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Abstract: The kinetics of opening of the DNA quadruplex formed by the human telomeric repeat have
been investigated using real-time fluorescence resonance energy transfer (FRET) measurements with a
peptide nucleic acid (PNA) trap. It has been found that this opening is zero-order with respect to PNA,
indicating that the initial step is a rate-limiting internal rearrangement of the quadruplex. A study of the
temperature dependence of the rate of quadruplex opening was performed and the activation energy of
the process estimated to be 98 + 8 kJ mol2.

Introduction Chart 1. (a) Tetrad Showing Hydrogen Bonds between Guanines
. . . and the Interaction with a Cation (shaded circle); (b) Schematic of

DNA sequences with multiple guanine stretches can form , g.quadruplex Showing Tetrads (translucent squares), the DNA
four-stranded inter- and intramolecular quadruplex structures gackhone (vertical lines), and Stabilizing Cations (shaded circles)
that may be important for a number of biological processes and

disease-related mechanish¥dn particular G-quadruplex DNA a ']' R b

formed from telomeric sequence repeats may be important for R A "“/N\(’N

telomere maintenangdéand DNA replicatiof and is a potential NN NJB /
target for novel anticancer dru§g.Quadruplexes arise due to )_s= _H I N

the ability of guanines to hydrogen bond in a cyclic fashion to “3\7 0, o] H _a

form tetrads (Chart 1a). These tetrads can stack with a helical N H\ N—H / /
twist to form quadruplex structures (Chart 1b). Such structures H=N H —\(l

can be further stabilized by interactions between O6 of guanine | ,-0= N .o-

with cations, particularly monovalent metal ions. y) N

G-quadruplexes are highly polymorphic, and a large number <N | /)\ _HT N N=RrR
of different structures have been obser¥éd-or example a / N ';‘
sequence containing a single run of guanine can form only a R H
tetrameric qugdruplex, while sequences with r_nu_ltlple_ G-tracts 1> swuctural Units of (2) DNA and (b) PNA
may, depending on the conditions, form hairpin dimers or a b
intramolecular quadruplexes.

FRET is the distance-dependent transfer of energy from a 5

ase

donor fluorophore to an acceptor. It is useful for measuring \ /

“NH
Base

distances on the-110 nm scalg'® and is a valuable tool for
the structural analysis of biomoleculEsi?2 A quadruplex-
forming oligonucleotide with a donor and acceptor attached to OQFL /
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specificity and thermodynamic stability than natural nucleic
acids!” Recently a 7-mer PNA was shown to open the thrombin
binding aptamer quadruplex, illustrating the ability to trap out
complex structures with relatively short PNAs,

Here we report studies of the kinetics of opening of the
intramolecular quadruplex formed by a dual-labeled 21-mer
oligonucleotide composed of 3.5 repeats of the human telomeric
sequence, i.e., d[(GGGTTABGG]1® This sequence has been
shown to form an intramolecular quadruplex in the presence of
sodium and potassium iod$We used FRET to monitor the
unfolding of this structure using highly sensitive fluorescence
measurements, with relatively small quantities of material.

Experimental Section

Materials. The oligonucletides "sd(GGGTTAGGGTTAGGGT-
TAGGG)- 3 (htelo) and 3-TMRA(GGGTTAGGGTTAGGGTTAGGG)-
Cy5dT-3 (htelo-fl) (where Cy5 and tetramethylrhodamine (TMR) are
fluorescent dyes) were obtained HPLC pure from Oswel (Southampton,
UK) and used without further purification. These oligonucleotides were

The samples were covered with mineral oil to prevent evaporation,
and dry nitrogen was passed through the sample chamber to prevent
condensation. Additional UV melts btelo-fl were performed at strand
concentrations of 0.5 and #M.

Linear baselines were fit to the high- and low-temperature regions
of the resulting curve. The fraction folded, and hence equilibrium
constant, at each temperature was determined from the position of the
curve between these baselines. The melting temperature was determined
from a van't Hoff analysis of those points for which the fraction folded
was between 15% and 85%This method assumes a two-state system
with linear baselines. Further it makes the assumption that there is no
change in heat capacity due to (un)folding and thét and AS are
independent of temperature.

Circular Dichroism (CD) Spectroscopy.CD spectra of kM htelo
or htelo-fl in 200 mM NaCl, 10 mM TrisHCI pH 7.4 were taken at
20 °C between 220 and 320 nm. Ten scans were averaged for each
sample. A background CD spectrum of 100 mM NacCl, 10 mM-HGI
pH 7.4 was subtracted.

Fluorescence Spectroscopy:luorescence spectra were taken of 120
nM htelo-fl in 200 mM NaCl, 10 mM TrisHCI pH 7.4, and then 3 h
after the addition of M of the appropriate PNA. The temperature of

based on the minimal human telomere repeat sequence capable of1€ sample was set at 2C throughout.

forming an intramolecular quadruplex. The PNA oligomersNH
TGTAAGGAACTAG-Lys-COH (nPNA) and HN-CTAACCCTAAC-
CC-Lys-CQH (cPNA) were received HPLC pure as gifts from Dr.
Yamuna Krishnan-Ghosh and &é& Gavory and used without further
purification. TrisHCI (1 M, pH 7.4) was purchased from Sigma (Dorset,
UK) and NaCl from Breckland (Norfolk, UK). Deionized water was
obtained from an Elga Maxima or a MilliPore Milli-@Q uys and used
throughout.

The extinction coefficient at 260 nnaxg) of htelo-fl was calculated
using a nearest-neighbor metibfbr the central 21-base sequence,
adding theezso values of TMR and Cy5 (31 980 and 10 000 Mem™2,
respectively’®? and the lone thymine at the 8rminus. Theezg Of
htelo was provided by the manufacturer, and those of the PNAs were
calculated by summing theeo values of the individual PNA monomers
(A,13700 Mtcmt; C, 6600 Mtcm?; T, 8600 Mt cm™%; G, 11 700
M-t cm 1.2

Equipment. UV measurements were performed using a Varian Cary

Spectra were collected between 530 and 750 nm while exciting at
515 nm, and corrected for background fluorescence and instrument
response. The contribution from direct excitation of Cy5 was neglected.
The intensities of the individual fluorophores were calculated by
integrating the fluorescence spectra from 565 to 620 nm for the donor
(TMR) and 645 to 700 nm for the acceptor (Cy5). Fifteen percent of
the donor integral was subtracted from that of the acceptor to correct
for crosstalk. This value was determined from a similar analysis
performed on an oligonucleotide conjugated to only TMR (data not
shown). The proximity ratioP, was calculated as

Ia

F’=|A+|D

@

where Ip and I, are the intensities of the donor and acceptor,
respectively.
The proximity ratio is a useful measure of the extent of energy

1E spectrophotometer equipped with a computer-controlled Peltier yansfer petween two fluorophores and is essentially the fraction of the
temperature controller. Fluorescence measurements were taken using,:a| observed fluorescence emitted by the acceptor. Unlike the FRET
an Aminco-Bowman Series 2 fluorimeter equipped with a water bath. efficiency, P cannot be used to calculate the distance between the

Circular dichroism measurements were performed on a Jasco J-810q,4rophores. However it has the advantage of being simpler to calculate
spectropolarimeter equipped with a computer-controlled Peltier tem- 5 is yseful if qualitative or relative distance information is all that is
perature controller. required.

Folding. A solution oftelo or htelo-fl in 100 mM NaCl, 10 mM Fluorescence Kinetics.For each kinetics run solution containing
Tris*HCI pH 7.4 was made up. This was heated to°0for 10 min, htelo-fl or cPNA, 100 mM NaCl and 10 mM Tri¢iCl pH 7.4 were
allowed to cool slowly to room temperature, and stored & AVhere mixed at timet = 0. The final concentration afPNAwas 0.1. 1. 2.5
a potassium-containing solution was required, 100 mM KCI was used or 54M, and that ofhtelo-fl was 100 nM, except that 10 nktelo-f
instead of NaCI. . ” was used for 0..uM cPNA. This was to keep the concentration of

UV Melting Studies. The absorbance at 295 niygs )** of 1 uM htelo-fl an order of magnitude less than that @®NA, so that the
htelo or htelo-fl in 100 mM NaCl, 10 mM TrisHCI pH 7.4 vs @ 100 ¢oncentration of the latter could be assumed to be constant throughout
mM NaCl, 10 mM TrisHCI pH 7.4 reference was monitored while  the run.
the temperature was ramped between 10 and®@t 0.5°C min . Kinetics runs were performed at 10, 20, 37, and°8D Samples

were allowed to equilibrate before mixing, and dry air was passed
through the sample chamber at 40 to prevent condensation.

The sample was excited at 515 nm, and the emission at 660 nm was
measured evgrs s for 3 h. This wavelength, rather than 580 nm, was
chosen in order to improve the sensitivity of the measurements, as it
was found that the emission of Cy5 (660 nm) changed to a greater
extent than that of TMR (580 nm). This may be due to partial quenching
of TMR in the open conformation due to the close proximity of a
guanine tract®
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Chart 3. Structure of htelo-fl

0=P-0
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The portion of the kinetics trace over which a change in fluorescence error, indicating that the transition observed is due to an
intensity, F, was observed was fit to the double exponential decay  intramolecular quadruplex.
Fluorescence Spectroscopyluorescence spectra bfelo-
F=Ae " +Ae"+C &) fl were taken in the presence of complementary and noncomple-
mentary 13-mer PNA oligomerciPNA and nPNA, respec-
using the Solver module of Mirosoft Excel, whetrés the time after tively). Spectra ofhtelo-fl in 100 mM NaCl and 10 mM
initiating measurements; andr, are the time constants of the decay Tris:HCI pH 7.4, alone and after additionsmPNA andcPNA,
andA; andA; their respective amplitude€.is the fluorescence intensity are shown in Figure 3. Their proximity ratid®, were calculated

= 00, .
A o time constariil] was calculated as to be 0.78% 0.01, 0.76+ 0.01, and 0.39 0.01, respectively.
This shows that addition ohPNA has little effect on the
Alr s AZTZ 3 150 — htelo
A+ A, @) 100 --- - htelo-fl
s0] )
A double-exponential fit was chosen, as it consistently gave a much 0 R

Ellipticity/kdeg cm® dmol”

better fit to the data than a single-exponential decay, as judged by the 50
residuals. 41001
Results 150

, ) 220 240 260 280 300 320

The focus of this study was to use FRET to monitor the Wavelength/nm
unfolding of a quadruplex in the presence of a PNA oligomer Figure 1. CD spectra of M htelo and htelo-fl in 200 mM NaCl, 10
complementary to the quadruplex-forming sequence. The se-mM Tris:HCI pH 7.4. The traces are the smoothed averages of 10 scans.

guence chosen was the minimal 21-mer human telomeric repeat

sequencehtelo) capable of forming an intramolecular quadru- - 12

plex. The fluorophores tetramethylrhodamine (TMR) and Cy5 < 0.8

were attached to the and 3 termini, respectively, as shown "E

in Chart 3, to give the dual-labeled oligonucleotidelo-fl. 2041
CD Spectroscopy.CD spectra ohtelo-fl andhtelo in 100 2 0.0

mM NaCl and 10 mM TrisHCI pH 7.4 were taken in order to ’

prove that under these buffer conditions the oligonucleotides 0 20 40 60 80 100
. . . Temperature/°C

were folded into quadruplexes. The results of this are shown in roure 2 UV mel £ 1M htelo or htelo-f in 100 MM NaCl

H gure 2. melting curves o elo or ntelo-1l In m aCl,
Flgur_e L The peaks at ?95 nm a_md troughs at 265 nm are10 mM TrisHCI pH 7.4. The fraction folded was calculated from the
consistent with the formation of antiparallel quadrupléRésr original data assuming a two-state system with linear high- and low-
both htelo and htelo-fl. The presence of the fluorophores at temperature baselines.
the termini of the quadruplex alters the CD spectrum, as has
been seen for a quadruplex labeled with fluorescein and TVMR. ; —:‘t::;’Ni
The change seen here is less extreme than that seen for this
analogous dual-labeled oligonucleotitte.

UV Melting of Quadruplexes. UV melting curves ohtelo
andhtelo-fl in 100 mM NaCl and 10 mM TridCl pH 7.4 are
shown in Figure 2. The melting temperatufig, of htelo-fl
(47 + 3 °C) was lower than the value obtained forlaelo (58
+ 3 °C), indicating that the addition of the fluorophores

=Y
® N
1 N

Fluorescence intensity/a.u
S
1

o
N

_destabilizes the structure. This reduction in melting temperature 500 550 600 650 700 750
is comparable to that seen for an analogous fluorescein/TMR- Wavelength/nm
labeled oligonucleotidé! Figure 3. Fluorescence spectra bfelo-fl alone in 2100 mM NaCl, 10 mM

The UV melting temperatures fditelo-fl at 0.5, 1, and 4 Tris:HCI pH 7.4 and after additions afPNA and cPNA. Spectra were
4M were found to be 46+ 2, 47 + 3, and 48+ 2 °C, taken 3 h after each addition of PNA. The excitation wavelength was 515

] ' _ . nm, and spectra were recorded at°Z0) The traces have been corrected
respectively. These melting temperatures are the same withinfor background fluorescence, instrument response, and changes in the
concentration ohtelo-fl caused by the addition of the PNA-containing
(26) Lu, M.; Guo, Q.; Kallenbach, N. RBiochemistry1993 32, 598-601. solutions.
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Scheme 1. Possible Mechanism for the Unfolding of htelo-fl with

5 6 o raw data cPNA
8 /\
<
§ /\ - rearr;ow £
@ gemeg}
S dENES
E T T T T T 5‘
0 2 4 6 8 10
Time/(1000 s) TMR Me\k{ﬂ Cy5 cPNA \/
Figure 4. Example of a fluorescence intensity decay curve (exciting at )
515 nm and collecting at 660 nm) after mixitelo-fl (100 nM) with fast trapping | | | | | | |
cPNA (1 uM) in 100 mM NacCl, 10 mM TrisHCI pH 7.4 at 20°C. A E—
double-exponential fit is superimposed on the data. d \.
Table 1. Effects of cPNA Concentration (C) and Temperature (T) R . .
on the Mean Time Constant ([#[) and Rate Constant (k) of the 20°C and 4 h at 37C (data not shown), consistent with the
Opening of the htelo-fl Quadruplex formation of a significantly more stable quadruplex under these
CluM TIrC Qs KI10-5 510 conditions as previously observ&tHowever, these time scales
1.0 20 1894+ 61 53+ 2 are too slow to obtain accurate kinetics data with our equipment.
25 20 1918t 85 52+3 . .
5.0 20 1887+ 93 53+ 3 Discussion
1.0 10 9871+ 3438 11+ 4
10 37 167+ 18 600 80 Steady-State Measurements Steady-state measurements

1.0 50 64+ 9 1600+ 300 were taken in order to confirm that the fluorescently labeled
htelo-fl folds into a quadruplex as predicted under the experi-
#The values are the meah standard deviation of three independent mental conditions employed. CD spectrahtélo and htelo-fl
gqrggflijrqegl\?ztiiA;ISltjemrﬁpse?a)(tﬁrrlgéz_auOn Is first-order in DNA and zero- verified that both folded into antiparallel quadruplexes. UV
melting experiments indicated that the melting temperature of
10" htelo-fl was comparable to that of a fluorescein/TMR-labeled

102 21-mer DNA of the same sequent€This indicates that both
o s sets of fluorophores destabilize the quadruplex to a similar
x 1077 extent. The melting temperature was found to be independent
T of the concentration dfitelo-fl, indicating that the quadruplex
10° formed is intramolecular. The formation of an antiparallel
30 31 32 33 34 35 3. intramolecular quadruplex is consistent with the NMR structure
1000/(T/K) of the quadruplex formed by d[A(GGGTT4GGG] in the

Figure 5. Arrhenius plot for the unfolding of thatelo-fl quadruplex in presence of 100 mM Na?82°

the presence of &M cPNA. The addition of a noncomplementary PNA oligomePNA)

was shown to have little effect on the fluorescence spectrum of
htelo-fl, while addition of complementary PNAPNA) greatly
reduced the Cy5 fluorescence and thus the proximity r&io,
This suggests that the interactionhaélo-fl with cPNA is due

fluorescence properties atelo-fl, while cPNA causes a large
drop in proximity ratio. This is consistent with the opening of
htelo-fl in the presence ofPNA due to the formation of a

PNA:DNA duplex. _ N to its sequence complementarity rather than a nonspecific
Fluorescence Kinetics.Solutions containinghtelo-fl and interaction with PNA.

CPNA were mixed at timet = 0, and the decay of the — inetics Measurements.The first-order kinetics observed
fluorescence of Cy5 was monitored. Thf_e resulting trace was fit here suggest a rearrangement of the quadruplex prior to trapping
to a double-exponential curve, and the inverse of the weighted by cPNA in the overall unfolding process (Scheme 1). However,
mean of the measured time constants was taken as the ratgne stryctural details of this rearrangement cannot be determined
constant of the unfolding reaction. The effects dPNA from these results alone, and the intermediate shown in Scheme
concentration and temperature were examined. 1 is one of many possibilities. For example it is possible that

An example of the data obtained in this study is shown in htelo-fil must unfold completely in order to allowPNA to
Figure 4. Studies carried out at 2 showed that the rate of  hypridize.
decrease of Cy5 fluorescence is independerttA concen- From the unfolding rate and the equilibrium constant it is
tration over the range-15 uM (Table 1)?" The activation energy  possible to estimate the rate of folding from
of the unfolding ofhtelo-fl was derived from the Arrhenius
plot (Table 1, Figure 5) to be 9& 8 kJ moll, assuming that ki

the mechanism is the same at all temperatures studied. The Keq= K, (4)

validity of this assumption is supported by the linearity of the

graph, whic.h would be unexpected if there was a change in here Keq is the equilibrium constant anki and k, are the

rate-determing step. folding and unfolding rate constants, respectively. The equilib-
Kinetics runs performed in the presence of 100 mM KCI jym constants for the folding dftelo-fl in 100 mM NaCl and

rather than NaCl gave average time constants of about 40 h atjo mm TrisHCI pH 7.4 at 37 and 50C were determined from

(27) The unfolding kinetics were 20% slower at 100 oRINA, consistent with (28) Wang, Y.; Patel, D. BStructure1993 1, 263-282.
a transition to second-order kinetics at love#tNA concentration. (29) Protein Data Bank 143D.
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UV melting curves to be 4+ 1 and 0.7+ 0.1, respectively.
The equilibrium constants at 10 and 20 were too large to be

for 1 uM PNA. This is faster than the unfolding of the

guadruplex but slower than that of the hairpin, providing a

determined by this technique. This estimates the closing ratespossible explanation for the observed reaction orders for

at 37 and 50°C to be (2.44+ 0.8) x 1072 and (1.1+ 0.3) x
1072 s71, respectively, assuming the rate-determining step for
unfolding is unaffected by the presencec#fNA. The closing
rate at 37°C is an order of magnitude faster than the folding
rate reported for the quadruplex formed by df&l)4] in 50
mM Na' at 37°C (1.7 x 1072 s71).30 This difference may be
caused by the presence of fluorophorestelo-fl, which have
been shown by UV melting to alter the thermodynamics of the

hybridizations of the quadruplex and hairpin to PNA.

The activation energy measured here is comparable in
magnitude to those measured for the dissociation of the
intermolecular quadruplexes formed by d(TAZKIA)4 and
d(CGCGCQG),, determined by CD spectroscopy to be 200 and
150 kJ mof?, respectively?® The differences are possibly due

to additional stability in these intermolecular quadruplexes

arising from the additional tetrad, interactions with adenines in

quadruplex. Furthermore, the quadruplex formed by an oligo- the former, and €C* base pairing in the latter. Other potential

nucleotide closely related to d[{&4)4] has been shown to
contain four tetradd! while that formed byhtelo-fl contains
only three.

factors include the loops ihtelo-fl, which are not present in
the intermolecular quadruplexes, and that these intermolecular

guadruplexes are paral@3” while the structure formed by

That the rearrangement of the quadruplex appears to be slowehtelo-fl in sodium is antiparallel. It is also possible that the

than the subsequent hybridization event is consistent with

destabilization of théntelo-fl quadruplex due to the presence

observations reported in a study of the opening of the quadruplexof the fluorophores lowers the activation energy.

formed by d[(T:G4)4] using a complementary DNA straritl.
However, it differs from PNA hybridization to unstructured
DNAZ32:33gand DNA hairpins’® where PNA invasion was found

Conclusions

We have investigated the opening of the intramolecular

to be first-order with respect to both components, making it quadruplex formed by the human telomeric repeat. A comple-
second-order overall. The difference between the order of the mentary 13-mer PNA was employed to trap the structure as it
hybridization of PNA to hairpins and quadruplexes may be unfolded, and the hybridization was monitored using FRET
explained by a simple preequilibrium model: the folded between a pair of fluorophores conjugated to the termini of the
structure is in equilibrium with an intermediate, which then oligonucleotide. The use of FRET allowed real-time monitoring
hybridizes to the complementary PNA strand (Scheme 1). If of the opening process at significantly lower concentrations than

PNA hybridization is the rate-determing step, the reaction will
be second-order. If, however, the formation of the intermediate
is rate determining, first-order kinetics will be observed.

In the case of the hairpin the opening rate a@0s on the
order 16—10° s~1,3435while the results presented here suggest
an opening rate for the quadruplex of 6 107 s1. The
hybridization rate of an unstructured 8-mer DNA strand to PNA
serves as a useful reference. This was found to kelP® M1
s7133 giving a pseudo-first-order rate constant ok21073 s71

(30) Raghuraman, M. K.; Cech, T. Rucleic Acids Red99Q 18, 4543-4552.

(31) Wang, Y.; Patel, D. JJ. Mol. Biol. 1995 251, 76—94.

(32) Jensen, K. K.; @rum, H.; Nielsen, P. E.; Nand®. Biochemistry1997,
36, 5072-5077.

(33) Kushon, S. A,; Jordan, J. P.; Seifert, J. L.; Nielsen, H.; Nielsen, P. E.;
Armitage, B. A.J. Am. Chem. So2001, 123 10805-10813.

(34) Bonnet, G.; Krichevsky, O.; Libchaber, Rroc. Natl. Acad. Sci. U.S.A.
1998 95, 8602-8606.

(35) Wallace, M. 1.; Ying, L.; Balasubramanian, S.; KlenermanPioc. Natl.
Acad. Sci. U.S.A2001, 98, 5584-5589.

would have been possible with UV absorbance or CD.

It was observed that the opening of the quadruplex was
independent of PNA concentration, suggesting that the initial
step is a rate-determining internal rearrangement of the
guadruplex, followed by a fast hybridization step. An Arrhenius
analysis of the system gave an activation energy of-98 kJ
mol~%, which is comparable in magnitude to values found for
other quadruplexes.
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