestatin is capable of further slowing the monitored by foIIowing_ the increase in TMR (donor) fluorescence as
rate of quadruplex openirf§.Fluorescence resonance energy theoduplex _formed. This was repeated Qt temperatures of 10, 15, :_and
transfer (FRET) is a convenient method for studying biomo- 25 °C. At higher temperatures, the opening rate becomes fast relative

. . to the mixing time preventing accurate determination of kinetic
27
lecular dynamics and has been applied to quadrupféxes: parameters. Nitrogen gas was passed through the sample chamber at

Figure 1 (not drawn to scale) shows the experimental design ., temperature in order to prevent condensation.

of a system developed previously by us to study quadruplex  The resulting traces were fitted to both single exponential (eq 1)
opening?* Hybridization of oligonucleotidéll to the comple- and double exponential (eq 2) using the Solver module of Microsoft
mentary region of traps the opened quadruplex as a duplex. Excel. z, 73, and 7, represent the time constants of the exponential
The concomitant separation of donor (tetramethylrhodamine, components, and, A;, andA; represent their respective amplitudes,
TMR) and acceptor (Cy5) fluorophores causes a large decreasavhereA; > A. Cis the fluorescence at= «, andF is the measured
in FRET, enabling the unfolding kinetics to be monitored by fluorescence intensity.
changes in fluorescence. _

We previously reported a hemicyanine-based quadruplex F=Aexp(-tn) +C @
ligand HC, Figure 2) that was shown, by SPR, to bind the F=A exp(-t/ty) + A, exp(-t/ry) + C 2)
human telomeric quadruplex in a 1:1 stoichiometry witG0-

fold discrimination in favor of quadruplex recognition as "€ observed rate constant of quadruplex openiig, was

1 . . . calculated as the inverse of the time constant of a single-exponential
compared to duple®t In this article, we report on experiments . ; A )
increase, or, where a double exponential gave a significantly better fit,

that studied the influence 1C on the opening kinetics of the as the time constant of the major component (generally found to be

human intramolecular telomeric quadruplex. about 80% of the total amplitude) of a double-exponential process. This

Materials and Methods is summarized in eq 3.

1 M Tris*HCI (pH 7.4) was purchased from Sigma (Dorset, UK) _J (@) Single-exponential decay
and solid NaCl was purchased from Breckland (Norfolk, UK). Kabs= (1/z,) Double-exponential decay ®)
Deionized water was obtained from an Elga Maxima or a MilliPore
Milli-Q pLus and used throughout. Fluorescence measurements wereA minimal kinetic scheme for quadruplex opening is given in Figure
taken using an Aminco-Bowman Series 2 fluorimeter equipped with a 3. If ko[L] + kot > k; andks, then during quadruplex openir @, L

water bath. DNA was annealed in buffer by heating to°@0for at andQL are in fast equilibrium with dissociation constat= Kof/kon
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Figure 3. Scheme used to derive a kinetic model of the opening of 10
guadruplexQ in the presence of ligand and complementary strar@ to
give duplexD.
84
= [Q][LV[QL]. In this case, the observed rate of hybridizatikyas, is "
only related tdk, ks, K¢, and L] as given in eq 4 (see the Supporting > 64
Information for derivation). :g
¥°
S L @ N
bs 2 1. Kd + [L] 1
2 r '+ r - 1 - 1 1 v 1 °
Graphs ofkops versus HC] (i.e., whereL = HC) were fitted to eq 0 10 20 30 40 50 60
4 using the nonlinear curve-fitting software Grace 5.1.12, to evaluate [HCl/uM
Ka, k1, andka. Figure 4. Top: the increase of TMR fluorescence monitored at 580 nm
as the quadruplex formed byl is opened byll in 10 mM TrisHCI (pH
Results 7.4) and 100 mM NacCl at 28C. Data from runs performed in the presence

N . L A of ligandHC at concentrations @), 5 M (®), and 50uM (M) are shown,
Kinetic Model. Figure 3 shows a minimal kinetic scheme along with single-exponential fits (solid lines). In each series the initial

devised to study the influence of a ligarid)(on the opening fluorescence intensity has been subtracted from each data point. The rate
of a quadruplexQ, to give a duplexD. QL is the complex constants of openingoss Were found to be 0.0086, 0.0053, and 0.0027

it s 1atO0, 5, and 5@M HC, respectively. Bottom: the variation of observed
formed by Q and L. kon and kon are the association and rate constant with concentration |IC for the hybridization of:1l to IlI

dissociation rate constants, respectively, for the _binding of 4t 20°C in 10 mM TrisHCI (pH 7.4) and 100 mM NaCl. The data are
to Q. k; andk; are the rate constants for the openindénd shown as open circles and fits to eq 4 as a solid line.

L, respectively. This model assumes that hybridization is ) .
Q P y y Table 1. Parameters Obtained from Curve Fits of Eq 4 to Plots of

irreversible, which is supported by our previous experiments quadruplex Opening in 10 mM Tris-HCI (pH 7.4) and 100 mM
on this quadruplex, where duplex formation in the absence of NacCl

a ligand went to completion at concentrations of str&idwer temperature/°C kl(10-3 5% (103 571) KoM

than those used heféThe analysis was simplified by assuming 10 23201 0.66£ 0.0 Y
that the concentrations @f andL, which were at least 10 times 15 35401 0.95+ 0.08 3.0+ 05
that of Q, are constant throughout the hybridization process. 20 8.9+ 04 24+0.2 3.6+14

The quadruplex systefll was characterized by UV melting, 25 23.4£07 44+28 11.8+4.9

CD spectroscopy, and fluorescence spectroscopy as described
previously?3 Figure 4 shows fluorescence traces produced by
quadruplex opening experiments performed in the presence o
100 mM NacCl 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 16, it was observed that a ] .
second exponential componenrtZ0% of the total amplitude) Va_mt Hoff and Arrhen|u§ analyses of the da;a were used to
was necessary to fit the data, and for these cases only the majopbtaln the thermodynamic parameters of binding and the

component was fitted to eq 4 (see the Supporting Information activation energies for the opening of the unliganded (i:H.,
for d%tails) a4( PP g ki) and liganded (i.e HC-I:1l, k;) quadruplexes (see Table 1).

The rate constants for the opening lofi and of HC-I:Il A van't Hoff plot of the binding constant and Arrhenius plots

(i.e.,k; andk,, respectively) were obtained from the fit to eq 4. of the rate constants are shown in Figure 5.

This treatment of the data assumes that the bound and freeDiscussion

quadruplex are in equilibrium at all times (i.e., the rate of ligand

binding and unbinding is much faster than that of the hybridiza-  Our system interrogates the unfolding of a quadruplex in the

tion to either species; see the Supporting Information for presence of an excess of trapping oligonucleotide, which

justification and discussion). therefore gives rise to pseudo-first-order conditions for qua-
To determine whether the system had had enough time todruplex opening. A minimal kinetics model (Figure 3) was

equilibrate at low temperatures, experiments were rerun for 15 employed to quantitatively evaluate the influence of a quadru-

M HC at 10°C with delays of 0, 1, ah4 h between the mixing
of I:Il 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
guadruplex opening.

J. AM. CHEM. SOC. = VOL. 128, NO. 30, 2006 9811
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likely to involve loop—groove interactiond! which would lead
to a reduction in quadruplex loop flexibility and contribute to

44

'ﬁ, entropy loss consistent with this new data. In contrast, the

5 porphyrin ligand is a rigid system believed to interact with a

< 5] ¢ . quadruplex via stacking on a terminal tetf&dyhich would be

= expected to give a smaller entropy loss than the cadd@f
binding.

While the presence dfiC 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? for the quadruplex alone
S .12 and 984 10 kJ mof™ for the quadruplexligand complex)?
g’ 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
14 . i . : . increase in activation energy comparable in magnitude to the
33 34 3.5 36 binding energy of the ligand. The quadruplex opening reaction
1000/T/K may well proceed via a partially unfolded state that is then
Figure 5. Top: Arrhenius plots of the opening rateslofi (k;, ®) and captured by hybridization driving the reaction to completion.
HC-I:Il (ko, A), respectively. Bott_om; van't Hqﬁ plot of the disso_ciation A similar mechanism has been recent|y proposed for the
constant Kq, W) of HC to I:1l . Activation energies fok; andk; obtained disruption of the telomeric quadruplex by the human protein

from the fits are 118+ 2 and 98+ 10 kJ mol%, respectively, and the 2 .
thermodynamic parameters found @kl = —77 & 22 kJ mot! andAS hPOT1% In the case of our study, the ligaftiC may act by

= —-163+ 75 J mott KL 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 hemicyaripeptide
ligand has been investigated by FRET-based kinetics. The
gresulting data were fitted to a minimal model and used to derive

kinetics and thermodynamics data to characterize the ligand

guadruplex 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.

plex ligand on quadruplex opening. The activation energy for
the opening of the human telomeric quadruplex, in the absence
of ligand (1184 2 kJ mol™?), is close to the values determined
in other related studies (98 8 kJ mof*24and 102 kJ moi! 29).
Also, the rate of quadruplex opening in the absence of the ligan
at 20°C (0.009 s?) is in good agreement with that found for
a similar quadruplex under comparable conditions (0.008%
The binding constant of ligandHC to a human telomeric
quadruplex has been previously measured to be +4.%6uM

at 25°C 2! which is in good agreement with the value of 11.8
+ 4.9uM 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 mot! and —163 + 75 J mot! K4
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companied by compensatory enthalpic interactions. We have

previously proposed that tHéC quadruplex binding mode is ~ JA0615425
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