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Abstract

15N chemical shielding tensors contain useful structural information, and their knowledge is essential for
accurate analysis of protein backbone dynamics. The anisotropic component (CSA) of 15N chemical
shielding can be obtained from 15N relaxation measurements in solution. However, the predominant
contribution to nitrogen relaxation from 15N–1H dipolar coupling in amide groups limits the sensitivity of
these measurements to the actual CSA values. Here we present nitrogen-detected NMR experiments for
measuring 15N relaxation in deuterated amide groups in proteins, where the dipolar contribution to 15N
relaxation is significantly reduced by the deuteration. Under these conditions nitrogen spin relaxation
becomes a sensitive probe for variations in 15N chemical shielding tensors. Using the nitrogen direct-
detection experiments we measured the rates of longitudinal and transverse 15N relaxation for backbone
amides in protein G in D2O at 11.7 T. The measured relaxation rates are validated by comparing the overall
rotational diffusion tensor obtained from these data with that from the conventional 15N relaxation
measurements in H2O. This analysis revealed a 17–24� angle between the NH-bond and the unique axis of
the 15N chemical shielding tensor.

Abbreviations: CSA – chemical shielding anisotropy; NMR – nuclear magnetic resonance.

Introduction

NMR measurements can provide a wealth of
information about structure and dynamics in
biomolecules. Current challenges in the use of
NMR to study dynamics include (1) extending the
time window accessible by the available methods
and (2) finding accurate and robust solutions to an
underdetermined problem: a multitude of interac-
tion and motional parameters (dipolar coupling

constants, chemical shielding tensors, characteris-
tics of the overall and local motions) have to be
obtained from the few existing experiments. In
particular, the widely performed analysis of local
motions in the protein backbone from 15N relax-
ation data requires knowledge of structure-related
parameters, the N–H bond length and the anisot-
ropy (CSA) of the 15N chemical shielding tensor.
Recent studies have shown that the 15N CSA could
vary from site to site in proteins (Fushman et al.,
1998, 1999; Kroenke et al., 1999; Kover and Batta,
2001; Damberg et al., 2005; Hall and Fushman,
2006), therefore its knowledge is essential for an
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accurate picture of protein dynamics (Fushman
and Cowburn, 2001). While 15N CSA values can
be obtained by combining relaxation measure-
ments at several fields (Fushman and Cowburn,
2001; Hall and Fushman, 2006), the accuracy and
precision of such analysis could be limited by the
fact that the CSA contribution to 15N relaxation is
markedly lower than the dipolar contribution, at
magnetic fields currently available. For example,
the CSA mechanism contributes only 12% of the
15N transverse relaxation rate at 9.4 T, and even at
21.1 T its contribution is about 41% (for a protein
with a rotational correlation time of 5 ns and
assuming CSA = ) 160 ppm).

Here we introduce the use of heteronuclear-
detected experiments to measure the 15N relaxa-
tion rates in proteins in D2O, where the dipolar
contribution is lessened by replacing the dipolar-
coupled partner (1H) with a deuteron. In the case
of 15N-only labeled proteins in D2O, the nitrogen
nucleus remains an isolated and convenient probe
for motion, provided the dynamic characteristics
of the 15N–1H and 15N–2H vectors (referred to
here as NH and ND, respectively) are similar.
Although the fast NH bond librations might be
affected by the 1H! 2H replacement, the motions
of the peptide planes and larger-scale segmental
motions – the major contributors to NMR-de-
tected local dynamics in the backbone (Fushman
et al., 1994; Pfeiffer et al., 2001) – are expected to
be much less sensitive to the deuteration. Because
15N CSA is the major mechanism of 15N relaxation
in the ND spin pair, the proposed measurements
could provide a more sensitive probe for deter-
mining 15N CSA tensors (see below). In addition,
this method has the potential of extending the
current repertoire of spectral densities sampled by
15N relaxation measurements, as the relaxation
rates in the ND spin system are sensitive to mo-
tional averaging at different frequencies than in the
NH pair (Xu et al., 2005).

The lower sensitivity of nitrogen detection
compared to proton detection can be compen-
sated, at least in part, by the use of specially
designed probes (Bertini et al., 2004a). In addition,
the 15N signals are significantly sharper than 1H
signals, which would partially recover the loss in
sensitivity. When fast-relaxing systems are studied,
it becomes increasingly common to make use of
the early techniques employing heteronuclei for
the starting magnetization and the signal detection

(Oh et al., 1988). Recently, it has been shown that
pulse sequences using 13C detection are more sen-
sitive than the classical 1H-detected ones in the
presence of fast relaxation induced by a paramag-
netic center (Bermel et al., 2003). This has triggered
the development of 13C detection methods for
applications to large proteins (Eletsky et al., 2003;
Bertini et al., 2004b; Vogeli et al., 2004).

Results and discussion

The measurements were performed on a 5.8 mM
sample of protein G (GB3) (Hall and Fushman,
2003) in D2O at 11.7 T and 24 �C, on a 5 mm
Z-Gradient P/C/N–H/D QNP CryoProbe. This is
a double resonance observe-type probehead. The
inner coil can be switched between 31P, 13C and
15N, the decoupling coil is tuned to 1H. The 2H
channel can be used for lock, decoupling (as in our
measurements) and for direct observation. The
probehead is fitted with cryogenically cooled pre-
amplifiers for all nuclei. The cooled 15N RF coil
and preamplifier in the QNP probe offer a 4-fold
gain in sensitivity compared to conventional
broadband and QNP probeheads and an approx-
imately similar sensitivity increase with respect to
the TXI or TCI cryoprobes using room-tempera-
ture 15N preamplifiers. Our data indicate that the
proposed measurements are feasible using con-
ventional broadband and cryo-TXI probes, on
fairly concentrated protein samples. The replace-
ment of the amide proton with a deuteron is ex-
pected to result in considerably sharper 15N lines,
thereby enhancing both the signal-to-noise and the
resolution in the observed spectra. For small-size
proteins, the 1D spectra provide reasonable reso-
lution for individually fitting the signals from the
majority of residues. In the case of GB3, 51 out of
the 55 assigned signals from the backbone amides,
as well as the signal of the indole group of Trp43,
could be resolved (Figure 1). Deuterium and pro-
ton decoupling was applied during the acquisition,
resulting in linewidths of £ 1 Hz (and down to
0.7 Hz in some signals). For comparison, 15N
linewidths of ‡ 3 Hz were observed in a 15N-
detected spectrum of protonated ubiquitin in H2O.

The 15N relaxation rates R2 and R1 were mea-
sured using the pulse sequences in Figure 2, the
representative fitting curves are shown in Figure 3.
The 15N relaxation data are depicted in Figure 4 as
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a function of residue number. The profile is similar
to that of the relaxation data in H2O (Hall and
Fushman, 2003), i.e. relaxation rates in the a-helix
are higher than those measured in the rest of the
protein (see also Figure 5), although the difference
is not as striking as for the H2O data (see below).
The analysis of 15N relaxation data in H2O led to
the conclusion (Hall and Fushman, 2003) that the
elevated 15N R2 values in the helix reflect anisot-
ropy of the overall tumbling of GB3. In support of
that conclusion, the current data indicate that
elevated relaxation rates of amide nitrogens in the
helix are not due to higher CSA values, otherwise
the difference would have become more pro-
nounced in the data recorded in D2O. The low
values of both relaxation rates in the b1/b2 and a/
b3 loops are due to increased mobility in these
regions.

Overall rotational diffusion tensor

In order to validate the relaxation data obtained
by 15N direct detection, we used them to determine
the overall rotational diffusion tensor of GB3. This
was done using the computer program ROTDIF
(Walker et al., 2004) that fits the ratio of experi-
mentally measured 15N relaxation rates:

q ¼ 2R02
R01
� 1

� ��1
; ð1Þ

to the value predicted from theory. The primes in
Equation 1 indicate ‘‘reduced’’ relaxation rates,
usually obtained by subtracting the components of

the spectral density involving proton frequency (in
the NH pair). The advantage of this method is that
the ratio q is independent, to a first approxima-
tion, of the 15N CSA values and of the order
parameters describing local backbone motion
(Fushman and Cowburn, 2002). To adapt this
method to ND systems, the spectral densities J(x)
at frequencies involving deuterium frequency
(xD, xD±xN) were subtracted from the measured
R1 and R2 values as follows:

R01 ¼ R1 �
8

3
d2 6JðxD þ xNÞ þ JðxD � xNÞ½ �;

ð2aÞ

R02 ¼ R2 �
4

3
d2 6JðxDÞ þ 6JðxD þ xNÞ½

þ JðxD � xNÞ�; ð2bÞ

where d ¼ � 1
2

l0

4p
�hcNcD
r3
ND

is the dipolar coupling con-
stant in the ND pair. The spectral densities were
calculated using the model-free assumption (Lipari
and Szabo, 1982), as detailed in Supporting
Material. As shown in (Xu et al., 2005), the model-
free form of the spectral density is applicable to
ND bond dynamics in deuterated amides. Axial
symmetry was assumed for the overall rotational
diffusion tensor of GB3. As shown elsewhere (Hall
and Fushman, 2003), a more complex, fully
anisotropic diffusion model is not warranted for
GB3. The orientations of the NH vectors were
taken from the crystal structure (PDB entry 1IGD

Figure 1. 15N-detected spectrum of GB3 (pH 5.5, 24 �C), recorded at 11.7 T with 5k scans and a recycle delay of 3.5 s (total time 5 h).
The acquisition time was 0.92 s, no apodization was applied during processing. The residue numbers are indicated at the frequency
position of the corresponding 15N resonance. All the assigned signals originating from backbone amides that could be resolved are
labeled with the residue number, the indole signal of Trp43 is labeled 57. Circles without labels correspond to signals in overlap.
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(Derrick and Wigley, 1994)), and the backbone
model-free parameters were obtained from a
multiple-field analysis of relaxation data (Hall and
Fushman, 2006). The ND bond length was set to
1.02 Å. Note that the subtracted J(x) components
(Equations 2) and the R2¢/R1¢ ratio both are, to a
first approximation, independent of the magnitude
of 15N CSA, therefore the diffusion tensor can be
derived without making any assumption regarding

the CSA values (Fushman and Cowburn, 2002;
Walker et al., 2004). The calculation of the J(x)
components to be subtracted in Equations 2 was
performed using the diffusion tensor determined
from 15N relaxation data for GB3 in H2O (Hall
and Fushman, 2003) at 14.1 T (Table 1, first row).
The principal values of the diffusion tensor were
scaled by 0.81 to account for higher shear viscosity
of D2O compared to H2O (Cho et al., 1999). In
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Figure 2. Pulse sequences for 1D 15N-detected (a) R1 and (b) R2 measurements. Narrow and wide bars indicate 90� and 180� pulses,
respectively, applied along the x-axis unless specified otherwise. The relaxation delays for the R1 experiments were 11.15, 105.84,
209.13, 295.21, 398.51 (x2), 605.1, 794.48 and 1001.07 ms and for the R2 experiments 3.74, 103.10, 198.78 (x2), 265.02, 323.90, 397.50
and 449.02 ms. The pulse repetition delays d were of 2 ms and 200 ls in the R1 and R2 experiments, respectively. The delay s was 10 ls.
The phases were: /1 = (y,) y), /2 = (8x,8() x)), /3 = (2() y),2y), /4 = (4x,4() x)) and /rec = (x,2() x),x,) x,2x,) x) in the R1

experiment and /1 = (y,) y), /2 = (2x,2() x)) and /rec = (x,2() x),x) in the R2 experiment (the latter phase cycle is based on a
recently published modification of the CPMG experiment (Yip and Zuiderweg, 2004)). Sine-bell shaped gradients with a duration of
1 ms and ratios of intensities of G1:G2:G3=) 5:2:1.4 and G1:G2=) 5:2 were used in the R1 and R2 experiments, respectively. The
number of scans was from 4k to 8k, depending on the total relaxation period. The acquisition time was 300 ms. Waltz65 decoupling
was applied during the acquisition on the 1H and 2H channels; this consists of an MLEV4 supercycle of the basic waltz16 element
(waltz64) with an additional 90� pulse at the end of the supercycle for increased performance with respect to decoupling sidebands. 15N
pulses were applied at 16.6 kHz, while the 2H decoupling was at a power level of 880 Hz. A low-power 90� pulse followed by a gradient
was applied at the beginning of the sequences in order to defocus the 15N magnetization prior to the relaxation period. The 2H
spectrometer lock was kept on during the relaxation period D (2.9 s) and switched off just prior to the first rf pulse. The scalar
relaxation of the second kind was suppressed using deuterium decoupling (Xu et al., 2005). Note that, strictly speaking, these pulse
sequences are designed for fully deuterated proteins. Applications to protonated proteins in D2O could require proton decoupling
during the relaxation period, to suppress possible contributions from cross-correlation between 15N CSA and dipolar coupling to
‘‘other’’ protons, e.g. Ha. Our data (not shown) indicate that in GB3 the T1 values measured with and without such a decoupling are
similar within the experimental errors.
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addition to this partial subtraction of the spectral
densities associated with N–D dipolar interaction,
a second calculation was performed in which the
entire dipolar contribution to the relaxation rates
was subtracted, as follows:

R01 ¼ R1 � 8d2JðxNÞ �
8

3
d2 6JðxD þ xNÞ½

þ JðxD � xNÞ�; ð3aÞ

R02 ¼ R2 �
4

3
d2 4Jð0Þ þ 3JðxNÞ½ � � 4

3
d2 6JðxDÞ½

þ 6JðxD þ xNÞ þ JðxD � xNÞ�; ð3bÞ

The calculations using Equations 2 and 3 both
yielded similar anisotropies and orientations for
the diffusion tensor (Table 1). Moreover, these
results are in good agreement with those

determined from 15N relaxation rates measured in
H2O using conventional methods (Table 1, also
(Hall and Fushman, 2003)). The observed slower
tumbling of GB3 in D2O (sc = 4.2) 4.3 ns versus
3.3 ns in H2O) is consistent with a 1.25-fold higher
viscosity of this solvent. This tumbling time also
agrees with the value of 4.55±0.24 ns obtained
from 15N relaxation data (not shown) measured
for the residual NH groups (approximately 2–3%)
in this GB3 sample in D2O using conventional
INEPT-based 2D methods. Note also the self-
consistency of the diffusion tensor determination
procedure used here: the output sc value from the
ROTDIF calculation agrees well with the input
value used for the subtraction of dipolar contri-
butions in Equations 2 and 3.

Note that the choice between Equations 2 and
3 for practical use depends on the purpose of
analysis. Equations 2 involve less assumptions
and, therefore, are preferred, particularly when the
goal is to subtract the J(x) components involving
deuterium frequency, in order to obtain ‘‘reduced’’
relaxation rates, as is done in the case of NH-pairs
by subtraction of the high-frequency components
(e.g., (Fushman and Cowburn, 1998)). However, if
the goal is to remove the dipolar contribution
entirely, hence to have the CSA-only terms, then
Equations 3 should be used.

Orientation of the CSA tensor

We have used the 15N relaxation data in ND sys-
tems to explore the orientation of the CSA tensor.
The determination of the diffusion tensor of a
protein from 15N relaxation data rests on the
dependence of the relaxation rates on the angles
between the principal axes of this tensor and the
symmetry axis of the relaxation-active terms in the
spin Hamiltonian. The latter axis is usually
assumed to be the same for all terms and pointing
in the direction (averaged by fast local motion) of
the NH bond, because the 15N–1H dipolar cou-
pling is the primary interaction governing 15N
relaxation. In the case of the ND spin system, the
CSA contribution is dominant (see below) and
therefore the orientation of the 15N CSA tensor
becomes the determining factor for the 15N relax-
ation rates. Because the chemical shift is sensitive
to the local distribution of electron density, the
15N CSA tensor’s orientation is in general different
from that of the NH-bond vector (corrections for
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Figure 3. Representative fitting curves for R1 and R2 measure-
ments are shown for Leu5 and Gly41, as indicated. Peak
intensities in a series of 1D spectra recorded with different
relaxation delays were fit to a mono-exponential decay. The
error bars represent experimental errors in peak intensities
estimated from noise integration.
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the noncollinearity between the two interactions
are discussed in (Fushman and Cowburn, 1999)).
The anisotropy of local backbone motions could

also contribute to the difference between average
orientations of the CSA and dipolar tensors.
To account for the possible difference in the
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Figure 4. Longitudinal (R1, black bars) and transverse (R2, grey bars)
15N relaxation rates in GB3 in D2O, determined using 15N direct

detection at 11.7 T (500 MHz 1H frequency). The diagram on the top indicates the location of the secondary structure elements.
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Figure 5. The agreement between experimental (solid squares) and calculated 15N R2 and R1 values for (a,b) ND groups (in D2O) and
(c,d) NH groups (in H2O) in GB3 at 11.7 T. The calculated data were obtained using model-free spectral densities and assuming
uniform 15N CSA of ) 160 ppm (solid line) or using site-specific 15N CSA values (open squares) obtained from five-field analysis and
ranging from ) 131 (Thr49) to) 216 ppm (Ala48) (Hall and Fushman, 2006). The site-specific CSA data are not included for Leu12,
Ala20, Ala26, and Phe52, which were outliers in that study. The overall rotational diffusion tensors of GB3 in H2O and D2O were as in
Table 1, the model-free parameters were from multiple-field data analysis (Hall and Fushman, 2006). The contributions from remote
protons are included in (a,b); but not included in (c,d) (in keeping with standard practice) since this effect is negligible compared to the
dipolar coupling between the 15N nucleus and the bound 1H.
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orientations of the relaxation-active interaction
and the NH vector, we allowed the former to
deviate from the NH bond in both in-plane and
out-of-plane directions using two degrees of free-
dom described by the angles b and n. The angle b
measured the deviation of the interaction frame
from the NH orientation in the peptide plane, with
the positive direction towards the carbonyl nucleus
of the previous residue. The angle n measured the
deviation away from the peptide plane, with the
positive sign corresponding to a clockwise rotation
about the N–H bond (when looking from H to N).
The tilt of the interaction axis was assumed to be
the same for all residues in the protein. The
ROTDIF analysis (see above) was performed on a
{b, n} grid, and the resulting values of the target
function obtained from all grid points were com-
pared, in order to find the orientation of the axis
that minimizes the difference between the experi-
mental and back-calculated values of q. Note that
in this analysis we assume that the relaxation–
relevant interaction is axially symmetric, i.e. can be
characterized by a unique axis. While clearly an
approximation, this assumption is accurate when
the dipolar coupling is the dominant interaction
and also seems a reasonable first approximation in
the case of relaxation dominated by the CSA
mechanism, due to relatively small deviations of
15N chemical shielding tensors in proteins from
axial symmetry (Cornilescu and Bax, 2000; Loth
et al., 2005; Wylie et al., 2006).

Using reduced relaxation rates (Equations 2),
the optimal orientation of the axis of interaction
was found to be approximately in the peptide
plane and titled by 17� from the NH-vector

towards the carbonyl atom (Table 1, Figure 6).
This result prompted us to further investigate the
hypothesis that the orientation of the principal
frame of the relaxation–active interaction in the
N–D pair reflects the dominant (in this case)
contribution from the 15N CSA interaction (as-
sumed axially symmetric). In order to explore this,
the dipolar contribution was entirely subtracted
from the relaxation rates (see above). This resulted
in a further increase, to 24�, in the tilt angle b in
the same direction of rotation. Given the relatively
broad minimum of the target function versus angle
b, these numbers are in good agreement with one
another. Note also that the characteristics of the
rotational diffusion tensor obtained at these opti-
mal values of the tilt angles agree for the two
subtraction methods and with those measured in
NH groups in GB3 using conventional methods
(Table 1). Although the reduction in v2 compared
to the zero-tilt model is not dramatic, likely
reflecting the limited precision of the data, the
statistical F-test gave confidence levels of 83 and
85%, respectively, for the two cases. The out-of-
plane tilt angle n was small (2�–3�) and statistically
not significant. The slight increase in the tilt angle
when the dipolar contribution to relaxation was
completely subtracted agrees with the idea that the
observed behavior is the result of an interplay
between the orientations of the dipolar and CSA
interactions. In a control analysis of 15N relaxation
data for GB3 in H2O (at 14.1 T), the minimum
was found within 3� of the NH vector orientation
(Figure 6), as expected because of the predomi-
nant contribution to 15N relaxation from dipolar
coupling in the NH pair.

Table 1. Characteristics of the overall rotational diffusion tensor of GB3 determined from 15N relaxation data measured by the direct

method proposed here and by conventional relaxation approaches

Spin pair J(x) components subtracted ba na sc
b Dk=Db

? Fc Qc

15N–1H (sample in H2O) J(xH), J(xH±xN) 0d 0d 3.3 (0.1) 1.4 (0.1) 92 (6) 72 (7)

) 3e 0e 3.3 (0.1) 1.4 (0.1) 95 (6) 68 (7)
15N–2H (sample in D2O) J(xD), J(xD±xN) 0d 0d 4.2 (0.4) 1.3 (0.2) 103 (28) 68 (23)

17e 2e 4.2 (0.4) 1.3 (0.2) 96 (26) 75 (21)

J(0), J(xN), J(xD), J(xD±xN) 0d 0d 4.3 (0.5) 1.3 (0.3) 105 (34) 66 (29)

24e 3e 4.3 (0.4) 1.3 (0.3) 98 (26) 77 (23)

Numbers in the parentheses represent standard deviations. aThe angles b and n (in degrees) correspond to a tilt of the interaction axis
away from the NH bond (see text). bThe overall correlation time sc ¼ 1=½2ðDk þ 2D?Þ] (in nanoseconds) and the anisotropy, Dk=D?,
of the diffusion tensor. cThe angles F and Q (in degrees) determine the orientation of unique axis of the rotational diffusion tensor with
respect to the protein coordinate frame. dThe angles b and n were fixed at 0, i.e. the interaction axis was assumed to be in the direction
of the N–H bond. eThe angles b and n were adjusted as a result of a grid search minimizing the residuals of fit.
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Because 15N CSA is the dominant mechanism
of 15N relaxation in ND pairs under these condi-
tions, this analysis provides the average orienta-
tion of the 15N CSA tensor. Indeed, the derived
values of the in-plane tilt angle b are in good
agreement with both solid-state NMR data on
short peptides (summarized in (Korzhnev et al.,
2001)) and solution NMR measurements in
ubiquitin (Fushman et al., 1998; Cornilescu and
Bax, 2000; Kurita et al., 2003; Damberg et al.,
2005; Loth et al., 2005) which give a range from
13� to 26� (and the mean values from 16� to 21�)
for the angle between the NH-bond and the least-
shielded component of the CSA tensor, in the
peptide plane.

The deviation of the average orientation of the
CSA tensor from that of the NH bond explains
the fact that the R2 values in the a-helix (residues
23–36, Figures 4, 5b) are less elevated relative to
the rest of the protein than in H2O (Figure 5b)
(Hall and Fushman, 2003). As shown in (Hall
and Fushman, 2003), the elevated R2s in the
a-helix are the result of the unique principal
axis of the diffusion tensor of GB3 being

approximately parallel to the helix axis (hence to
NH vectors in the helix) and approximately per-
pendicular to NH vectors in the b-sheet. The ef-
fect is less pronounced in D2O, because the CSA
tensors – the main contributors to 15N relaxation
– in the b-sheet are tilted from the NH vectors
and therefore are better aligned with the diffusion
tensor axis (a 17� tilt of the CSA in the peptide
plane corresponds to an average 10� tilt towards
the diffusion tensor for b-sheet residues). The
CSA tensors in the a-helix, on the other hand, are
correspondingly less well aligned with the helix
axis (and therefore with the diffusion tensor axis)
than their NH vectors due to this same tilt, the
combined effect being that there is less of an
elevation of transverse relaxation rates in the
helix with respect to those in the b-sheet (cf.
Figure 5a and b).

Sensitivity to site-specific CSA variations

The advantage of 15N relaxation measurements in
ND systems is in their higher relative sensitivity to
15N CSA compared to the conventional measure-
ments in H2O. Consider for example CSA deter-
mination from the field dependence (Fushman
et al., 1999; Fushman and Cowburn, 2001) of

2R2 � R1 ¼
8

3
d2 4Jð0Þ þ 6JðxDÞ½ �

þ 4 xN � Dr=3ð Þ2Jð0Þ; ð4Þ

where Drj j ¼ r2
xxþ

�
r2
yy þ r2

zz � ðrxxryy þ rxxrzzþ
ryyrzzÞ�1=2 is a general expression (Canet, 1998) for
the effective anisotropy of the chemical shielding
tensor r; which reduces to the more conventional
one, Dr ¼ rk � r?, in the case of axially symmet-
ric tensor (rxx ¼ ryy ¼ r?; rzz ¼ rkÞ. At 11.7 T,
the ratio of relative contributions from the dipolar
interaction and 15N CSA is greater than 4:1 in NH
systems but changes drastically to approximately
1:3 in ND pairs, i.e. the overall gain is �12 fold.
These numbers vary only slightly as a function of
the protein size. Overall, a 10% variation in the
CSA will result in a �7.5% variation in 2R2)R1

(ND-pair) compared to only a �2% effect for the
NH pair. Naturally, the CSA contribution to 15N
relaxation increases with the field and in ND sys-
tems exceeds 90% at 21.1 T. This suggests a higher
accuracy of CSA determination from 15N relaxa-
tion measurements in ND systems.
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Figure 6. Variation in the residuals of the fit (from ROTDIF
analysis), as the main interaction frame is tilted away from the
direction of the NH vector, while remaining in the peptide plane
(angle n = 0). Shown is the value of the target function per
degree of freedom (v2/df) from a least-square fit of experimental
data (Equation 1) assuming axially symmetric overall rotational
diffusion tensor. The curves correspond to subtraction of the
dipolar contributions at frequencies containing combinations of
the deuterium Larmor frequency (Equations 2, open triangles)
and at all frequencies (Equations 3, solid triangles). Shown for
comparison (solid circles) are the results of a similar analysis of
15N relaxation data in NH-pairs (in H2O). The left-hand y-axis
scale corresponds to v2/df for both sets of D2O data while the
right-hand y-axis scale is for the 1H-detected 15N relaxation
data collected for the GB3 sample in H2O. A schematic
representation of the orientation of the CSA tensor axis at the
position of minimum v2 is shown in the insert.
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Indeed, as illustrated in Figure 5, the experi-
mental R2 values in ND systems are in a mark-
edly better agreement with the predictions based
on site-specific 15N CSAs than with those for a
constant CSA of ) 160 ppm, whereas the R2

values measured in H2O are not sensitive enough
to discriminate between uniform and site-specific
15N CSA values. The sensitivity of the presented
method to variations in the 15N CSA values and
to the orientation of the CSA tensor is an
unprecedented feature, permitting the determina-
tion of the orientation of the CSA tensor along
with the rotational diffusion tensor. The avail-
ability of 15N-detected relaxation data at several
fields would allow us to quantify the 15N CSA
values using the field-dependence of the combi-
nations of relaxation rates (work in progress) –
similar approaches were developed for 15N
relaxation data measured in H2O (Fushman and
Cowburn, 2001).

In addition to their sensitivity to the 15N
CSA, relaxation measurements in ND systems
offer certain advantages for detecting nanosec-
ond and slower motions in proteins. First, these
measurements extend the current repertoire of
spectral densities sampled by 15N relaxation
measurements, as the relaxation rates in the ND
spin system are sensitive to motional averaging
at different frequencies than in the NH pair.
Specifically, 15N relaxation rates in ND systems
sample the spectral density J(x) at x = 0, xN,
xD, and xN±xD, and it has been shown that at
these frequencies the spectral density function
describing motion of the ND bond is in agree-
ment with that of the NH bond at higher fre-
quencies (Xu et al., 2005). Due to the opposite
signs and close absolute values of the gyromag-
netic ratios of 15N and 2H xN + xD is a rela-
tively low frequency (21 MHz at 9.4 T and
42 MHz at 18.8 T), therefore knowledge of
J(xN + xD) has the potential to improve char-
acterization of protein dynamics in the nano-
second timescale: (xN + xD)

)1 [ 7.6 ns at
9.4 T and 3.8 ns at 18.8 T. Combined with the
other spectral density components, J(xN), J(xD),
and J(xD ) xN), this will allow a detailed sam-
pling/characterization of backbone motions in
the range from 8 ns to 0.8 ns, which is important
for understanding of motions in loops and other
segments in a protein. It is worth mentioning in
this regard that a proper combined analysis of

backbone dynamics in NH and ND pairs re-
quires that 15N relaxation measurements for
both groups be performed under the same sam-
ple viscosity conditions. This can be achieved by
introducing a controlled amount of H2O in the
sample, as e.g. in (Xu et al., 2005), such that the
NH measurements could be performed using the
conventional inverse-detection methods. The
pulse sequences in Figure 2 can be modified for
these purposes by including prior to the acqui-
sition a filter that suppresses signals originating
from the (residual) protonated amides. Second,
the total rate of 15N transverse relaxation in ND
pairs is substantially less than in NH pairs (due
to the decrease in the dipolar contribution). This
could improve NMR characterization of chemi-
cal exchange phenomena, as the quantification
of these processes depends critically on the rel-
ative contribution of chemical exchange to the
total transverse relaxation rate (Palmer et al.,
2005).

A promising approach for exploiting the po-
tential of the 15N nucleus in the 15N–2H pair as a
probe for motion has been proposed recently (Xu
et al., 2005), based on indirect measurement of
15N relaxation through magnetization transfer
using HA(CACO)N-type experiment. Because of
the 13C enrichment required for that method, the
15N–2H system is not isolated, and corrections for
contributions to 15N relaxation caused by cou-
plings with 13C¢ and 13Ca are required for accu-
rate analysis of the data. These contributions
could be important, particularly at lower fields.
With the protocol presented therein, the relaxa-
tion rates of the CzN+ antiphase coherence in
ND systems are subtracted from those of NH
systems. This subtraction, however, results in the
loss of the information about the 15N CSA con-
tribution to relaxation. The direct way of mea-
suring 15N relaxation in the 15N–2H pair
presented here is so far the only technique that
analyzes the isolated ND pair, thus avoiding
contributions from neighboring carbons. The
relaxation rates observed are those of pure
nitrogen coherences. As nitrogen magnetization is
directly excited and detected, signals for all the
residues can be acquired with this approach,
including Pro and Gly. It is worth mentioning
that the use of 15N frequency for detection also
circumvents the problems of suppressing the sol-
vent signal.
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Conclusions

In summary, we presented measurements of 15N
relaxation rates in a protein in D2O using direct
15N detection. These measurements became feasi-
ble due to hardware development. By sampling the
spectral density function at the frequencies xD and
xD±xN these measurements provide potentially
useful information about protein motions in the
nanosecond time range not available from the
conventional measurements in NH systems. In
addition, the proposed direct 15N-detection
experiments offer increased sensitivity to 15N CSA
values and could provide a useful tool for accurate
measurements of these parameters in proteins.

For small-size proteins, the 1D approach pre-
sented here offers good resolution because of the
narrow lines. For larger-size proteins, where both
spectral crowding and line broadening become
critical, the 15N detection approach could still be
useful for quick determination of the overall
tumbling time – using the average R2 and R1 val-
ues determined from the envelope of the spectrum
(or its part). Heteronuclear direct-detection meth-
ods, avoiding magnetization transfer via fast-
relaxing nuclei, have the potential of becoming
useful when applied to large proteins or protein
complexes.

Supplementary material

A figure showing a comparison of the 1D 15N
spectra obtained from ND and residual NH
groups in the GB3 sample; a description of the
procedure for calculating the spectral densities.
This supplementary material is available at http://
dx.doi.org/10.1007/s10858-006-9063-4.
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