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ABSTRACT: The microsecond dynamics of the sugar moiety of A and T residues in DNA duplexes, d5 .1 C2 G3 A4 T5 T
0
0
0
6 7 8 9 10
A A T C G/32 (1b) and d5 .1 C2 C3 A4 T5 T6 A7 A8 T9 G10 G/32 (2b), containing 13 C/2 H double-labelled 20 (R/S),50 (R/S)2
0 0 0 0 0 13
0
H2 -1 ,2 ,3 ,4 ,5 - C5 -2 -deoxyribofuranose moieties (all labelled A and T are shown in bold), were studied using 13 C
nuclear spin relaxation measurements. An exchange contribution was detected in the transverse relaxation rates .R1 /
of 13 C of the labelled nucleotides. The comparison of the dynamics of various nucleotide residues of duplex 1b with
those of the duplex 2b demonstrated that the replacement of the 2 GÐ9 C base pair in the former by a 2 CÐ9 G base pair in
the latter alters the time-scale of motions in the AT tract. Moreover, the T residues show different microsecond dynamic
behaviour to the A residues in the AÐT base pairs. Since 2 H nuclear magnetic spin relaxation .T1 / measurements of
the same nucleotides show no dependence on the spin lock strength, it was concluded that the main mechanism of
2
H T1 relaxation is quadrupolar. Although we observed a clear difference in the dynamic characteristics of the AT
tract of the duplexes 1b and 2b [as evident from distinct differences in both spin lock dependent 13 C relaxation .T1 /
and in the amplitude of the exchange parameter amongst all deoxyadenosine nucleotide residues in both duplexes],
we failed, however, to observe any difference in hydration behaviour in solution, thereby suggesting that there is no
straightforward correlation in these two intrinsic dynamic properties of DNA duplex. It is noteworthy, however, that
as the flexibility of the minor groove increases in both duplexes, we observe more long-lived water molecules around.
Copyright  2000 John Wiley & Sons, Ltd.
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INTRODUCTION
The study of dynamic motion in DNA duplex basing
on the transverse relaxation rate .R2 / measurements may
shed light on the correlation of its structure, stability
and biological function. The main mechanism for 13 C
relaxation in the sugar moieties of DNA involves the
fluctuation of 13 C— 1 H bond dipoles with respect to the
static magnetic field (the 13 C CSA contribution is believed
to be small for the sugar moiety1,2 ). These fluctuations
result from overall tumbling motion of DNA on the
nanosecond (ns) time-scale and faster external motion.3 – 5
Motion on the millisecond (ms) to microsecond (µs)
time-scale (chemical exchange) can also have a dramatic
influence on transverse relaxation of 13 C. Slower than
correlated rates of overall rotation can result from the
relative movement of secondary structural elements of the
nucleotides6 where the degree of motion may play a role
* Correspondence to: J. Chattopadhyaya, Department of Bioorganic
Chemistry, Box 581, Biomedical Center, Uppsala University, S-751 23
Uppsala, Sweden; e-mail: jyoti@bioorgchem.uu.se
Contract/grant sponsor : Swedish Board for Technical and Engineering
Research (TFR).
Contract/grant sponsor : Swedish Natural Science Research Council
(NFR); Contract/grant number: K-KU 12067-300; Contract/grant number: K-AA/Ku 04626-321.
Contract/grant sponsor : Wallenbergsstiftelsen.
Copyright  2000 John Wiley & Sons, Ltd.

in the ligand selectivity6 or the hydration pattern of the
minor groove of the AT tract.
The dependence of transverse relaxation on static
field strength3 – 5,7,8 provides a direct measure of rate of
exchange .Kex / between two conformational states. To
characterize explicit rates of exchange, the transverse
relaxation rate, R2 , is monitored as a function of CPMG
refocusing delay length,3a,b,4,7 spin lock field strength3a,c,4,5
or temperature.6b,9a Each of these techniques is limited to
a certain range of time-scales.
It has been shown by x-ray studies that a small variation in the base-pairing sequence such as the substitution of GC basepair in CGATTAATCG (1a) with CG
in CCATTAATGG (2a) causes some dramatic change
in their minor groove structure and hydration pattern,10
although they both have the same AT tract. Naturally, an
important question to address here is what the dynamic
difference between these two duplexesis.
The assessment of the dynamic characteristics in 1a and
2a can easily be done if we can compare the relaxation
properties of the AT tract in the corresponding 13 C/2 H
double-labelled derivatives 1b and 2b. The chemospecific incorporation of deuterium at C20 and C50 in the
13
C-labelled sugar moiety permits this because it has a
remarkable benefit in the sense that it effectively helps
to eliminate the cross-correlation effect of DD.13 C– 1 H/
from the 13 C relaxation rate of the methylene protons.
Magn. Reson. Chem. 2000; 38: 403–414
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We report here a transverse 13 C relaxation study .T1 / of
2 .R/S/,50 .R/S/-2 H2 -10 ,20 ,30 ,40 , 50 -13 C5 -20 -deoxyadenosine
and the corresponding thymidine nucleotides [bearing
diastereomeric proton and deuteron in a 1 : 1 ratio at C50 ,
0
and 15% (R) : 85% (S) at C20 ] in duplexes d5 .1 C2 G3 A4 T5 T
0
0
0
6 7 8 9 10
A A T C G/32 (1b) and d5 .1 C2 C3 A4 T5 T6 A7 A8 T9 G10 G/32
(2b) in aqueous solution. The site-specific incorporation
of 13 C/2 H-double-labelled dA and T blocks in 1b and
2b was achieved by the solid-phase synthesis protocol.
We attempted to explore whether the dynamics in the
microsecond range drive any specific water–DNA interaction by inducing any large conformational transitions. This
was performed by comparing our NMR-based dynamic
and hydration data for duplexes 1b and 2b in aqueous
solution with the hydration data reported using the xray studies of the corresponding unlabelled duplexes, 1a
and 2a.
0

EXPERIMENTAL
Synthesis of double-labelled
and DNA

13

C– 2 H nucleosides

The syntheses of double-labelled 13 C/2 H nucleosides were
performed using our published procedure.11 The doublelabelled 10 mers 1b and 2b were prepared by the solidphase phosphoramidite method12 on a Pharmacia LKB
Gene Assembler Special synthesizer. Finally, the purified
sample (237 O.D. units, 13% yield) was loaded on a
Dowex 50-WX .NaC / column, then lyophilized together
with the appropriate buffer used for NMR spectroscopy
from D2 O (99.9% D).

NMR experiments

The NMR experiments were carried out on Bruker DRX
spectrometers at a magnetic field strength of 14.1 T, operating at 600.13 MHz for 1 H, 150.92 MHz for 13 C and
92.12 MHz for 2 H, and at a magnetic field strength of
11.7 T operating at 500.03 MHz for 1 H, 125.74 MHz for
13
C and 76.76 MHz for 2 H. Both spectrometers were
equipped with a Bruker digital lock and with a switching
2
H lock– 2 H pulse device.
The 600.13 MHz spectrometer was equipped with an
inverse detection quadro-resonance probehead with triple
axis gradients for 1 H, 13 C, 31 P and 15 N (QXI). Hard 1 H
pulses on this probehead were applied with 29 kHz. 13 C
hard and selective 2.5 ms e burp 1 pulses were applied
with a 19.2 kHz and 1250 Hz field peak strengths, respectively. 13 C decoupling was performed using GARP13a with
a 3.84 kHz field strength. For the 90° and 180° 2 H pulses
the probe power after the switching block was 6.4 W,
which corresponds to 2.08 kHz applied field. 2 H decoupling utilised a WALTZ1613b sequence using a 588 Hz
field.
The 500.03 MHz spectrometer was equipped with a
triple-resonance selective probehead for 13 C and 2 H
(TXO). 1 H and 13 C pulses were applied with 24 and
Copyright  2000 John Wiley & Sons, Ltd.

40 kHz field, respectively. This strength of 13 C pulses
allowed us to excite the region between 13 C.50 / and
13
C.20 / resonances and neglected the offset effect on
measurement of T1 relaxation of 13 C as we have shown
earlier in our relaxation study on deuterated nucleosides.2
13
C decoupling was performed using GARP with a
4.17 kHz field strength. For the 90° and 180° 2 H pulses,
the probehead power after the switching block was
43.0 W, which corresponds to 11.4 kHz applied field. 2 H
decoupling utilized a WALTZ16 sequence using a 1.3 kHz
field (0.6 W).
All experiments were carried out at 25 ° C. This temperature is more then 20 ° C below the melting temperature
of these duplexes (47–50 ° C) at the NMR concentration
of the samples and the buffer composition.
Determination of T1r relaxation time of 13 C by 2D
experiment. Figure 1(A) shows the pulse sequence used
to determine 13 C T1 relaxation. During 13 C chemical shift
evolution in the t1 period the constant time period to eliminate 13 C– 13 C couplings was implied1 and the WALTZ16
modulation on deuterium was used to decouple 13 C from
deuterium. The train of 1 H 125° pulses was applied every
5 ms before the first soft 13 C pulse in the same way as
originally proposed.14b Magnetization originating from 13 C
nucleus was transferred to the directly bound protons for
detection using an INEPT-type module.1,14b
The experiments were carried out at a magnetic field
strength of 14.1 T.
The data sets were recorded as 2K ð 96 real matrix with
64 scans for 13 C relaxation measurement for each t1 value
and a spectral width of 10 ppm in F2 and 20 ppm in F1
with the carrier for 1 H, 13 C, 2 H at 4.8, 82.84 [for 13 C.10 /,
13
C.40 /] or 37.44 [for 13 C.20 /] and 3.25 ppm, respectively.
The strength of the spin locking field, ω1 , was determined by finding the pulse length, t360° , required to
produce a signal null following a 360° rotation of the
observed line about ωSL according to ω1 D 2/t360° . Ten
data sets with different 13 C spin lock field .SLy / was used
in the T1 measurements, ω1 /2 D 4166, 3333, 2778,
2173, 2000, 1667, 1351, 961, 806 and 760 Hz. At each 13 C
spin lock field .SLy /, the total duration of the spin lock set
typically by looping of two 2 ms SL pulses, interrupted by
a 180° 1 H pulse to minimize the effects of cross-relaxation
and from intramolecular dipole and CSA cross-correlation,
n times was varied 4, 8, 12, 15, 20, 24, 32, 40, 48, 60
and 80 ms to obtain a series of 11 experiments of T1
measurements.
To ensure that the magnetization of the observed resonance was aligned in the rotating frame along a transverse
effective field for all values of ω1 , the frequency of the
r.f. carrier, ω, was set at the middle of 13 C interval of
interest with the largest deviation (offset, ωi , between
the carrier and the resonance frequency of the ith species)
was 200 Hz. The off-resonance contribution was evaluated
according to7,15

R1 .13 C/ D R1 .13 C/ cos2 ./ C R2 .13 C/ sin2 ./
¾ R2 .13 C/ sin2 ./
Magn. Reson. Chem. 2000; 38: 403–414
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Figure 1. Pulse sequence used to measure the transverse
relaxation time, T1 , of 13 C. All narrow (wide) pulses are
applied with flip angles of 90° (or 180° ) and are along
the x-axis, unless indicated otherwise. The carriers of 1 H,
2
H are positioned at 4.8 and 3.25 ppm, respectively, while
the 13 C carrier is set at 82.84 [for 13 C.10 /, 13 C.40 /] or 37.44
[for 13 C.20 /]. All proton pulses are adjusted in every experiment to maximum strength. The 13 C hard pulses use
a 19.2 kHz field, while decoupling during acquisition is
achieved with GARP sequence13a with a 3.84 kHz field
strength. The 13 C shaped pulse is applied as e burp 139
type profile, of duration 2.5 ms (1250 Hz peak r.f.). 2 H
decoupling utilised a WALTZ1613b sequence using a 588 Hz
field strength. Development of the NOE via non-selective
saturation of 1 H resonances is accomplished with 135° 1 H
pulses separated by 5 ms shown in pre-scan delay during
1.5 s in parentheses. Two 2 ms SL pulses, interrupted by a
180° 1 H pulse to minimize the effects of cross-relaxation
and from intramolecular dipole and CSA cross-correlation.
The delays used are 1 D 1.33 ms in the way proposed,14b,40
2 D 1/8J.C,H/ D 0.9 ms in the way a proposed14b to minimize the effects of differential 1 H relaxation. The T delay
in a constant time period was set at 26.6 ms. The delays ε1
and ε2 are set according to the literature procedure41 to
eliminate the offset dependence: ε1 D 1/.21 / .4//t90° ,
where the strength of the spin lock field .1 / equals ω1 /2,
and t90° D 90° pulse length of the 13 C and ε2 D 1/.21 /.
The phase cycling employed was 1 D 4.x/, 4. x/;
2 D 16.y/, 16. x/; 3 D x, y, x, y; 4 D 8.y/, 8. y/;
rec D 4.x, x/, 8. x, x/, 4.x, x/. Quadrature detection in
F1 was achieved by TPPI of 4 .

p
where cos./ D ωi / .ωi2 C ω12 / and sin./ D ω1 /
p
.ωi2 C ω12 /. Under the conditions of the experiments,
the sin2 ./ values ranged from 0.93 to 1, which is below
the experimental error.
These experiments were performed in random order,
with respect to both refocusing delay and mixing time,
in order to minimize systematic errors. In all cases the
recycle delay was 2.0 s. The acquisition time for each
experiment was 6 h for a total of 66 h per data set.
To evaluate the influence of offset on quantitative measurement of transverse relaxation rate for duplex 1b, two
data sets of 13 C T1 from spin lock field were collected at
a carrier frequency of 12 675 Hz (on-resonance with 3 A,
7
A, 5 T, 4 T, 8 T) and 12 398 Hz (on-resonance with 6 A),
leading to an offset of 277 Hz. Within the experimental
error no difference was observed and hence no correction
of the effective spin lock field16 was applied. For duplex
2b the carrier frequency was at 12 502 Hz.
Determination of T1 relaxation time of 13 C by 2D
experiment. The 13 C T1 values were measured using the
pulse sequence proposed earlier by King et al.1 with the
Copyright  2000 John Wiley & Sons, Ltd.
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only difference that during 13 C chemical shift evolution
in the t1 period the constant time period to eliminate
13
C– 13 C coupling was applied and WALTZ16 modulation
on deuterium was used to decouple 13 C from deuterium.
All experimental conditions were identical with those used
in T1 relaxation measurements of 13 C by 2D experiment
and carried out at a magnetic field strength of 14.1 T. The
total recovery time was typically set by looping of two
5 ms delays, interrupted by 1 H 125° pulses to minimize the
effects of cross-relaxation and from intramolecular dipole
and CSA cross-correlation, n times was varied, 10, 20, 40,
60, 100, 150, 200, 300, 400, 500, 600, 700 and 1000 ms,
to obtain a series of 13 experiments, which were used for
the T1 measurements.
Determination of T1r relaxation time of 2 H by 2D
experiment. The 2 H T1 values were measured using
the pulse sequence proposed earlier12 at a magnetic field
strength of 11.7 T. Carriers were positioned at 4.8 ppm for
1
H and 2 H in all experiments; 65 ppm in the 13 C.50 / area,
40 ppm in the 13 C.20 / area. The spectra were recorded
with acquisition times of 15.5 and 204.8 ms in .t1 , t2 / as
78 ð 2048 or 12.7 and 204.8 ms in .t1 , t2 / as 256 ð 2048
complex matrices depending on the sweep width used for
carbon, 20 or 80 ppm.
Ten data sets with different 2 H spin lock field .SLy /
were used in the T1 measurements in the range 11.4–
1.25 kHz. At each 2 H spin lock field .SLy /, the T1
measurements were used in a series of 10 experiments
with relaxation times of 0.02, 0.2, 0.4, 0.6, 0.8, 1.0, 1.5,
2.0, 2.5 and 3 ms. In all cases the recycle delay was 1 s.
The acquisition time for each experiment was 6 h for a
total of 66 h per data set.
To avoid the spinning artefacts, all spectra were measured on non-spinning samples.
Data evaluation in 2D experiments. The spectra were
processed and analysed on a Silicon Graphics workstation using XWINNMR (v. 2.1) and AURELIA programs
(Bruker). For the evaluation of the T1 of 2 H and 13 C and
T1 of 13 C the volumes of cross peaks in a series of 2D
spectra were fitted to a single exponential, depending on
the relaxation delay, using the equation

V./ D V.0/ exp. /T1 /,

.1/

where T1 is the relaxation time of 2 H and 13 C or T1 of 13 C,
V./ and V.0/ are the volumes of cross peaks at time 
(defined in Fig. 1 as delay ) and zero time, respectively.
The fit was performed using a least-squares minimization procedure using the program PROFIT (v. 4.2). The
monoexponential character of the decay was tested using
Monte Carlo procedures as established.14
Conformation exchange on the microsecond timescale. The techniques for the identification and evaluation
of the exchange rate .Kex / of the conformational exchange
in a two-state model (A and B) by varying the amplitude
of the spin lock field applied to the 13 C magnetization in
the rotating frame has been considered numerically.3,4,7
Magn. Reson. Chem. 2000; 38: 403–414
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Kex .1/ex / can be derived by fitting the observable transverse relaxation rate .R1 D 1/T1 /, measured in the
CT-T1 experiment (Fig. 1), to the equation
ex
1
1
D pA pB 2
C 1
2
T1
1 C .ω1 ex /
T1

.2/

where pA and pB are the arbitrary populations,  D
A B , with A and B being the chemical shifts of
the spins in the states A and B (in rad s 1 ), relative to
the 13 C carrier frequency. ω1 is the applied r.f. spin lock
field, 1/T1
1 is the relaxation time for an infinitely large
spin lock power, Kex D kA – B C kB – A D 1/ex , where kA – B
and kB – A are the forward and reverse reaction constants,
and Kex is the rate constant of exchange. Equation (2) is
valid only if ex − 1.3d,7
Hydration experiments. Phase-sensitive NOESY experiments with water suppression were carried out at a magnetic field strength of 11.7 T by the use of two short
spin lock pulses, SLϕ4 and SLϕ5 , as described,17,18 using
the following parameters: mixing times .m / were varied
between 0.06 and 0.160 s to observe the spatial contact
of the non-exchangeable protons with water; 4 K complex data points in t2 , 512 complex data points in t1 , the
relaxation delay between pulse sequences was 2.0 s, SLϕ4
and SLϕ5 were equal to 0.5 and 3 ms, respectively, the
delay between spin lock pulses  was equal to 167 µs, the
carrier was set at the water frequency and 32 scans/FID
were used for quadrature detection in the F1 dimension
with time-proportional phase incrementation (TPPI). 2D
data sets for ROESY spectra with water suppression were
achieved with one short spin lock pulse, SLϕ3 .17,18 During
the mixing a time sequence of n./6/ pulses with length
3.4 µs separated by delay  .34.5 µs/ provides a similar
effect as spin lock SLϕ4 of the NOESY experiment, so that
the spectra were recorded with spin lock duration between
0.03 and 0.08 s using a 6.25 kHz r.f. field for all pulses and
a recycle delay of 2 s. Typically 4K data points were collected for each t1 512 values during experiments. A 3 ms
saturation pulse was applied after data acquisition. The
spectral excitation profile in these experiments was proportional to sin./, where  is the angular frequency
relative to the carrier and  D 167 µs. The non-uniform
spectral excitations in the F2 dimension were corrected
by multiplying by 1/sin./.
The sign of the cross peak was compared with the
diagonal peaks, which were assumed to be positive.17,18
The assignment of all protons of duplexes 1b and
2b was done in a conventional manner, using NOESY
and DQF-COSY experiments. They will be published
elsewhere together with our structural analysis.
UV measurements. UV melting profiles were obtained
by scanning the absorbance at 260 nm versus time at a
heating rate of 1 ° C min 1 with a temperature gradient
of 15–65 ° C (50 min). The Tm values were calculated
from the maxima of the first derivatives of the melting
curves with an accuracy of 0.5 ° C. The Tm values used
for the thermodynamic calculations were taken from the
Copyright  2000 John Wiley & Sons, Ltd.

average of five melting experiments for the each concentration. All measurements were carried out in 0.1 M
Na2 HPO4 –NaH2 PO4 , 1 M NaCl buffer at pH 7.0. Before
each melting experiment, denaturation and renaturation of
the samples were carried out by heating solutions to 65 ° C
for 3 min followed by slow cooling to room temperature
and storage in 15 ° C for 30 min.
Melting points for six different oligonucleotide concentrations (10, 12, 14, 16, 18 and 20 µM total single strand
concentration) were measured for the thermodynamic calculations. The resulting Tm values were fitted to a van’t
Hoff plot of Tm1 versus ln(CT ). The thermodynamics were
calculated using the following equations:
1/Tm D .R/H° / ln CT C S° /H°
R/H° D slope
S° /H° D intercept
G° .298 K/ D H°

TS°

where CT is the total single strand concentration.

RESULTS
Measurement of T1r of 2 H

The T1 of 2 H.200 / was measured for the sugar moieties
of all six A and T residues in duplex 1b using the pulse
sequence published earlier.12 In the range 11.4–1.25 kHz
spin lock strength, there was no variation observed for
T1 of 2 H.200 / with a 10% error. This is in agreement with
the theoretical expectation [Eqn (2)] (see also Ref. 3a,
1
Fig. 6): 1/T1
1 is very large (¾500 s ) compared with the
13
1
same value for C (11.76 s ) because the main mechanism of T1 relaxation for 2 H is quadrupolar in nature. The
average values of T1 of 2 H.200 / for nine experiments at
different spin lock power experiments with their standard
deviations were as follows: for A residues, 1.45 š 0.26 ms
(6 A), 1.51 š 0.16 ms (3 A), 1.54 š 0.17 ms (7 A), and for
T residues, 1.68 š 0.19 ms (4 T), 1.94 š 0.21 ms (5 T),
1.95 š 0.20 ms (8 T). As has been mentioned earlier,12 the
T1 and T1 of 2 H.200 / for the A residues are shorter than
for the T residues, which presumably is due to the difference in order parameter. Since the present study shows
that the T1 of 2 H.200 / is not sensitive to conformational
exchange on the microsecond scale in contrast to the T1
of 13 C.20 /, the ratio of longitudinal, T1 [2 H.200 /], to transverse relaxation time, T1 [2 H.200 /], does not depend on
an order parameter, and it could be used to elucidate the
overall correlation time of the molecule. These ratios were
as follows for duplex 1b: 4.19 š 0.47 (3 A), 4.29 š 0.79
(6 A), 4.59 š 0.52 (7 A), 4.14 š 0.47 (4 T), 4.41 š 0.48
(5 T), 4.73 š 0.50 (8 T). These ratios gave an overall correlation time of ¾3.5 š 0.5 ns.
Measurement of T1r of 13 C(10 )

Transverse relaxation rates .R1 / of 13 C were measured
in the sugar moieties (at C10 , C20 and C40 ) of six A and
Magn. Reson. Chem. 2000; 38: 403–414
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Figure 2. Transverse relaxation rates, R1 , of 13 C.10 / plotted against effective field strength of spin lock, ω1 /2, for
0
50
six residues (panels are marked with names of residues) in duplexes d .1 C2 G3 A4 T5 T6 A7 A8 T9 C10 G/32 (1b) () and
0
5 1 2 3 4 5 6 7 8 9 10
30
d . C C A T T A A T G G/2 (2b) () at 25 ° C. Error bars represent the standard deviation of R1 . The dashed and
solid curves for the duplexes 1b and 2b, respectively, are the best least-squares fits of Eqn (2) with ex and  as free
1
D 11.76 s 1 .
variables. The best fits were obtained with 1/T1

Copyright  2000 John Wiley & Sons, Ltd.
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0

T residues in the isomeric DNA 0 decamers d5 .1 C2 G3 A4 T
0
5 6 7 8 9 10
T A A T C G/32 (1b) and d5 .1 C2 C3 A4 T5 T6 A7 A8 T9 G
10
30
G/2 (2b) using the pulse sequence presented in Fig. 1.
By plotting R1 of 13 C.10 / against ω1 [Eqn (2)], two
categories of residues were identified (Fig. 2): (1) In the
first set where all T residues could be included, the R1
of 13 C shows a very modest variation with ω1 . Moreover, at higher strength of spin lock, the R1 of 13 C
are approximately the same for all residues (11.76 s 1 ,
see Table 1) in both duplexes 1b and 2b. It is noteworthy that at all strengths of spin locks the values of
the rate constants for the corresponding residues of the
two different duplexes 1b and 2b are very similar within
the experimental error. There are two possible explanations that R1 does not vary with ω1 : (i) that on the
microsecond time-scale the T residues of both duplexes
have no exchange motions (at least with large amplitudes); (ii) the second possibility is that the chemical
exchange takes place on a very fast time-scale7 , which
was ruled out on the grounds that the significant increase
in R1 of 13 C.10 / values of T residues compared with A
residues have not been observed (Table 1). (2) In the
second set with all A residues (6 A, 7 A, 3 A) (Fig. 2),
it was found that R1 of 13 C.10 / in both duplexes 1b
and 2b are notably dependent on the spin lock strength.
This means that the chemical exchange occurs on the
microsecond time-scale. Nevertheless, in contrast to the
T residues, the A residues show a clear discrepancy both
between each other within the same duplex and between
the corresponding residues for the different duplexes 1b
and 2b.
To obtain quantitative data about the amplitude, D D
PA PB 2 , and chemical exchange time, ex , the experimental data of R1 of 13 C.10 / have been fitted to Eqn (2).
As has been mentioned above, the term 1/T1
1 in Eqn (2)
mainly represents the dipole–dipole contribution for the
transverse relaxation rate, and could be identified at an
infinitely large spin lock power. At the largest spin
lock strength used in this study (4166 Hz), the R1 of

13

C.10 / were slightly different between A and T residues
(Table 1). Nevertheless, the longitudinal relaxation time
.T1 / of 13 C.10 / of these residues (Table 1) varies around
483 š 20 ms, which has a 5% experimental error. These
data lead us to assume that the R1 of 13 C.10 / difference between A and T residues is due to the contribution
of the exchange term .Kex /. In the simulation procedure the same value of 1/T1
1 was used for all residues
1
and the best fit was obtained with 1/T1
1 D 11.76 s .
The experimental data and the best fit curves are presented in Fig. 2 and data for the amplitudes and ex
are listed in Table 2. The main results could be summarized as follows: (i) the amplitudes of conformational
exchange of A residues for both duplexes 1b and 2b are
increased from the 50 -end of the 3 A residue to the central 6 A residue, reaching exchange with the most significant amplitudes (Table 2); (ii) the amplitudes of exchange
of A residues for duplex 2b are larger than in duplex
1b; (iii) the lowest amplitudes of exchange are in the T
residues.
13
0
The ratio of transverse, T1
1 [ C.1 /], to longitudinal,
13
0
T1 [ C.1 /], relaxation times was used to elucidate the
overall correlation time of the molecule. This ratio, 1.75,
is an average for all residues and gives an overall correlation time of ¾3.5 š 0.5 ns, which is the same as that
determined above through deuterium relaxation.
Measurement of T1r of 13 C(20 )

Figure 3 shows the plot of R1 of 13 C.20 / against ω1 .
13
Compared with 13 C.10 /, the values of 1/T1
C.20 /
1 for
are different for different nucleotides. Three categories
of nucleotide residues were identified. The first group
includes A residues. They have comparable longitudinal,
T1 , and transverse, T1 , (at 4166 Hz spin lock power)
relaxation rates for 13 C.10 / and 13 C.20 / (Table 1). The value
1
of 1/T1
was used for simulation of the curves
1 D 11.76 s
of these residues. The second group includes 8 T and 5 T

Table 1. Comparison of the longitudinal .T1 / and transverse .T1 / relaxation times (ms) of 13 C
0
0
nuclei for different residues of the isomeric DNA decamers d5 .1 C2 G3 A4 T5 T6 A7 A8 T9 C10 G/32 (1b)
0
5 1 2 3 4 5 6 7 8 9 10
30
and d . C C A T T A A T G G/2 (2b) at 298 K (600 MHz)
13

Type of
residue

a
b

3

A

4

T

5

T

6

A

7

A

8

T

C(C10 /a

13

C(C20 /a

Duplex

T1

Tb1

T1

Tb1

1b
2b
1b
2b
1b
2b
1b
2b
1b
2b
1b
2b

471.4 š 8.8
464.2 š 5.7
495.4 š 4.1
511.6 š 6.8
498.7 š 10.3
487.9 š 5.6
484.6 š 12.7
482.8 š 13.2
481.6 š 9.1
462.7 š 12.0
495.4 š 4.1
493.44 š 8.2

81.0 š 1.7
72.6 š 3.0
85.5 š 1.5
80.0 š 2.0
84.4 š 2.6
84.0 š 2.0
76.6 š 4.2
73.0 š 5.0
79.0 š 2.9
73.0 š 2.0
85.5 š 1.5
84.0 š 5.0

445.2 š 12.4
430.2 š 10.7
450.3 š 16.8
498.3 š 10.3
486.3 š 14.0
507.9 š 9.5
406.6 š 30
482.4 š 15.3
452.6 š 24.9
448.1 š 20.1
496.74 š 28.9
511.9 š 9.3

82.6 š 3.4
72.0 š 5.0
86.1 š 6.3
91.0 š 2.0
104.5 š 2.9
106.0 š 3.0
91.9 š 8.0
75.0 š 4.0
89.9 š 5.1
83.0 š 4.0
108.8 š 5.9
115.0 š 5.0

The error is the standard deviation obtained in fitting experimental data to Eqn (1).
At spin lock power 4166 Hz.
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Table 2. Comparison of the amplitude of exchange .D D pA pB 2 / and time of exchange .ex D 1/Kex / of 13 C.10 /
0
0
and 3 C.20 / nuclei for different residues of the isomeric DNA decamers: d5 .1 C2 G3 A4 T5 T6 A7 A8 T9 C10 G/32 (1b) and
0
0
5
d .1 C2 C3 A4 T5 T6 A7 A8 T9 G10 G/32 (2b)

Type of residue
and nuclei
3

A.10 /

7

A.10 /

6

A.10 /

3

A.20 /

7

A.20 /

6

A.20 /

Duplex

D.ð104 rad2 s 2 /

ex .µs/

1b
2b
1b
2b
1b
2b
1b
2b
1b
2b
1b
2b

3.54 š 0.42
8.26 š 0.27
4.06 š 0.36
7.46 š 0.39
9.44 š 0.53
12.72 š 0.33
3.26 š 0.71
6.06 š 0.44
5.95 š 0.82
7.99 š 1.80
10.83 š 0.97
12.64 š 0.54

77 š 17
85 š 6
108 š 23
139 š 23
113 š 16
111 š 7
67 š 31
61 š 8
180 š 51
310 š 120
133 š 31
81 š 7

1
residues. The value of 1/T1
1 D 8.7 s , which corresponds
to 115 ms, was used. It is noteworthy that it is impossible
to obtain an appropriate simulation of experimental curves
1
for 8 T and 5 T residues with 1/T1
1 D 11.76 s , and the
same is true for the reverse case.
0
Moreover, the longitudinal relaxation times, T13
1 C.2 /,
8
5
of the A residues are also shorter than for T and T
residues, on average 445 and 505 ms, respectively. The
same tendency has been mentioned above for the T1 and
T1 of 2 H.200 /: they are shorter for A residues than for T
residues. The third group includes the 4 T residue which
1
2
00
4
has 1/T1
1 D 10.5 s . Indeed, T1 of H.2 / for T residue
8
5
is shorter than for T and T residues but longer than
for the A residues. The same trend is also observed for
0
T13
1 C.2 / relaxation data.
The amplitudes and ex are obtained by fitting the
experimental curves of Fig. 3 to Eqn (2) (Table 2).
0
13
0
13
0
The fact that T13
1 C.1 / and T1 C.2 / and also T1 C.1 /
13
0
and T1 C.2 / are different for some residues suggests a
difference in their order parameters and possibly in the
correlation time of their external motions. Despite this
difference, the microsecond dynamic characteristics for
13
C.10 / and 13 C.20 / are reasonably correlated (Table 2).
Indeed, the amplitudes of conformation exchange of
13
C.20 / presented as the parameter D D PA PB 2 in
Table 2, increase from the 3 A residue to central 6 A in
the same way as for 13 C.10 /.
The errors of simulation of experimental curves for T
residues are much higher owing to the modest dependence
13
0
C.20 / and R13
of the R1
1 C.1 / rates, but in general they
show conformation exchange with exchange time .1–3/ ð
10 4 s with D variation .1–4/ ð 104 rad2 s 2 .
This shows that the contribution of conformational
dynamics of the sugar moiety itself on the microsecond
time-scale could not be distinguished in the comparative
study of 13 C.10 / and 13 C.20 / within the range of the
experimental error. The possible reason is that the twostate pseudo-rotational equilibrium between the North and
South conformations19 takes place on a faster dynamic
time-scale .10 9 –10 12 s/.

Copyright  2000 John Wiley & Sons, Ltd.

Type of residue
8

T.10 /

4

T.10 /

5

T.10 /

8

T.2/

4

T.20 /

5

T.20 /

Duplex

D.ð104 rad2 s 2 /

ex .µs/

1b
2b
1b
2b
1b
2b
1b
2b
1b
2b
1b
2b

2.27 š 0.17
3.00 š 1.50
2.27 š 0.17
3.08 š 0.17
1.53 š 0.31
1.76 š 0.22
2.20 š 0.44
31.6 š 0.64
4.35 š 1.14
2.33 š 0.60
3.99 š 0.39
4.13 š 0.25

110 š 20
500 š 60
110 š 20
91 š 13
169 š 116
194 š 62
148 š 79
304 š 98
66 š 28
281 š 141
118 š 26
93 š 11

Hydration pattern in the DNA decamers:
0
0
d5 (1 C2 G3 A4 T5 T6 A8 T9 C10 G)32 (1b) and
0
50 1 2 3 4 5 6 7 8 9 10
d ( C C A T T A A T G G)32 (2b)

We have shown earlier20 the influence of ammonia, NaCl
and pH on the intensity of the water–2HA cross peaks
0
0
for d5 .1 C2 C3 A4 T5 T6 A7 A8 T9 G10 G/32 (2b). In the present
0
50 1 2 3 4 5 6 7 8 9 10
study, the hydration of d . C G A T T A A T C G/32
50 1 2 3 4 5 6 7 8 9
(1b) was compared with that of d . C C A T T A A T G
0
10
G/32 (2b) under identical experimental conditions (i.e.
4 mM concentration in 0.4 ml of 90% H2 O–10% D2 O
with no buffer added) [see Fig. 4(A) and (B) for 1b and
Fig. 4(C) and D for 2b].
In the NOESY and ROESY spectra of both duplexes
1b and 2b at 15 ° C [Fig. 4(A)–(D)] and 10 ° C (data
not shown), three cross peaks are found between bound
water and H2A protons (3 A, 6 A, and 7 A). In the ROESY
spectra, all three peaks are very strong with negative sign
[Fig. 4(A) and (C)], which, however, showed different
signs in the NOESY spectra [Fig. 4(B) and (D)].
In NOESY spectra for duplexes 1b and 2b, the water–
H23 A cross peak is negative as in the ROESY spectra,
indicating that NOE /ROE >0. This is especially clear for
duplex 1b in which H23 A does not overlap with any
other proton resonances. For duplex 2b at 10 and 15 ° C,
the H23 A resonance overlaps with aromatic protons of
10
G and 9 G residues and partly with the terminal 1 C
residue, which may potentially show cross peaks with
bound water molecules. Nevertheless, the present data
[Fig. 4(D)] qualitatively allow us to conclude that at least
the water–H23 A cross peak of duplex 2b is not positive
under our present experimental conditions. Indeed, we
have earlier found20 a clear positive water–H23 A cross
peak in the NOESY spectra of duplex 2b only in the
presence of an ammonia catalyst or at alkaline pH [see
Fig. 2(Ai)].20
These data for 1b and 2b unambiguously indicate that
the residence time of the bound water molecule near the
H23 A proton under the present experimental conditions is
<0.36 ns,21 – 23 which is a well known behaviour17,24,25 for
the water located in the major groove of native DNA in the
Magn. Reson. Chem. 2000; 38: 403–414
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Figure 3. Transverse relaxation rates, R1 , of 13 C.20 / plotted against effective field strength of spin lock, ω1 /2, for
0
50
six residues (panels are marked with names of residues) in duplexes d .1 C2 G3 A4 T5 T6 A7 A8 T9 C10 G/32 (1b) () and
0
5 1 2 3 4 5 6 7 8 9 10
30
d . C C A T T A A T G G/2 (2b) () at 25 ° C. Error bars represent the standard deviation of R1 . The dashed and
solid curves for the duplexes 1b and 2b, respectively, are the best least-squares fits of Eqn (2) with ex and  as free
1
1
D 11.76 s 1 was used for simulation of the curves for A residues, 1/T1
D 8.7 s 1 for 8 T and 5 T residues and
variables. 1/T1
1
D 10.5 s 1 for 4 T residue.
1/T1
Copyright  2000 John Wiley & Sons, Ltd.
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Figure 4. Comparison (at 15 ° C) of the cross-section through the NOESY [(B) and (D)] and ROESY [(A) and (C)] spectra
0
0
50
50
of duplex d .1 C2 G3 A4 T5 T6 A7 A8 T9 C10 G/32 (1b) [(A) and (B)] and d .1 C2 C3 A4 T5 T6 A7 A8 T9 G10 G/32 (2b) [(C) and (D)] between
8.7 and 7.0 ppm. The NOESY and ROESY spectra were recorded at 120 and 60 ms mixing times, respectively. In this field
region, 8.7–7.0 ppm, the water–DNA NOE/ROE cross peaks with H2A are shown and the assignments of the DNA protons
are given at the top of the panels.

proximity of methyl groups of thymidine moieties (Me-T).
Indeed, the cross peaks corresponding to water–(Me-T)
are negative for both duplexes 1b and 2b20 (data not
shown). It is noteworthy that this result is independent
of the concentration of duplex 1b in the concentration
range 2–8 mM.
It is noteworthy that these observations are in complete
0
agreement with those found for duplex 3, d5 .1 G2 C3 A4 T5 T
0
6 7 8 9 10
A A T G C/32 , where a negative NOE for the water–
H23 A cross peak was detected.15
In contrast to the water–H23 A cross peak in the
NOESY spectra of both 1b and 2b [Fig. 4(B) and (D)],
the water–H26 A cross peak vanishes to zero or becomes
slightly positive. In the absence of an ammonia catalyst,
which could catalyse proton exchange and induce the
magnetization relay transfer pathway from water to the
H2A proton,20 the positive NOE cross peak indicates that
the residence time for the bound water is ½0.36 ns. This
is again in full agreement with literature data obtained for
duplex 3.26
The situation is more complex, however, for the
water–H27 A cross peak. In the NOESY spectra of duplex

1b it is negative and likely to be less intense than for
water–H23 A (overlap makes the integration impossible).
For duplex 2b, it is varies from a small negative peak to
zero depending on the temperature.20 Unfortunately, for
both duplexes 1b and 2b, the H27 A resonance partially
overlaps with H61 C and H62 C protons, which could
contribute to the intensity of water–H27 A cross peaks.
The similar discrepancy in the sign of the water–H27 A
cross peak in duplex 3 and in other heteroduplexes has
been noted earlier.26
The results of this study in conjunction with those
available in the literature26 allow us to conclude that for
sequences with ATTAAT tracts which are immediately
preceded and followed by a CG base pair, the sign of
the water–H2A cross peak seems to be changed from
negative for water–H23 A to positive water–H26 A in the
NOESY spectra. Hence the correlation of the sign of the
NOE21 – 23 with that of the residence time of the bound
water molecule allows us to assume that water–H23 A
contact has a residence time of <0.3 ns, which means
that water is weakly bound. On the other hand, the residence times of water–H27 A (¾0.3 ns) and water–H26 A

Table 3. Melting points and thermodynamics of duplexes

No.

Tm
.° C/

H°
.kJ mol 1 /

d.1 C2 G3 A4 T5 T6 A7 A8 T9 C10 G/3
d.10 G9 C8 T7 A6 A5 T4 T3 A2 G1 C/50

1b

36.7a

212.8

d.1 C2 C3 A4 T5 T6 A7 A8 T9 G10 G/30
d.10 G9 G8 T7 A6 A5 T4 T3 A2 C1 C/50

2b

32.8a

d.1 G2 C3 C4 A5 A6 A7 C8 A9 T/30
d.19 C18 G17 G16 T15 T14 T13 G12 T11 A10 C/50

6
7

DNA duplexes
50
30
50
30
50
30
50
30
a
b

0

0

d.1 C2 C3 C4 A5 A6 A7 C8 A9 T/3
d.19 G18 G17 G16 T15 T14 T13 G12 T11 A10 C/50

S°
kJ mol 1 K

TS°
.kJ mol 1 /

G°
.kJ mol 1 /

0.59

176.3

36.5

157.0

0.42

124.3

32.7

37.4b

253.7

0.72

213.7

40

34.3b

250.4

0.71

212.7

37.7

1

At a concentration of total single strand of 20 µM.
At a concentration of total single strand of 6 µM.

Copyright  2000 John Wiley & Sons, Ltd.

Magn. Reson. Chem. 2000; 38: 403–414

412

T. V. MALTSEVA ET AL.

(>0.3 ns) suggest that water is slightly more bound at
these centres than at H23 A.

Thermodynamic study of the DNA duplexes

We also compared the thermodynamic stabilities of duplexes 1b and 2b using UV spectrophotometry at the
same buffer composition as used in the NMR study
(see Experimental). The Tm values (taken at a 20 µM
concentration of a single strand of duplexes), H° , S°
and G° for duplexes 1b and 2b are presented in Table 3.
Based on these data, the following observations can
be made: (1) duplex 1b is thermodynamically more stable than duplex 2b (¾4° difference in their Tm values);
(2) H° and S° for duplex 1b are higher than for duplex
2b; (3) the comparison of the enthalpic and entropic contributions to the free-energy of stabilization of these two
isomeric duplexes shows (Table 3) that H° for duplex
1b is well compensated by an increase in S° in counterdistinction with duplex 2b, thereby explaining the only
¾4° higher Tm for the former duplex compared with the
latter. It is noteworthy that the number of hydrogen bonds
in both duplexes is the same and the substitution of the
GC base pair of duplexes 1b and 2b by CG changes only
the stacking interaction between GC and the third AT base
pair and with GC with terminal CG base pairs.

DISCUSSION
A few reports have appeared on the flexibility27 – 29 of
triplets containing a TG base pair step in DNA duplexes.
The structure determination and analysis of the helix
parameters in d(CATGGCCATG)2 (4) by means of comparative NMR and crystallographic data have shown29
a specific local conformation of the TG/CA base pair
step. Considerable differences between the NMR and xray structures of duplex 4 have also been found in the
local conformation of the TG/CA base pair step. The
solution NMR structure of duplex 4 is characterized by
a positive roll angle. Large positive roll angles have also
been observed in several DNA duplexes.30,31 Recently, an
empirical correlation between the level of propeller twist
and the flexibility of dinucleotide steps was also scrutinized and established.32
Direct evidence supporting a conformational exchange
process also emerges from the observation of the large
amplitude (in the range of 130–250 Hz) and slow motions
.ex D 130 µs/ for the 4 A residue (within the C4 A step),
basing on rotating frame relaxation measurements of R1
of 13 C.10 / for d.1 C2 G3 C4 A5 A6 ATTTGCG/2 27 (5). These
literature data are consistent with our present observation
that the 2 C3 A step in 2b indeed provides flexibility of the
3
A residue. This conclusion is reinforced by the fact that
the 2 G3 A step in duplex 1b does not provide the similar
flexibility for 3 A as found for the corresponding residue
in the 2 C3 A step in 2b.
Another conclusion can be drawn from the comparison of our data with those in the literature for
Copyright  2000 John Wiley & Sons, Ltd.

d.1 C2 G3 C4 A5 A6 ATTTGCG/2 27 (5), that the d. – 6 A7 T–/
step in its core part shows considerably different mobility
to the d. – 5 T6 A–/ step in our duplexes 1b and 2b. No
additional relaxation pathways induced by slow motions
have been observed for other residues .3 C, 6 A, 7 T, 8 T and
9
T/27,28 in duplex 5. In our duplexes 1b and 2b, however,
6
A experiences conformational exchange in the microsecond dynamic range with large amplitudes.
Moreover, for all AÐT base pairs of duplexes 1b and
2b, the T residue does not exhibit a slow conformational
exchange process with large amplitude on the microsecond time-scale compared with the flexible A residue.
These observations are in complete agreement with data
reported for duplex 5.28
The additional relaxation process in the microsecond
range found for the 4 A residue of duplex 5, d.1 C2 G3 C4 A5 A
6
ATTTGCG/2 27 , has been assumed to reflect a special
dynamic process of the AAATTT tract, which supports the
spine of hydration theory.27 The large dynamic process of
the 4 A residue is believed27 to relate to the gradual increase
in the compression of the minor groove by reaching
a minimum at the ApT step,33 supporting the spine of
hydration observed in x-ray studies.34 The latest x-ray
study35 of duplex 5 shows that the hydration motif of this
duplex is a ribbon rather than a spine. The NMR study,36
however, supports the spine for hydration theory34 in this
duplex. Water–H2A NOE contacts were detected at the
central AT step and it was found that these data contradict
the x-ray results.35 However, an NMR study of hydration
of r.1 C2 G3 C4 A5 A6 ATTTGCG/2 , which is an analogue of
the DNA duplex 5, unambiguously shows the presence of
a long-lived water molecule close to H10 despite the wide
and shallow minor groove of RNA.37 It was concluded37
that chemical factors such as hydrogen bonding of water
with the hydroxyl groups in RNA is more important for
hydration than the minor groove width. This conclusion
has been confirmed in our recent work38 on the antisense
DNA duplex containing hydrophilic (60 -˛-hydroxy) or
hydrophobic (70 -˛-methyl) groups in the carbocyclic sugar
moiety of thymidines in Dickerson–Drew dodecamer. It
has been shown38 that a change in the residence time of
the water molecule takes place in our modified duplex
because of the change in the chemical environment with
no concomitant change in the width of the minor groove.
In the present study, we attempted to explore whether
the dynamics in the microsecond range drives any specific
water–DNA interaction by inducing any large conformational transition. This was performed by comparing our
NMR-based dynamic and hydration data for duplexes 1b
and 2b in aqueous solution with those of the hydration
data reported using x-ray studies of the corresponding
0
0
unlabelled duplexes, d5 .1 C2 G3 A4 T5 T6 A7 A8 T9 C10 G/32 (1a)
50 1 2 3 4 5 6 7 8 9 10
30
and d . C C A T T A A T G G/2 (2a), which share the
central 3 A4 T5 T6 A7 A8 T tract with a single base change at
the terminus.
According to the x-ray structure analysis,10 the minor
groove is narrow through the middle of the helix for
0
0
d5 .1 C2 C3 A4 T5 T6 A7 A8 T9 G10 G/32 (2a) with a single welldefined
spine of hydration. In contrast, the minor groove
0
0
for d5 .1 C2 G3 A4 T5 T6 A7 A8 T9 C10 G/32 (1a) has been found
Magn. Reson. Chem. 2000; 38: 403–414
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to be narrow at the ends of the 3 A4 T5 T6 A7 A8 T segment
but widens at the centre. Nevertheless, the difference
in the minor groove width has been suggested10 to be
the result of crystal packing force. In the present NMR
study, we found that these duplexes are indeed different,
and are distinguished by different mobilities of 3 A and
6
A. One major difference between the x-ray study of
duplexes 1a and 2a and our present NMR study of 1b
and 2b regarding the spine of hydration is that whereas
the x-ray study produced different hydration behaviours
for these duplexes, we found very similar water–H2A
NOE contacts for H23 A and H26 A for both duplexes 1b
and 2b, which are comparable to those found for duplex
326 with an identical AT tract. This perhaps validates
the assumption10 of the x-ray study that the difference
in hydration observed in the solid state is indeed due to
the packing forces and not to the changes in the chemical
environment. The difference in the microsecond dynamics
between these two duplexes, observed in the present work,
also does not seem to dictate any different hydration
behaviour in solution.
The residence times of the bound water molecules in
water–H23 A and water–H27 A contacts are very short
(<0.3 ns and ¾0.3 ns, respectively), which means that
water is weakly bound despite the fact that these residues,
3
A and 7 A, belong to dynamically more stable base pairs,
3
A– 8 T and 4 T– 7 A. These observations are consistent with
recent experimental observations that the residence time
of the bound water molecule in the minor groove of DNA
duplex is indeed short.20,42,43
The thermodynamic data, Tm , H° , S° and G° ,
for these two duplexes, 1b and 2b, are in full agreement with the NMR data, showing that the mobility in
duplex 2b is larger (with a lower melting point and G° )
compared with duplex 1b. It seems that a stacking interaction between the second GC and third AT base pair and
with terminal CG base pairs are essentially different in
duplexes 1b and 2b.
In order to verify the influence of the base-stacking
interaction of the terminal base pair on the thermodynamic
stability of duplexes, we recently44 performed a UV study
0
of two hetero oligo-DNA duplexes, d5 .1 G2 C3 C4 A5 A6 A7 C
0
0
0
8 9
A T/3 Ðd5 .10 C11 A12 T13 G14 T15 T16 T17 G18 G19 C/3 (6) and
0
0
0
d5 .1 C2 C3 C4 A5 A6 A7 C8 A9 T/3 Ðd5 .10 C11 A12 T13 G14 T15 T16 T
0
17 18 19
G G G/3 (7), in which only terminal residues are
switched. As is evident from Table 3, the switch of terminal GC base pairs in duplexes 6 and 7, compared with
the present duplexes 1b and 2b, in which the second base
pair from the termini is switched, does not lead to any
significant difference in the H° and S° contributions
to G° . This is most probably due to a strong end-fraying
effect of the terminal base pair in 6 and 7 compared
with the second GC base-pair swich, as in 1b and 2b.
This leads us to conclude that the intrastrand second and
third base–base stacking interaction, i.e. GA in 1b and
CA in 2b, has more influence on the overall stability and
dynamic behaviour of the duplex than the first and second
base-base stacking.
Copyright  2000 John Wiley & Sons, Ltd.
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