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Abstract For base-paired nucleic acids, variations in
1JNH and the imino 1H chemical shift are both dominated

by hydrogen bond length. In the absence of molecular

alignment, the 1JNH coupling for the imino proton then can

be approximated by 1JNH = (1.21Hz/ppm)dH � 103.5 ±

0.6 Hz, where dH represents the chemical shift of the imino

proton in ppm. This relation permits imino residual dipolar

couplings (RDCs) resulting from magnetic susceptibility

anisotropy (MSA) to be extracted from measurement of

(1JNH + RDC) splittings at a single magnetic field strength.

Magnetic field-induced RDCs were measured for tRNAVal

and the alignment tensor determined from magnetic-field

alignment of tRNAVal agrees well with the tensor calcu-

lated by summation of the MSA tensors of the individual

nucleobases.
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For a molecule in solution, anisotropy of its molecular

magnetic susceptibility leads to partial alignment in an

external magnetic field, and therefore produces non-zero

values for averaged second rank tensor interactions such as

dipolar coupling, quadrupolar coupling, and chemical shift

anisotropy (Lohman and MacLean 1978; Gayathri et al.

1982; Bothner-By et al. 1985; Kung et al. 1995; Tolman

et al. 1995; Bothner-By 1996). In particular, the residual

dipolar coupling (RDC) has proven to be an important

parameter in characterizing both molecular structure and

dynamics (Tjandra et al. 1997; Vermeulen et al. 2000; Peti

et al. 2002; Prestegard et al. 2004; Blackledge 2005; Tol-

man and Ruan 2006). In order to achieve a higher degree of

alignment, RDCs in biomolecules nowadays are most

commonly measured in the presence of ‘‘alignment

media’’, such as liquid crystalline suspensions (Tjandra and

Bax 1997; Clore et al. 1998; Hansen et al. 1998; Ruckert

and Otting 2000) or anisotropically compressed acrylamide

gels (Sass et al. 2000; Tycko et al. 2000). However, with

the availability of increasingly stronger magnets, alignment

induced by magnetic susceptibility anisotropy (MSA) gives

rise to detectable RDCs even in large biomolecules despite

the relatively large line widths.

Alignment resulting from magnetic susceptibility

anisotropy scales with the squared value of the magnetic

field strength. Although for diamagnetic systems the degree

of alignment typically remains very small, even at the

highest available field strengths, exploitation of MSA-

alignment offers the advantage that the sample is essen-

tially unperturbed; the interaction energy between the

biomolecule and the external magnetic field is about four

orders of magnitude weaker than kT. The degree of MSA-

alignment tends to be considerably larger for paramagnetic

molecules than for diamagnetic molecules (Tolman et al.

1995; Bertini et al. 2004), which in principle allows for the
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measurement of a wide variety of homonuclear and het-

eronuclear RDCs for both bonded and non-bonded

partners. Thus the use of paramagnetic ‘‘tagging’’ has

recently become an attractive alternative to liquid crystal-

line alignment (Gaponenko et al. 2000; Ma and Opella

2000; Wohnert et al. 2003; Rodriguez-Castaneda et al.

2006). However, for diamagnetic molecules the much

weaker alignment typically restricts RDC measurement to

one-bond 15N–1H and 13C–1H interactions (Kung et al.

1995; Tjandra et al. 1996, 1997; Bryce et al. 2004; van

Buuren et al. 2004).

The RDC data provide global orientational information

that complements standard short-range NOE and J-cou-

pling structural constraints. This RDC data are particularly

important for solution NMR studies of nucleic acids which

form extended helical structures, where there are usually

very few observable NOEs between nucleotides that are

separated by more than one base pair. Thus, RDC data have

been used to improve the local and global structures of a

wide range of nucleic acid systems ranging from DNA

duplexes to a 273 nucleotide fragment of the internal

ribosomal entry site RNA (Hansen et al. 1998; Lukavsky

et al. 2003) Most of these studies employed external

alignment media, usually Pf1 phage; however, paramag-

netic and diamagnetic MSA-alignment have also been used

to measure RDCs in nucleic acids (Beger et al. 1998;

Al-Hashimi et al. 2001; Bryce et al. 2004). Here we pres-

ent a simple method for determining imino 15N–1H MSA-

induced RDCs in nucleic acids from NMR measurements

at a single magnetic field. For MSA-induced RDCs, the

observed one-bond J splitting is equal to JXY(0) + DXY(B0)

where JXY(0) is the J coupling between nuclei X and Y at

zero magnetic field, and DXY(B0) is the MSA-induced

RDC between this pair of nuclei at magnetic field strength,

B0. Since DXY(B0) scales with B0
2, measurement of the

JXY(0) + DXY(B0) at a minimum of two fields allows

determination of both the JXY(0) and DXY(B0) values

(Gayathri et al. 1982; Bothner-By 1996). These measure-

ments are generally performed at as different magnetic

field strengths as possible to maximize the magnitude of

the RDCs and also to minimize the effect of propagated

measurement error on the determination of the RDCs.

Here, this procedure was used to determine the imino 1DNH

at 800 MHz for a sample of uniformly 15N-enriched native

E. coli tRNAVal, and these RDCs were compared with

those obtained by a new method, which calculates 1DNH

from measurements of the 1JNH splitting at only a single

magnetic field.

The imino 15N–1H 1JNH splittings were measured by two

methods and at field strengths corresponding to 500 and

800 MHz. The first method employed an 15N–1H

WATERGATE-HSQC experiment acquired without 1H

decoupling in the 15N dimension (Piotto et al. 1992), which

yields a simple 1JNH doublet for the observed imino reso-

nances (Fig. 1A). The second method utilized interleaved
1H-decoupled 15N–1H HSQC and 15N–1H TROSY-HSQC

experiments (Pervushin et al. 1998) (Fig. 1B), where the

difference in peak positions in these two spectra equals
1JNH/2. All the experiments used weak rectangular 90� and

180� 1H pulses, with the carrier at 13 ppm and adjusted

such that the first null in their excitation profiles occurs at

the water resonance. In these experiments, resonances are

observed for slowly exchanging imino protons involved in

stable base pair or tertiary interactions (Fig. 1). The
1JNH(500) and 1JNH(800) values for the native tRNAVal are

given in Table 1S and represent the averaged values

obtained from the two methods. Here, for brevity, 1JHN(Q)

refers to the total 1JHN splitting, including the RDC, at Q

MHz. The 800 MHz 1DNH,exp coupling is obtained from

the following relation, 1DNH,exp(800) = [8002/(8002 �
5002)] · [1JHN(800) � 1JHN(500)]. 1JNH,exp(0) is then cal-

culated from 1JHN(800) � 1DNH,exp(800), and both the
1JNH,exp(0) and 1DNH,exp(800) data for tRNAVal are repor-

ted in Table 1S.

If the 1JNH(0) could be independently predicted, then
1DNH(B0) could be determined from data collected at a

single (high) magnetic field. Dingley et al. (1999) have

previously shown that there is a strong linear correlation

between the one-bond imino 1JHN coupling and the imino

proton chemical shift. Subsequent computational results

Fig. 1 Small region of the 2D 15N–1H correlation spectra of tRNAVal

recorded at 800 MHz, 25�C, showing correlations for the imino

groups of U nucleotides. (A) 1H-coupled HSQC spectrum, recorded

such that the 15N Boltzmann component adds to the broader and

weaker upfield 15N–{1H} doublet component (requiring 90x � (41

JNH)�1 � 180x � (41JNH)�1 � 90�y for the 1H pulses during the

initial INEPT transfer on Bruker spectrometers). (B) Superimposed
1H-decoupled HSQC spectrum (red) and TROSY spectrum (blue)
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indicated that the magnitude of the coupling is a function

of the hydrogen bond length, as is the imino proton

chemical shift (Dingley et al. 1999; Barfield et al. 2001).

For both G and T nucleotides in a 24-nucleotide DNA

triplex, the experimental 1JHN value was shown to follow

the relation (Dingley et al. 1999; Barfield et al. 2001):

1JNH ¼ ð1:32 Hz/ppmÞdH � 104:79 Hz ð1Þ

where dH represents the imino proton chemical shift

in ppm. The 1JNH,calc(0) values calculated for tRNAVal

from Eq. 1 agree well with our experimentally determined
1JNH,exp(0) values in Table 1S (not shown). However, the

data on the DNA triplex used to derive Eq. 1 still contain

small but unknown contributions from the MSA-induced

RDCs. Therefore, Eq. 1 was reparameterized using the 18

extrapolated 1JNH,exp(0) and dH values for tRNAVal, and an

additional set of 21 1JNH,exp(0) and dH values collected for

a 73-nt fragment of the U2-U6 spliceosomal RNA (Sashital

et al. 2004). Linear fitting yields (Fig. 1S):

1JNH;calcð0Þ ¼ ð1:21 Hz/ppmÞdH � 103:5 Hz. ð2Þ

Figure 2A shows there is good agreement between the
1JNH,calc(0) obtained from Eq. 2 and 1JNH,exp(0) for

tRNAVal. The modified nucleobases of s4U8 and W55 gave

poor fits in this correlation and were therefore excluded

when parameterizing Eq. 2. Since these nucleobases have

different pKas for the imino nitrogen (Saenger 1984)

leading to unusual dH values, the failure of Eq. 2 to predict

their 1JNH(0) values is not surprising. On the other hand,

for the modified nucleobase of m7G46, where the methyl

substitution is far removed from the imino nitrogen, no

unusual behavior is expected nor observed. tRNAVal con-

tains a variety of non-Watson-Crick base-base interactions

(Saenger 1984) and Eq. 2 does a good job of predicting the

imino 1JNH(0) values for these non-canonical base pairs

and base triples. For example, in both the G50-U46 wobble

interaction and the G15-C48 reverse Watson-Crick inter-

action the imino protons are hydrogen bonded to a carbonyl

oxygen instead of a ring nitrogen, and these 1JNH(0) are

well calculated by Eq. 2. The 1JNH(0) for T54 is also well

predicted even though this base forms a reverse Hoogsteen

base pair with A58, where the T imino hydrogen bonds to

the N7 of A58. The imino groups for G22 and U12, which

form part of the Watson-Crick interaction in two different

base triples in tRNAVal, also fit well to Eq. 2, consistent

with previous studies of base triples by Dingley et al.

(1999). The imino group of G46 forms a hydrogen bond

with the N7 of G22 in the C13-G22-G46 base triple and its
1JNH(0) is also reasonably well predicted by Eq. 2. These

results indicate that Eq. 2 represents a robust method for

predicting imino 1JNH(0) values for bases in a wide range

of base–base interactions in nucleic acids. It should be

noted that the fact that Eq. 2 was parameterized to optimize

agreement between 1JNH,calc(0) and 1JNH,exp(0) has negli-

gible impact on the correlation observed in Fig. 2A, since

39 experimental data points were used to optimize the two

adjustable parameters in Eq. 2. An analogous correlation

plot, where for each nucleotide 1JNH,calc(0) is derived from

an equation parameterized by using only the 38 couplings

of the remaining nucleotides, yields an essentially indis-

tinguishable correlation (data not shown). The 1JNH,exp(0)

and the 1JNH,calc(0) have a pairwise root-mean-square dif-

ference (rmsd) of 0.8 Hz. Similar measurements for the

more concentrated 73-nt U2-U6 RNA yielded an even

smaller rmsd of 0.6 Hz between the imino 1JNH,exp(0)

values and those obtained from Eq. 2 (Supplementary

Fig. S1).

Although the above pairwise rmsd of 0.6–0.8 Hz con-

stitutes an upper limit for the error in the 1JNH,calc(0), this

rmsd also includes experimental errors in the 1JNH,exp(0)

values. Below, the latter are estimated from the reproduc-

ibility in the measured values, allowing for an estimate of

the error associated with Eq. 2. For tRNAVal, duplicate
1JHN measurements at 500 MHz yield a pairwise rmsd of

0.6 Hz, and therefore a random error of 0.3 Hz in the

values averaged over the two measurements. At 800 MHz,

the pairwise rmsd between the two independent measure-

ments equals 0.8 Hz, yielding a random error of 0.4 Hz in

the averaged 1JNH(800). Assuming that the errors at 500

and 800 MHz are uncorrelated, error propagation results in

an estimated error of 0.55 Hz in the value of 1JHN,exp(0).

With a pairwise rmsd of 0.8 Hz between this extrapolated
1JHN,exp(0) value and the value obtained using Eq. 2, this

points to an error of 0.6 Hz between the value calculated

using Eq. 2 and the true 1JHN(0) value. The U2-U6 RNA

sample, which was about five times more concentrated than

the tRNAVal sample, yielded much higher signal-to-noise

data and a pairwise rmsd of 0.6 Hz between 1JHN,exp(0) and
1JHN,calc(0), indicating that in this case this difference is

dominated by the error associated with Eq. 2.

The purpose of obtaining 1JNH(0) is so that it can be

used to determine 1DNH(800) from the measured
1JNH(800). Depending on whether 1JNH(0) is derived from

the difference of the experimental 1JNH(800) and 1JNH(500)

values or from Eq. 2, we refer to the corresponding
1DNH(800) values as 1DNH,exp(800) or 1DNH,calc(800).

These values are listed in Table 1S. Figures 2B and C

show singular value decomposition (SVD) fits (Losonczi

et al. 1999; Sass et al. 1999) of 1DNH,exp(800) and
1DNH,calc(800) to the tRNAVal structure and show compa-

rable qualities for the fits. This holds true for both a

homology model of tRNAVal (coordinates available as

Supplementary Material), based on the X-ray structure of

tRNAPhe (Table 1), and a tRNAVal model that was gener-

ated by rigid body refinement using RDCs measured in
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liquid crystalline alignment media (Vermeulen et al. 2005)

(Supplementary Table 2S). After averaging of the corre-

sponding 1DNH,exp(800) and 1DNH,calc(800) values, a small

improvement in the SVD fit is observed (Fig. 2D, Table 1),

resulting from the fact that the errors in 1DNH,exp(800) and
1DNH,calc(800) are partially uncorrelated.

The field-induced alignment tensor of tRNAVal can also

be predicted by summing the group susceptibility

anisotropies of the individual nucleic acid bases, using

axially symmetric susceptibility tensors previously

parameterized for DNA (Bryce et al. 2004). Both the

magnitude and orientation of the predicted alignment ten-

sor are in good agreement with the one obtained by SVD

fitting, as reflected in very similar values for the alignment

strength Da
NH and rhombicity, and a high value (0.987) of

the normalized scalar product (Sass et al. 1999) between

Fig. 2 Scatter plots of imino 15N–1H couplings in tRNAVal. (A) Plot

of 1JNH(0) values obtained from extrapolation to zero field of the 1JNH

splittings measured at 800 and 500 MHz 1H frequency versus values

derived using Eq. 2. (B) Plot of the field-induced RDCs at 800 MHz,

obtained from 1JNH splittings measured at 800 MHz and use of Eq. 2,

versus values obtained by SVD fitting to a homology model of

tRNAVal, based on the X-ray structure of tRNAPhe. The two outliers

(colored in red) were excluded from the SVD. (C) Plot of the field-

induced RDCs at 800 MHz, where 1JNH(0) is obtained from

extrapolation of 1JNH splittings measured at 800 and 500 MHz,

versus values obtained by SVD fitting. Note that the experimental

RDCs for s4U8 and W55 fit well with the structure and were included

in the SVD, even though they have a negligible effect on the SVD-

derived alignment parameters. (D) Plot of RDCs, averaged over the

two sets of values shown in (B) and (C), versus values obtained by

SVD fitting to the homology model of tRNAVal. For s4U8 and W55,
1JNH(0) values obtained from extrapolation of 1JNH splittings

measured at 800 and 500 MHz were used instead

Table 1 Comparison of alignment tensors for tRNAVal induced by molecular magnetic susceptibility anisotropy, and by liquid crystalline Pf1a

Method Base MSA-prediction SVD fit to 1DNH,calc SVD fit to 1DNH,exp SVD fit to 1DNH,ave SVD fit to Pf1-induced RDCs

Da
NH, Hz 1.31b 1.51 1.47 1.50 15.33

Rhombicity 0.29 0.13 0.48 0.33 0.66

Q factor 0.45 0.49 0.40 0.28

a The liquid crystalline solution contained approximately 20 mg/mL Pf1. The MSA-alignment tensor corresponds to the alignment at 800 MHz
1H frequency, i.e., to 1JHN(800) � 1JHN(0)
b A 1.041 Å

´
N–H bond length was used for calculating the predicted Da

NH value
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the predicted and best-fitted alignment tensor (Table 1).

Interestingly, even though tRNAVal is rather large (76 nu-

cleotides), the magnitude of the MSA-induced alignment

tensor is relatively small, comparable to what is seen for

the B-form DNA Dickerson dodecamer (Bryce et al. 2004).

The reason for this modest alignment is the near orthogonal

orientation of the two main stems of the L-shaped tRNA,

which causes partial cancellation of the MSA-induced

alignments. With the magnetic susceptibility of the nucle-

obases being negative, this L-shape results in an alignment

tensor that has its largest principal axis orthogonal to the

plane of the L, which contrasts with the alignment

observed for tRNA in Pf1 medium.

Our results demonstrate that even the relatively small

MSA-induced RDCs contain valuable structural informa-

tion for larger RNAs, and that Eq. 2 represents a valid

method for determining imino 1DNH in nucleic acids. Even

if the imino 1DNH values were determined from measure-

ments at multiple magnetic fields, Fig. 2D shows that when

averaging 1DNH,calc and 1DNH,exp, an even better SVD fit to

the structure is obtained. Furthermore, Eq. 2 appears to be

valid for a variety of hydrogen bonded imino interactions

including G-U wobble pairs, various base triples and non-

canonical base pairs.

The results presented here show that measurement of
1JNH at two or more magnetic fields is no longer a pre-

requisite for obtaining MSA-induced RDCs for the imino

groups of nucleic acids. The use of Eq. 2 to independently

determine 1JNH(0) facilitates the determination of
1DNH(B0) without any discernable increase in error com-

pared to determining 1JNH(0) from measurements at two

magnetic fields. Moreover, the data here indicate that
1JNH(0) can be calculated from Eq. 2 for a variety of base

pair and tertiary interactions.
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