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Abstract

A new NMR method has been designed for the measurement of the longitudinal relaxation rates of both donor and acceptor

nitrogen-15 nuclei in Watson–Crick base pairs in 15N-enriched nucleic acids. The experiment was applied to a 22-nucleotide RNA

hairpin. The lengths of four hydrogen bonds could be estimated from the longitudinal relaxation rates.
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1. Introduction

Only intimate knowledge of both structure and dy-

namics of RNA�s allows one to grasp the intriguing

mechanisms that enable them to play their biological

role. Nuclear spin relaxation measurements represent a

versatile approach for studying both the average struc-
ture and structural fluctuations occurring on time scales

from picoseconds to milliseconds. In this work, we

present a new method for the measurement of the lon-

gitudinal relaxation times R1 ¼ 1=T1 of both donor and

acceptor nitrogen nuclei in Watson–Crick base pairs in
15N-enriched nucleic acids. By supplementing measure-

ments of donor nitrogen relaxation rates [1], informa-

tion about acceptor nitrogen relaxation allows one to
estimate the lengths of hydrogen bonds. The experiment

was applied to the 15N-enriched 22-nucleotide RNA

hairpin GGCGAAGUCGAAAGAUGGCGCC [2] (see

Fig. 1.) By determining the dipolar contributions to the

longitudinal relaxation rates at two different static

magnetic fields, one can estimate the lengths of the in-

ternucleotide hydrogen bonds for the four base pairs

U8–A15, G2–C21, G20–C3, and G14–C9 of the RNA
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hairpin. These lengths can then be used as constraints in

solving structures of nucleic acids.
2. Experimental

A Shigemi sample tube containing 2.2mM RNA (see
Fig. 1), 200mM NaCl, 10mM sodium phosphate,

0.1mM EDTA, 90% H2O, and 10% D2O at pH 5.6 was

investigated at 7 and 9.4 T (300 and 400MHz) at 300K

using DMX-300 and DMX-400 NMR Bruker spec-

trometers equipped with triple-axis pulsed-field gradient

TBI probes optimised for 1H detection. Fig. 2 shows the

pulse sequence that was developed to measure the lon-

gitudinal relaxation rates R1 ¼ 1=T1 of the donor and
acceptor nitrogen nuclei. A series of spectra were re-

corded with this sequence for relaxation delays sm ¼ 3,

100, 200, and 300ms. Each data matrix comprised

64� 512 complex data points with spectral widths of 20

and 100 ppm in x1 and x2, respectively; 192 scans per

t1 increment were recorded. The experiments were

performed with the 1H carrier positioned on the H2O

resonance and the 15N carrier at 181.5 ppm. A gradient-
tailored water suppression sequence [3] is used to

attenuate the amplitude of the solvent signal. The pro-

gramme nmrPipe was used for data processing [4]. A

Monte Carlo error analysis was performed using the
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Fig. 1. Schematic structure of the 22-nucleotide RNA hairpin GGCG

AAGUCGAAAGAUGGCGCC. Mismatched base pairs are repre-

sented by open circles. Matched base pairs are indicated by arrows

from donor to acceptor. Only four imino protons (between numbered

bases) can be observed in the proton spectrum, the others being

broadened by exchange.
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Matlab package, assuming a Gaussian error distribution

[5].

The sequence of Fig. 2 begins by saturating the �na-
tive� longitudinal nitrogen magnetisation by a p=2 pulse

followed by a pulsed-field gradient. The sequence ends

with WALTZ-16 decoupling applied to 15N during data

acquisition. Henceforth, the symbols ND and NA refer

to the angular momentum operators of the donor and
acceptor nitrogen nuclei. The sequence of coherence

transfer steps starts with the conversion of the magnet-

isation of the imino proton H to ND via the one-bond

scalar coupling 1JðHNDÞ to create 2HzN
D
y at point a.

This antiphase nitrogen coherence undergoes a trans-

formation under the homonuclear scalar coupling
2hJðNDNAÞ during the interval D. At the same time, the

displacement of the two 180� proton pulses between a
and b by s=4 from the middle of the D=2 intervals allows

the heteronuclear coupling 1JðHNDÞ to act on the co-

herence during an interval s. The resulting coherences at

point b are:
Fig. 2. Experimental scheme for the simultaneousmeasurement of the longitudi

nuclei in hydrogen bonded systems ND–H � � �NA in nucleic acids. Narrow and

s ¼ 5:6 ms � 1=½21JðNDHÞ� and D ¼ 44 ms � 1=½42hJðNDNAÞ�. Selective re

the sequence toflip thewatermagnetisationback to the+z-axis.Unless otherwis

was /1 ¼ 16ðy;�yÞ;/2 ¼ 4ðx; x;�x;�xÞ;/3 ¼ 8ðxÞ; 8ð�xÞ;/4 ¼ 4ðxÞ; 4ð�xÞ;
Quadrature detection was achieved in the t1 dimension by incrementing the pha

gradient-tailoredwater suppression technique [3] was usedwith a pulse interval

DEC refers to nitrogen decoupling.
r ¼ �ND
x cos½p2hJðNDNAÞD� � 2ND

y N
A
z

� sin½p2hJðNDNAÞD� ð1Þ

The nitrogen 90�x pulse between b and c leaves the in-

phase coherence �ND
x unchanged while transforming

the anti-phase coherence �2ND
y N

A
z into 2ND

z N
A
y at point

c. To cancel effects of cross-correlated CSA/DD relax-

ation, two proton inversion pulses were applied between

points c and d, one between points e and f , and two

between points f and g in Fig. 2. The coherences are

allowed to transform under the scalar coupling
2hJðNDNAÞ during the second interval D so as to create

the following product operators at point d

r ¼ �ND
x cos2½p2hJðNDNAÞD� � 2ND

y N
A
z

� cos½p2hJðNDNAÞD� sin½p2hJðNDNAÞD�
þ 2ND

z N
A
y sin½p2hJðNDNAÞD� cos½p2hJðNDNAÞD�

�NA
x sin2½p2hJðNDNAÞD�: ð2Þ

The 90�y nitrogen pulse at point d transforms these

product operators into:

r ¼ ND
z cos2½p2hJðNDNAÞD� � 2ND

y N
A
x

� cos½p2hJðNDNAÞD� sin½p2hJðNDNAÞD�
þ 2ND

x N
A
y sin½p2hJðNDNAÞD� cos½p2hJðNDNAÞD�

þNA
z sin2½p2hJðNDNAÞD�: ð3Þ

The sum of the second and third of these product op-
erators represents pure zero-quantum coherence:

2ND
x N

A
y � 2ND

y N
A
x ¼ iðND

þN
A
� �ND

�N
A
þÞ ¼ fZQCg: ð4Þ

Unless specific precautions are taken to suppress this

zero-quantum coherence, it may precess during the re-

laxation period sm, be transferred into 2ND
z N

A
y and

�2ND
y N

A
z at point f , be labelled with ND and NA fre-

quencies, respectively, during the evolution time t1, and
nal relaxation ratesR1 ¼ 1=T1 of both the 15ND donor and 15NA acceptor

wide rectangles represent 90� and 180� pulses, respectively. The delays
ctangular 90� pulses of 0.91 ms duration were applied three times in

e indicated thephases of the pulses are along thex-axis.Thephase cycling

4ðxÞ; 4ð�xÞ;/rece iver ¼ x;�x;�x; x;�x; x; x;�x;�x; x; x;�x; x;�x;�x; x.
se of the 90� nitrogen pulse just before point f in States-TPPImanner. A

of 240ls to optimise refocusing of the iminoprotons centred at 12.5 ppm.
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be converted into observable 1H magnetisation. To
avoid this, the zero-quantum coherence was allowed to

transform into (4HzN
D
x N

A
x þ 4HzN

D
y N

A
y Þ under the sca-

lar coupling 1JðHNDÞ during the interval s between

points d and e. Meanwhile the first and fourth terms of

Eq. (3) were inverted by the 180� nitrogen pulse in the

middle of this interval s. After applying the 90� proton
pulse, the product operators at point e are:

r ¼ �ND
z cos2½p2hJðNDNAÞD� � 4HyN

D
x N

A
x

� cos½p2hJðNDNAÞD� sin½p2hJðNDNAÞD�
� 4HyN

D
y N

A
y sin½p2hJðNDNAÞD�

� cos½2hJðNDNAÞD� �NA
z sin2½p2hJðNDNAÞD�: ð5Þ

The sum of the second and third of these product op-

erators represents three-spin single-quantum coherence:

� 4HyN
D
x N

A
x þ 4HyN

D
y N

A
y ¼ 2i½HþN

D
þN

A
�

þHþN
D
�N

A
þ þH�N

D
þN

A
� þH�N

D
�N

A
þ�; ð6Þ

which can be dephased by applying a pulsed-field gra-

dient G5. This procedure will be referred to as �zero-
quantum elimination.�

An alternative that has been explored is the applica-
tion at point d of a selective sine-modulated nitrogen E-

BURP pulse [6], which rotates ND
z and NA

z by ð90�Þþy
and ð90�Þ�y , respectively, thus leading to a transforma-

tion of the product operators of Eq. (2) into

r ¼ ND
z cos2½p2hJðNDNAÞD� þ 2ND

y N
A
x

� cos½p2hJðNDNAÞD� sin½p2hJðNDNAÞD�
þ 2ND

x N
A
y sin½p2hJðNDNAÞD� cos½p2hJðNDNAÞD�

�NA
z sin2½p2hJðNDNAÞD� ð7Þ

In this case, the interval s between d and e may be

dropped. The sum of the second and third of these

product operators represents pure double-quantum co-

herence:

2ND
y N

A
x þ 2ND

x N
A
y ¼ iðND

�N
A
� �ND

þN
A
þÞ ¼ fDQCg ð8Þ

which can be dephased by the pulsed-field gradient G5.

If the selective rotations were ideal, the zero-quantum

coherence would vanish. However, the E-BURP pulse

only gives the desired excitation profile if the flip angle is

properly calibrated and if the nutation occurs precisely
about the þy and �y-axes of the rotating frames of the

donor and acceptor nuclei. The calibration of a modu-

lated E-BURP pulse for the two nitrogen nuclei repre-

sents a time-consuming task. This is why the elimination

of zero-quantum coherence appears preferable to the

sine-modulated E-BURP.

The longitudinal magnetisations ND
z and NA

z , repre-

sented by the first and fourth product operators in Eq.
(5), undergo partial spin-lattice relaxation during the

delay sm. We consider a form of difference spectroscopy

where the signals are derived in alternation from þND=A
z

and �ND=A
z , which can be achieved by alternating the

phase /1 in Fig. 2. If one considers the difference be-

tween the resulting signals, longitudinal relaxation leads

to a mono-exponential decay to zero. The normalised

difference between the density operators of the two

complementary experiments can be written as:

Dr ¼ �ND
z cos2½p2hJðNDNAÞD� expð�sm=TD

1 Þ
�NA

z sin2½p2hJðNDNAÞD� expð�sm=TA
1 Þ; ð9Þ

where TD
1 and TA

1 stand for the longitudinal relaxation
times of the donor and acceptor nitrogen nuclei, re-

spectively.

At point f , a nitrogen 90�y pulse rotates the re-

mainder of the longitudinal magnetisations back onto

the transverse plane to give

Dr ¼ �ND
x cos2½p2hJðNDNAÞD� expð�sm=TD

1 Þ
�NA

x sin2½p2hJðNDNAÞD� expð�sm=TA
1 Þ: ð10Þ

Henceforth, we shall limit our attention to the fate of the

coherences of interest. The following two nitrogen 180�
pulses are shifted from the centres of the next D delays in

order to achieve a constant-time labelling of transverse

magnetisation of both 15ND and 15NA nuclei by their

corresponding chemical shifts XðNDÞ and XðNAÞ. Fur-
thermore the magnetisations are effected by the coupling
2hJðNDNAÞ during the third D interval between points f
and g. The resulting terms are

Dr ¼ �ND
x cos3½p2hJðNDNAÞD� cos½XðNDÞt1�

� expð�sm=TD
1 Þ � 2ND

z N
A
y sin3½p2hJðNDNAÞD�

� cos½XðNAÞt1� expð�sm=TA
1 Þ ð11Þ

at point g. The nitrogen 90�x pulse between g and h
leaves the first coherence unchanged while transforming

�2ND
z N

A
y into 2ND

y N
A
z at point h. Then the coherences

are permitted to undergo a transformation under

the coupling 2hJðNDNAÞ during the fourth interval D
between points h and i as well as under the cou-

pling 1JðHNDÞ during s. This results in the creation of a

state

Dr ¼ � 2HzN
D
y cos4½p2hJðNDNAÞD� cos½XðNDÞt1�

� expð�sm=TD
1 Þ � 2HzN

D
y sin4½p2hJðNDNAÞD�

� cos½XðNAÞt1� expð�sm=TA
1 Þ ð12Þ

at point i. The last nitrogen and proton 90� pulses are
applied in order to create

Dr ¼ 2HyN
D
z cos4½p2hJðNDNAÞD� cos½XðNDÞt1�

� expð�sm=TD
1 Þ þ 2HyN

D
z sin4½p2hJðNDNAÞD�

� cos½XðNAÞt1� expð�sm=TA
1 Þ ð13Þ

at point j. These antiphase coherences are converted into

observable magnetisation through the one-bond scalar

coupling 1JðHNDÞ to create
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Dr ¼ �Hx cos
4½p2hJðNDNAÞD� cos½XðNDÞt1�

� expð�sm=TD
1 Þ �Hx sin

4½p2hJðNDNAÞD�
� cos½XðNAÞt1� expð�sm=TA

1 Þ: ð14Þ

The proton signal is recorded and Fourier trans-

formed to give peaks with amplitudes that are propor-

tional to DMD
z ðsmÞ and DMA

z ðsmÞ:

DMD=A
z ðsmÞ ¼ DMD=A

z ðsm ¼ 0Þ expð�sm=T
D=A
1 Þ ð15Þ

where DMD=A
z ðsmÞ ¼ MD=A

z ðsmÞ �MD=A
z;eq , and whereMD=A

z;eq

is the equilibrium magnetisation, and MD=A
z ðsmÞ the

magnetisation remaining at the end of the relaxation de-

lay sm. When the experiment is repeated for different

values of sm the longitudinal relaxation rates RD=A
1 ¼

1=TD=A
1 can be determined in the usual way.
1

3. Results and discussion

Fig. 3 shows DMD=A
z as a function of the relaxation

period sm, normalised so that DMD=A
z ðsm ¼ 0) ¼ 1. The

longitudinal relaxation rates determined from these

measurements are presented in Table 1.
Fig. 3. Decay of the deviation of longitudinal magnetisation components DM
and 300ms for the base pairs U8–A15, G2–C21, G20–C3, and G14–C9 of th

correspond to the acceptor nitrogens NA of adenines and cytosines, while the

uracils and guanines.
The longitudinal relaxation of nitrogen nuclei in
RNA is driven by CSA and dipolar interactions with

neighbouring nuclei:

Rtot
1 ¼ RCSA

1 þ
X

RDD
1 ðHiÞ: ð16Þ

The CSA rates are

RCSA
1 ¼ dCSAJ ijðxNÞ ð17Þ

with dCSA ¼ ð1=3ÞðDrNÞ2c2NB2
o, where DrN ¼ rj � r? is

the anisotropy of the nitrogen nuclear shielding tensor

assumed to have cylindrical symmetry and cN the ni-

trogen-15 gyromagnetic ratio.

The spectral densities J ijðxNÞ may show slight vari-

ations for different base pairs ij with local correlation

times sijc of rotational diffusion, which is supposed to be
isotropic:

J ijðxÞ ¼ ð2=5Þsijc =ð1þ x2ðsijc Þ
2Þ:

The dipolar rates are

RDD
1 ðHiÞ ¼ ð1=4ÞdDDðHiÞf3J ijðxNÞ þ J ijðxH � xNÞ

þ 6J ijðxH þ xNÞg: ð18Þ

RDDðHiÞ � ð3=4ÞdDDðHiÞJ ijðxNÞ ð19Þ
D=A
z ¼ MD=A

z �MD=A
z;eq measured at 7T and 300K for sm ¼ 3, 100, 200,

e 22-nucleotide RNA hairpin of Fig. 1. The slowly relaxing responses

rapidly relaxing components correspond to the donor nitrogens ND of



Table 1

Experimental longitudinal relaxation rates R1 ¼ 1=T1 of the donor N
D

and acceptor NA nitrogen-15 nuclei for the base pairs U8–A15, G2–

C21, G20–C3, G14–C9 of the 22-nucleotide RNA hairpin of Fig. 1

measured at static magnetic fields Bo ¼ 7 and 9.4T and a temperature

of 300K.

Base pair R1 ¼ 1=T1(s�1)

Donor ND Acceptor NA 7T 9.4T

U8 3.32� 0.15 2.71� 0.15

A15 1.42� 0.06 1.94� 0.09

G2 2.90� 0.18 2.37� 0.17

C21 1.04� 0.06 1.39� 0.08

G20 3.41� 0.13 2.84� 0.14

C3 1.06� 0.04 1.41� 0.08

G14 3.14� 0.09 2.57� 0.10

C9 0.81� 0.02 1.06� 0.04

Errors were estimated with a Monte-Carlo procedure [5].

Table 2

Local rotational correlation times sijc determined from the ratios

RDD
1 ðBI

oÞ=RDD
1 ðBII

o Þ of the donor nitrogen nuclei measured at two dif-

ferent magnetic fields BI
o ¼ 7T and BII

o ¼ 9:4T, assuming that their

relaxation is predominantly driven by dipolar interactions with the

neighbouring imino protons.

Base pair (ND ! NA) ði; jÞ sijc (ns) rðND–HÞ (�AA)

U8!A15 (8,15) 3.3� 1.3 1.05� 0.03

G2!C21 (2,21) 3.2� 1.8 1.07� 0.04

G20!C3 (20,3) 3.0� 1.1 1.04� 0.03

G14!C9 (14,9) 3.2� 0.8 1.06� 0.02

The local correlation times sijc are assumed to be common to both

donor and acceptor nucleotides in each base pair ði; jÞ. The distances

rðND–HÞ were calculated using the local correlation times sijc . They
may be compared with the estimate used by R€uudisser and Tinoco of

rðND–HÞ ¼ 1:01 �AA for all base pairs.

Table 3

Ratios kCSAij and kDD
ij of Eqs. (21) and (22) for BI

o ¼ 7T and

BII
o ¼ 9:4T, estimated from the averages of the local correlation times

sijc of Table 2

Base pair (ND ! NA) (i,j) kCSAij (acceptor) kDD
ij (acceptor)

U8!A15 (8,15) 1.47 0.81

G2!C21 (2,21) 1.47 0.81

G20!C3 (20,3) 1.49 0.82

G14!C9 (14,9) 1.47 0.81
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with dDDðHiÞ ¼ ðl0=4pÞ
2�h2c2Nc

2
H½rðNHiÞ��6

, where rðNHiÞ
is the distancebetween eitherND orNA and aprotonHi; sijc
the local correlation time as defined above. The simplifi-

cation in Eq. (19) obtained by retaining only the J ijðxNÞ
term is legitimate for a slowly tumbling macromolecule.

Using an estimate of the average correlation time of

3.5 ns [2] and experimentally determined 15N chemical

shift tensors of nucleic acids reported previously [7], one
can estimate the CSA contributions to the relaxation of

the donor nitrogen nuclei. At 7T, these contributions

are 0.11 s�1 for uracil and 0.14 s�1 for guanine, and they

increase to 0.14 and 0.19 s�1 at 9.4 T. Therefore, com-

paring with the total relaxation rates of Table 1, the

estimated CSA contributions amount to 3.3, 4.8, 4.1,

4.5% for the donor nitrogen nuclei of U8, G2, G20 and

G14 at 7T, and to 5.2, 8.0, 6.7, 7.4% of these rates at
9.4 T. Since this only leads to minor corrections to the

calculations that follow, we believe that it is better to

neglect the CSA contributions to the donor nitrogen

relaxation rates, lest our prescriptions become needlessly

complicated.

For the donor nitrogen nuclei ND, we thus assume that

relaxation is predominantly due to the neighbouring im-

ino protons [7]. From the ratios RDD
1 ðBI

oÞ=RDD
1 ðBII

o Þ of the
donor nitrogens at two different magnetic fields, one can

estimate the local correlation times. In Table 1, BI
o ¼ 7 T,

or 300MHz for protons, andBII
o ¼ 9:4T or 400MHz.We

may conclude that the local correlation times sijc lie be-

tween 3.0 and 3.3 ns (see Table 2). The variations in these

local correlation times may be due to a combination of

rotational anisotropy and fast local motions. If we had

used dipolar rates of the donor nitrogen nuclei that were
correctedby subtracting the estimatedCSA rates from the

total relaxation rates, their ratioswouldhave yielded local

correlation times of 3.5, 3.6, 3.4, 3.6 ns for U8, G2, G20

andG14, respectively, instead of the values given in Table

2. Adjusting the correlation times in this manner would

lead to marginal changes in the estimates of the distances

rðND–HÞ and rðH � � �NAÞ discussed below.
Using Eq. (19) and the local correlation times sijc , the
distances rðND–HÞ between the donor nitrogen nuclei

and neighbouring imino protons can be estimated to lie

between 1.04 and 1.07�AA (Table 2), which is a bit longer

than the average distance rðND–HÞ ¼ 1:01 �AA that was

assumed in the structure determined by R€uudisser and

Tinoco [2].

It is clear from Eqs. (16)–(18) that the contributions
RCSA
1 and RDD

1 to the total longitudinal relaxation rates

Rtot
1 of the acceptor nitrogen nuclei can be discriminated

provided that the latter are measured at two different

static magnetic fields. According to Eqs. (16)–(18) and

using the local rotational correlation times sijc , the di-

polar relaxation rate at BI
o can be determined as follows:

RDD
1 ðBI

oÞ ¼ ðkCSAij Rtot
1 ðBI

oÞ � Rtot
1 ðBII

o ÞÞ=ðkCSAij � kDD
ij Þ

ð20Þ
where kCSAij and kDD

ij (Table 3) stand for the ratios

kCSAij ¼ RCSA
1 ðBI

oÞ=RCSA
1 ðBII

o Þ

¼ ðBI
o=B

II
o Þ

2J ijðxI
NÞ=J ijðxII

NÞ ð21Þ

and

kDD
ij ¼ RDD

1 ðBI
oÞ=RDD

1 ðBII
o Þ

¼ ½3J ijðxI
NÞ þ J ijðxI

H � xI
NÞ þ 6J ijðxI

H þ xI
NÞ�

� ½3J ijðxII
NÞ þ J ijðxII

H � xII
NÞ þ 6J ijðxII

H þ xII
NuÞ�

�1

ð22Þ



Fig. 4. Distances (in �AA) between neighbouring nuclei in the base pairs U8–A15 and G14–C9 (top), and G2–C21 and G20–C3 (below) of the 22-

nucleotide RNA hairpin of Fig. 1 calculated from the NMR structure determined by R€uudisser and Tinoco [2]. Short distances between nuclei with

large gyromagnetic ratios, which lead to significant dipolar relaxation, are emphasized by using larger fonts.
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The distances between the neighbouring nuclei are

shown in Fig. 4 for the base pairs U8–A15 and G14–C9
(top), and for the base pairs G2–C21 and G20–C3 (be-

low). These internuclear distances were derived from the

structure obtained by NMR by R€uudisser and Tinoco [2].

For the acceptor nitrogen nucleus N1
A of A15, apart

from the nearby imino proton H3 of U8, there are only

three other protons H2, H61, and H62 that can make

significant contributions to the dipolar relaxation. For

the acceptor nitrogen nucleus N3
A of the nucleotides C9,

C21, C3 the dipolar relaxation is mainly due to the

nearby imino proton H1 and to four other protons H41,

H42, H5, and H6. The contributions from remote pro-
tons were calculated using Eq. (18) (Table 4). Sub-

tracting these remote dipolar rates from the total dipolar
rates calculated from Eq. (20) yields the rates due to the

neighbouring imino protons (Table 5). These rates allow

one to estimate the hydrogen bond lengths rðH � � �NAÞ
(Table 5).

In addition to the protons belonging to the same or to

the opposite base, there are a limited number of more

distant protons that belong to adjacent nucleotides and

that may also contribute to the dipolar relaxation of the
acceptor nitrogen nuclei (see Fig. 4). In particular, the

nuclei H1 and H21 of G14 are situated at distances

shorter than 4�AA from the acceptor nitrogen nucleus NA
1



Table 4

Calculated remote contributions (all rates in s�1) to the dipolar relaxation rates RDD
1 ¼ 1=TDD

1 at Bo ¼ 7T (300MHz) of the acceptor NA nitrogen-15

nuclei in adenine and cytosine in the base pairs U8–A15, G2–C21, G20–C3, G14–C9 of the 22-nucleotide RNA hairpin of Fig. 1 using the distances

rðNA �HiÞ shown with large fonts in Fig. 4 and the local correlation times sijc of Table 2

Nucleotide (acceptor) R1DD(N1–H2) R1DD(N1–H61) R1DD(N1–H62)

A15 0.0609 0.0184 0.0040

Nucleotide (acceptor) R1DD(N3–H41) R1DD(N3–H42) R1DD(N3–H5) R1DD(N3–H6)

C21 0.0192 0.0041 0.0029 0.0014

C3 0.0190 0.0041 0.0029 0.0014

C9 0.0189 0.0041 0.0029 0.0014

Table 5

Estimated RCSA
1 ðNAÞ and RDD

1 ðNAÞ contributions of Eq. (20) to the total relaxation rate Rtot
1 ðNAÞ at 7T of Table 1; sum of the contributionsP

RDD
1 ðNA–HiÞ due to nearby non-imino protons; estimated contributions due to the nearby imino protons RDD

1 ðHi � � �NAÞ, and internucleotide

hydrogen bond lengths estimated in this work as well as those determined previously [2]

Base pair RCSA
1 (NA)

(s�1)

RDD
1 (NA) (s�1)

(all protons)

P
RDD
1 (NA–Hi) (s�1)

(remote protons only)

RDD
1 (H . . .NA) (s�1)

(imino protons only)

rðH . . .NAÞ (�AA)

This work Reference [2]

U8–A15 1.21 0.21 0.08 0.13 1.80� 0.44 2.00

G2–C21 0.83 0.21 0.03 0.18 1.71� 0.29 1.81

G20–C3 0.80 0.26 0.03 0.23 1.63� 0.17 1.85

G14–C9 0.61 0.20 0.03 0.17 1.72� 0.13 1.89
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of A15. The nuclei H21 of G14 and G2 are also located

at distances shorter than 3�AA from the acceptor nitrogen

NA
3 nuclei of C9 and C21, respectively. So are H21 of

G20 and H1 of C21 with respect to the acceptor nitrogen

nucleus NA
3 of C3 (see Fig. 4). The resulting dipolar

contributions are however small compared to those due

to the imino protons. The distances between an acceptor

nitrogen nucleus and remote protons belonging to the
opposite base or to adjacent bases along the same

strand, which were determined by NMR [2], are obvi-

ously less well known than distances to protons be-

longing to the same base. That is why we did not take

any remote protons into consideration, neither those on

opposite bases nor those on adjacent bases. This may

lead slightly to overestimate the dipolar relaxation rates

caused by neighbouring imino protons, and hence
slightly to underestimate the lengths of the hydrogen

bonds.
4. Conclusions

A new NMR method allows one to measure the

longitudinal relaxation rates of both donor and acceptor
nitrogen nuclei in Watson–Crick base pairs in 15N-en-

riched nucleic acids. Assuming that the relaxation rates

of the donor nitrogen nuclei are largely dominated by

dipolar interactions to the neighbouring imino protons,

the local correlation times sijc can be determined using

the ratios of the relaxation rates measured at two dif-

ferent fields. These correlation times sijc have been found

to be slightly shorter than those reported previously [2].
The distances rðND–HÞ between the donor nitrogen
nuclei and the imino protons calculated using the local

correlation times sijc appear reasonable. By separating

contributions to the overall relaxation rates from the

acceptor nitrogen chemical shift anisotropy and from

other protons on the same base, one obtains estimates of

the dipolar interactions between the acceptor nitrogens

and the imino protons. This allows one to estimate the

lengths of the hydrogen bonds. In the RNA fragment of
the Fig. 1, the lengths of the hydrogen bonds were found

to be in reasonable agreement with those reported pre-

viously [2]. If the relaxation rates were measured at

lower magnetic fields, the errors of the hydrogen bond

lengths could be reduced. The main limitation of the

experimental scheme arises from the small JðNDNAÞ
couplings. For larger nucleic acids, one may need to

resort to higher magnetic fields to increase the dispersion
of the chemical shifts and the sensitivity. However, as

the molecular mass of the nucleic acid increases, the

efficiency of coherence transfer between donor and ac-

ceptor nitrogen nuclei will be attenuated because the T2�s
are shorter. At the same time, the increasing CSA con-

tribution to the relaxation of the acceptor nitrogen nu-

clei will tend to mask the dipolar rates, which would lead

to poorer accuracy in the determination of hydrogen
bond lengths.
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