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Abstract

Hydrogen exchange rates of the imino protons of the thrombin-binding 15 mer DNA aptamer d(G1G2T3T4G5G6T7G8T9G10G11T12T13

G14G15) in the presence of Sr2+ were measured. In the temperature range 15–35 8C, the exchange rates of the eight iminos in the quadruplex

core were not uniform, with the G2, G11 and G15 iminos exchanging faster, the G1, G5, G10 and G14 iminos exchanging slower, and the G6

imino exchanging at a medium rate. In the quadruplex G1, G5, G10 and G14 adopted syn glycosidic conformation, while G2, G6, G11 and G15

adopted anti-conformation. It was found that the four slowly exchanging iminos, which were all the syn-iminos, happened to be located in the

TT loops that were not easy to open to the solvent. The anti-iminos exchanged faster, but the G6 imino exchanged slower than other anti-

iminos, because its hydrogen bond with the G10O6 was stabilized by the TGT loop. The fact that the G6 imino exchanged at a faster rate than

those syn-iminos in the TT loops suggested that the TGT loop was less stable than the TT loops. Unfolding mechanism for the quadruplex

was thus proposed: The quadruplex first uncoupled the three base pairs: G1–G15, G2–G14 and G5–G11, which were not protected by any

loops. Then it opened the TGT loop. Finally, it opened the TT loops and the sequence became an unstructured random coil that exchanged

with the quadruplex conformation. The conformational exchange between the quadruplex and random coil had been detected.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Folding and unfolding of nucleic acids are of great

importance in understanding their biological nature and

have attracted much attention. It is known that the folding

and unfolding processes of some nucleic acids are in

milliseconds [1], which fall into the chemical shift time

scale of NMR. NMR has therefore been used to study the

conformational exchange of DNA and RNA, basically,

through exchange spectroscopy [2] or hydrogen exchange

rate detection [3]. Zhou et al. [4] observed interconversion

between two conformations of an arylamine-modified 12
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mer duplex DNA. Overmars and Altona [5] quantitatively

measured the exchange rates between different conforma-

tions of a single-stranded 36 mer DNA that had a number

of Holiday junctions. Recently, Phan and Patel [6] studied

the chemical exchange between the parallel and antipar-

allel G-quadruplexes of a human telomeric DNA

sequence. Here, we report the result of NMR study of

the folding–unfolding dynamics of the thrombin-binding

DNA aptamer (TBA) in the presence of divalent metal

ion Sr2+.

The DNA aptamer, with the sequence d(G1G2T3T4G5G6

T7G8T9G10G11T12T13G14G15), was identified in 1992 [7],

which showed strong binding ability to thrombin. Since

then, this DNA has been intensively studied [8–22]

because of its potential application in drug design [23].

NMR studies [9–12,16,17,22] have revealed that, in the

presence of metal ions that fit the geometry of the

quadruplex, the TBA folds into a chair-like conformation
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as depicted in Fig. 1. Although the quadruplex stability

may differ when different metal ions are present [18], our

recent study [22] revealed that the Sr2+-stabilized TBA

quadruplex adopted the same topology as K+-stabilized

quadruplex. Eight guanines, which adopt alternatively

anti–syn–anti–syn glycosidic conformations, form two

tetrads stacked together and linked by three loops, T3T4,

T7G8T9 and T12T13. Each guanine in the quadruplex core

plays a role as a hydrogen donator (offering imino H1 and

amino H21) as well as a hydrogen acceptor (using O6 and

N7 to accept hydrogen), forming four hydrogen bonds

with two neighbor guanines. The interactions of the

aptamer with some mono- and divalent metal ions,

including Mn2+ [15], Pb2+ [17,19] and Sr2+ [18,22], have

also been studied. Dynamic information about this aptamer

has also received attention [21].

In this work, we studied the hydrogen exchange rates of

the iminos of TBA. We found that at room temperatures,

some hydrogen bonds were more stable than others. The

hydrogen bonds stabilized by the TT loops were most

stable, the hydrogen bonds stabilized by the TGT loop went

second, and the other hydrogen bonds that were out of

protection of any loops were least stable. Thus, the folding

and unfolding of the quadruplex are easily understood. The

loops, particularly the TT loops, played a key role in folding

the DNA to a quadruplex conformation.
Fig. 1. Chair-like quadruplex conformation of the 15 mer DNA d(G1G2

T3T4G5G6T7G8T9G10G11T12T13G14G15), in which eight guanines (G1, G2,

G5, G6, G10, G11, G14 and G15) form two stacked tetrads as the chair body,

which adopted alternative syn–anti–syn–anti glycosidic conformations, four

thymines (T3, T4, T12 and T13) form two TT loops as the chair legs, and the

other two thymines (T7 and T9) and a guanine (G8) form a TGT loop as the

chair back. Each guanine in the quadruplex core forms four hydrogen

bonds, using four atoms H1, H21, O6 and N7, with its two neighbor

guanines.
2. Materials and methods

Sample preparation and NMR experiments were basi-

cally described in our previous paper [22]. TBA was

prepared using DNA synthesizer and was purified using

HPLC. Unfolded TBA was brought into folded quadruplex

by titrating the sample with SrCl2. The final composition of

the sample for quantitative kinetics study was 2:1 in metal/

DNA ratio in 90% H2O/10% D2O, and the concentration of

TBA was 1 mM at pH 5.9.

NMR experiments were performed on a Bruker Avance

600 spectrometer with a triple resonance probe. Chemical

shifts were referenced to DSS (2,2-dimethyl-2-silapentane-

5-sulfonic acid). For the evaluation of the hydrogen

exchange rate between the imino protons of guanines and

the water protons, the effective relaxation rates, R1,eff, the

steady-state magnetizations, Mss, and the equilibrium

magnetizations, M0, were measured independently. R1,eff

values were measured using the inversion recovery method

with water selectively (using 1 ms Gaussian shaped pulse

for 908 excitation) flipped back. In this case, the detected

R1,eff was the combination of the relaxation rate, R1, with

the hydrogen exchange rate, kex, i.e.,

R1;eff ¼ kex þ R1 ð1Þ

The steady-state magnetization intensities, Mss, were eval-

uated in the presaturation experiment with long preirradia-

tion time (6 s). The saturation percentage is related to kex
and R1 by

Mss

M0

¼ R1

k ex þ R1

ð2Þ

The equilibrium intensities, M0, were obtained using water

flip-back method. By combination of Eqs. (1) and (2), the

hydrogen exchange rates, kex, were evaluated.

NOESY spectra [24] in 90% H2O were recorded using

standard three pulse sequence using Watergate [25] for

water suppression and 300 ms for magnetization mixing.

ROESY experiment [26] was conducted on another sample

with the metal-to-DNA ratio of 0.3:1 in 100% D2O. The

ROESY spin locking time was 50 ms at the power level of

9900 Hz.
3. Results and discussion

Folded DNA usually shows countable imino signals in

1D NMR spectrum. In the low-field region between 11.5

and 12.3 ppm, the TBA quadruplex showed eight imino

signals with somewhat overlapping (Fig. 2), with the four

iminos of the anticonformation guanines (G2, G15, G11 and

G6) at the lower field and the four syn-iminos (G1, G10, G5,

and G14) at the upper field. In the water flip-back experi-

ment, the eight imino signals had nearly equal intensities

(Fig. 2A). In the water presaturation experiment after long



Fig. 3. One of the two tetrads in the quadruplex core. The filled circles

represent the hydrogen-bonded iminos. The other tetrad has exactly the

same topology.

Fig. 2. Imino region (11.5–12.3 ppm) of the 1D spectra of the 15 mer DNA at 25 8C. (A) Spectrum with water flip back. Eight iminos show similar intensities.

(B) Spectrum with water presaturation. Eight iminos have different intensities, with the down-field three iminos apparently weaker than the up-field four

iminos. The G6 imino (at 11.98 ppm) has medium intensity. For comparison of the intensities, a dashed horizontal line is drawn in (B).
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preirradiation (6 s), however, they showed different inten-

sities. The three anti-iminos at the lowest field apparently

had lower intensities than the four syn-iminos at the upper

field, while the imino intensity of G6, which also adopted

anti-glycosidic conformation, was slightly lower than the

syn-iminos but higher than the other three anti-iminos.

The lower intensities in the presaturation experiment

(Fig. 2B) as compared to the intensities in the water flip-

back experiment (Fig. 2A) indicated that water saturation

had been transferred to the iminos due to hydrogen

exchange between the imino and water protons. But the

unequal intensities in the presaturation experiments implied

that water saturation had been transferred to the iminos with

unequal degrees. According to Eq. (2), not only the

exchange rate but also the relaxation rate affected the

steady-state intensity. For the lower steady-state intensities

of the three anti-iminos shown in Fig. 2B, either of the two

possibilities alone could be the reason: (1) Their relaxation

rates were relatively lower; (2) Their exchange rates were

relatively higher. Because proton relaxation is predominated

by dipole–dipole interaction, only the protons nearby need

to be considered when the imino relaxation rates are

compared. In the quadruplex core, all eight imino protons

had the same proton environments, as can be seen from one

of the tetrads in Fig. 3: Each core imino had two aminos (in

the same base) as its nearest neighbors and three iminos (in

other bases) in its next outer neighborhood. If we do not

consider the difference in glycosidic conformation, the four

iminos in the tetrad were not distinguishable and their

relaxation rates should be the same. The difference in

glycosidic torsion angles did influence the environments of
the core iminos. But because the ribose protons were in the

far distance (the nearest ribose proton is about 7–8 2 away),

their effect may be negligible. If they do need to be

considered, the ribose protons were all closer to the same

base imino proton in anticonformation than in syn-con-

formation, in average about 0.5–0.8 2 shorter in distance.

The anti-iminos should relax faster than the syn-iminos.

Detailed analyses of the quadruplex structure [22] showed

that the presence of the other tetrad did not favor the

relaxation of any particular imino either. Therefore, the



Fig. 4. Imino–amino correlation region of a NOESY spectrum with a

mixing time of 300 ms at 25 8C. Although the iminos have similar

linewidths, the amino linewidths are far from uniform. The three residues,

G2, G15 and G11, have very broadened aminos that could merely be

detected. The G6 guanine has medium linewidth for its aminos. The four

pairs of syn-aminos are sharp. The linewidths of the aminos are in

agreement with the intensities of the iminos shown in Fig. 2B, and both

give the same information: the easiness for the exchangeable protons to

open to the solvent was in the order: G2~G11~G15NG6NG1~G5~G10~G14.

Fig. 5. Hydrogen exchange rates for the eight imino protons in the

quadruplex core. The four syn-iminos, G1, G5, G10 and G14, all in filled

symbols, exchange slower than other iminos (in open symbols) in the

temperature range from 15 to 35 8C. The G6 imino always exchanges at a

medium rate, as compared to the syn-iminos and other anti-iminos.
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lower steady-state intensities of the three anti-imino protons

in Fig. 2B were not due to the presumably slower relaxation.

The first possibility is not relevant and can be ruled out.

The exchange rates, however, could be faster for the

three anti-iminos, and the faster exchange rates should be

the pronounced reason for their lower intensities in the

saturation transfer experiment. It is well known that hydro-

gen exchange rate depends on how easy the proton is open

to the solvent [27]. A glance at the quadruplex would not

help find particular hindrance for a specific imino proton to

open to water. However, by carefully inspecting the

topology presented in Fig. 1, it is not difficult to find that

the three faster exchanging iminos of the antiguanines, G2,

G15 and G11, happen to sit at positions that were easier to

open to solvent than the other five iminos that were all

inside the loops. It is very likely that the three anti-iminos

exchanged faster than the other iminos.

If the three iminos exchanged faster, the three base pairs,

G2–G14, G15–G1 and G11–G5, should be more easily open

than other base pairs, and correspondingly the aminos of G2,

G15 and G11 should also exchange faster than other aminos.

The NOESY spectrum in 90% H2O clearly demonstrated

that the open-to-solvent rates for the three abovementioned

base pairs were higher. In the imino–amino correlation
region, the NOE cross peaks for the amino groups in the

three anti-guanines were seriously broadened (Fig. 4), as

compared to the NOE peaks for the other five amino groups.

There is no doubt that the broadening resulted from faster

exchange which in turn resulted from the faster open-to-

solvent rate [27]. The line broadening in NOESY spectrum

was in full agreement with the saturation transfer in

presaturation experiment.

Quantitative results of the exchange rates are given in

Fig. 5. At 25 8C in particular, the exchange rates for the

three faster exchanging iminos were around 0.23 s�1, for the

slower exchanging iminos, the exchange rates were around

0.15 s�1, while the exchange rate for G6 imino was about

0.18 s�1. Although the difference between the exchange

rates was small, it was beyond the experimental error which

was estimated to be F0.02 s�1. In the temperature range

from 15 to 35 8C, the three anti-iminos consistently showed

higher exchange rates than the other five iminos. But when

the temperature was further elevated, all iminos tended to

have similar exchange rates. This means that at higher

temperatures, the loops also opened very rapidly.

It is worthwhile noticing that in all three figures (Figs. 2,

4 and 5), the imino and amino protons of G6, which was also

an anti-guanine, exchanged with water at a medium rate.

This suggested that the T7G8T9 loop was relatively easier to

open than the other two loops, T3T4 and T12T13. Or in

another word, the TGT loop was less stable than the TT

loop. Loop stability is a topic of great interest in nucleic

acids studies. Our data clearly indicate that, under the

experimental conditions, the TT loops, although extremely

short, were most difficult to unzip.

The apparent faster exchange for G2, G11 and G15 iminos,

the medium exchange for G6 and the slower exchange for G1,

G5, G10 and G14 enable us to propose an unfolding

mechanism for the TBA in the presence of Sr2+. The



Fig. 7. Base region of a ROESY spectrum with a mixing time of 50 ms. On the

distinguished with the intensity ratio approximately 3:1. The stronger signals,

conformation. The more dispersed weaker signals are assigned to the quadruplex co

peaks, are due to the conformational exchange between the random coil conform

Fig. 6. Sketch showing possible intermediate conformations during the

quadruplex unfolding. In conformation (A), the hydrogen bonds, which

hold the G15–G1, G11–G5 and G14–G2 base pairs and have not been

protected by loops, break, and the lower tetrad is split into two parts, while

the upper tetrad cracks at the front edge. In conformation (B), the G6–G10

base pair breaks and the TGT loop is open. The DNA is ready to unzip its

TT loops and is going to finish the loop-to-coil transition.
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hydrogen bonds outside the loops broke at first. During this

process, there was no anti–syn conformation exchange,

because the inner-loop hydrogen bonds were still holding.

The lower tetrad was split into two parts, while the upper

tetrad was cracked at the front edge with the back edge still in

bgoodQ shape, because the T7G8T9 loop can stabilize the

hydrogen bonds between G6 and G10. The quadruplex bchairQ
began to collapse in a way shown in Fig. 6A. Then, the G6–

G10 base pair was difficult to maintain and broke afterwards

(Fig. 6B). Finally, all hydrogen bonds frayed away. The DNA

underwent a hairpin-to-coil transition. There were no base

pairs in the sequence and the DNA adopted unstructured

conformation or random coil conformation. The DNA

residues could undergo anti–syn exchange freely.

Our DNA quadruplex was stabilized by Sr2+ ion. An

interesting question would be that, is the unfolding

mechanism dependent on metal ions? The answer is no.

Our further study of the TBA in the presence of potassium

ion showed similar results in both presaturation and NOESY

experiments (data not shown) as in the presence of Sr2+.

This means that the mechanism of unfolding of the

quadruplex is independent of metal ions.

It should be pointed out that the conformations shown in

Fig. 6 were possible intermediates during the TBA unfold-

ing. They were not stable enough to give any NMR signals.

They had only very short lifetimes. But the random coil

conformation was stable in the solution. In a sample where

the metal-to-DNA titration was not complete (about 0.3:1),
left side, the 1D spectrum is presented, where two sets of signals can be

which are crowded in a narrow range, are assigned to the random coil

nformation. The cross peaks, which show the same phase with the diagonal

ation and the quadruplex conformation.
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the random coil conformation showed distinct resonances

which were easily distinguished from the quadruplex

resonances, and the quadruplex signals showed exchange

cross peaks with the random coil signals in a ROESY

spectrum (Fig. 7). While the folded quadruplex base signals

dispersed in a wide range from 7.1 to 8.3 ppm, the

unstructured random coil base signals had much narrower

resonance range. The nine guanines were crowded in the

7.8–7.96 ppm range and the six thymines were in the 7.37–

7.52 range (see the projection spectrum in Fig. 7).

Quantitative analysis of the ROESY exchange cross peaks

yielded conformational exchange rates (date not shown),

which were always smaller than the imino hydrogen

exchange rates. This can be rationalized that conformational

exchange happened only when all hydrogen bonds in the

quadruplex were broken, while hydrogen exchange for a

specific imino proton should not be dependent on exchange

of other protons. The detailed study of the conformational

exchange will be reported elsewhere.
4. Conclusion

We have studied the hydrogen exchange rates of imino

protons of the thrombin-binding DNA aptamer in the

presence of Sr2+. The eight iminos in the quadruplex showed

different exchange rates, although the difference was small.

The iminos in the TT loops were most difficult to exchange.

The iminos outside any loops were easiest to exchange. The

imino inside the TGT loop exchanged at a medium rate. The

folding and unfolding of the quadruplex mechanism is thus

proposed. When folding, the DNA at first folded two TT

loops, then the TGT loop, and at last the three loops folded

into a compact quadruplex. The unfolding process was just

backward. Firstly, the quadruplex broke all hydrogen bonds

outside loops, then broke the hydrogen bonds inside the TGT

loop and finally broke the hydrogen bonds inside the TT

loops. Our study demonstrated that the TGT loop was less

stable than the TT loops in the quadruplex.
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