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This paper describes a method of obtaining15N chemical shift
anisotropy information in solution using a direct, model-
independent method. The complete chemical shift tensor,σ,
contains significant information about the local electronic envi-
ronment of a NMR-detectable nucleus. In solution, only the
isotropic chemical shift,σiso ) tr(σ)/3, is available, and the useful
elements are averaged out. The isotropic chemical shifts in
proteins have been widely identified as useful structural
indicators,1-3 and the anisotropic elements would likely be even
more valuable.

An elegant method of assessment of the chemical shift
anisotropy (CSA) by measuring cross correlation between15N-
1H dipolar interaction and15N CSA was recently suggested.4,5

This CSA data analysis4 relies on the “model-free” approach6 and
therefore has limited applicability in the cases of (1) nonspherical
proteins when structural information is not available, (2) when
other processes (domain motion in multidomain proteins; protein
dimerization, protein-ligand interaction, etc.) restrict the validity
of the model-free approach, and (3) where the residue-specific
variability of the CSA renders estimates ofS2 imprecise.

The characterization of15N CSA, without use of the model-
free assumption is presented here. This approach is based on
analysis ofR2 and the cross correlation between CSA and dipolar
interaction, and does not require knowledge of the additional
relaxation parameters needed for the model-free analysis.

For amide15N nuclear spin relaxation, the observed transverse
relaxation rate,R2, is given in terms of the spectral density
function, J(ω),7 as R2 ) 1/2(d2 + c2)[4J(0)+3J(ωN)] + PHF +
Rex, wherePHF ) 1/2d2[J(ωH - ωN) + 6J(ωH) + 6J(ωH + ωN)]
denotes contribution toR2 from high-frequency motions andRex

corresponds to conformational exchange contribution, if any. Here
ωN andωH are Larmor frequencies of the nitrogen and hydrogen
nuclear magnetic moments respectively,d ) (µo/(4π))γHγNh/
(4πrHN

3), c ) -ωN(σ| - σ⊥)/3, whererHN is the internuclear1H-
15N bond length,σ| - σ⊥ is anisotropy of the15N chemical shift
tensor,γH andγN are gyromagnetic ratios of the nuclei, andh is
Planck’s constant. The termPHF can be obtained directly from
the experimental data, without any assumption about15N CSA,
using the reduced spectral density approach:8,9 PHF ) 13(γN/γH)
(1 - NOE)R1/10. For the majority of the amide NH groups,J(ωH)
is much smaller thanJ(ωN) andJ(0),8,9 which then allows us to
safely neglectPHF to the first order,R2 ≈ 1/2(d2 + c2)[4J(0) +
3J(ωN)], assumingRex is negligible.

The effect of cross correlation between15N-H dipolar interac-
tion and15N CSA was shown10 to result in different transverse
relaxation rates for the doublet components of an isolated15N-
1H spin pair. The cross correlation term can be written in the
following form,4 η ) dc[4J(0) + 3J(ωN)]P2(cosθ), whereθ is
the angle between the unique axes of the CSA and dipolar tensors
andP2(x) is the second-rank Legendre polynomial. This expres-
sion, valid for small values ofθ, provides a good approximation
for peptide15N nuclei, where the observedθ angles are less than
about 24°.11-16

Our approach is based on the observation thatη and the
dominant term inR2 contain exactly the same combination of
the spectral density functions. The ratio of the two quantities
then givesη/R2 j η/(R2 - PHF) ) [2dc/(d2 + c2)]P2(cosθ). Since
theη/R2 ratio does not contain any direct dependence on protein
dynamics, this equation provides a basis for a direct, model-
independent determination of the15N CSA from experimentally
measured parameters, without explicit knowledge of the micro-
dynamic parameters and without any assumption about the model
of overall motion. Indeed, givenR2, η and the structure-related
angleθ, the CSA can be obtained:

(for a complete derivation see the Supporting Information). On
the other hand, if the15N CSA is known, then theη/R2 ratio allows
estimation of theθ angle:

The approach suggested here assumes absence of conforma-
tional exchange contribution toR2. Those residues with signifi-
cantRex are to be excluded from the analysis. The high sensitivity
of η/R2 to Rex contributions (Supporting Information, Figure 2c)
suggests that theη/R2 ratio can be used as a tool for identification
of those amide groups subjected to conformational exchange.

The expected errors associated with the neglect of the high-
frequency components of the spectral density inR2 are small
(Supporting Information, Figure 2a,b), suggesting that in most
cases measurements ofη and R2 are likely to be sufficient for
this approach and thatR1 and NOE measurements are not
necessarily required.

To illustrate this approach, we analyzed published15N relax-
ation data for human ubiquitin.4,17 To test observed ratio ofη/R2,
the values of the cross-correlation termη were plotted (Figure
1a) against the corresponding values ofR2, modified to subtract
the high-frequency contribution,PHF. On the basis of the spectral
density functions derived from published relaxation data,R1, R2,
and NOE for ubiquitin,17 contributions toR2 from the high-
frequency components are small (Supporting Information, Figure
3), less than 2.3% (1.3% on average) for all but the four
C-terminal residues, Leu73-Gly76. The two rightmost points in
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Figure 1a belong to Leu23 and Asn25, exhibiting a substantial
conformational exchange contribution.17 These two residues are
excluded from further analysis. The spread in theη/R2 values
(Figure 1b) can be attributed to deviations in the individual values
of θ, to variations in the CSA values, and/or to experimental
errors. Analysis in terms of CSA relies on the assumption that
rNH is constant. The variations inη/R2 arising from variations in
the 15N-1H dipolar coupling withrNH are small,(3% for the
range 1.02( 0.01 Å for rNH.

In Figure 2, the surface of appropriate CSA) θ values is
shown for given values ofη/R2. This makes determination of
CSA solely from NMR relaxation data at one frequency ambigu-
ous. Additional information regarding theθ angle, as e.g. from
protein crystal NMR studies, fromab initio calculations, or
methods sensitive to the relative orientation of the N-H vector
and the CSA tensor (e.g. like ref 18) should resolve this issue.

The experimental data for ubiquitin4,17 provide a basis for
statistical analysis of possible values of these parameters in
proteins. Figures 2 and 3 depict the range of statistically
significant values ofθ and15N CSA. These values are somewhat
different from what is expected from the solid-state NMR studies
on peptides (θ ≈ 20-24°, CSA ) -160 ppm, dashed linesa, b,
andc, Figure 2). The value of CSA) -170 ppm reported in
ref 4 (dashed lined in Figure 2) is in a somewhat better agreement
with Figure 2, although this statistical analysis of ubiquitin data
suggests larger absolute values of15N CSA in proteins, or smaller
values ofθ angle, or both. A trend toward smaller values ofθ
is consistent with data for gramicidin A in lipid bilayers16 and
for a protein-DNA complex.19 Additional studies on other
proteins are in progress (Supporting Information, Figure 5).

A constant value of CSA (-160 ppm) is currently assumed
for relaxation data analysis, both in the model-free analysis6 and
in the spectral density function approach.20 A broad distribution
of possible CSA values at a givenθ (e.g., half-width at half-
height of ∼30 ppm atθ ) 20°, Figures 2 and 3) suggests
significant variations in CSA. A variation,δCSA, will cause a
relative variation of-2dc/(d2 + c2)(δCSA/CSA) in the spectral
density functionsJ(0) andJ(ωN) derived from relaxation data,
R1, R2, and NOE. Similar relative variations are expected forS2

in the model-free approach. At 600 MHz and CSA) -160 ppm,
the factor 2dc/(d2 + c2) ) 0.5, so that e.g. a 20% variation in
CSA (Figures 2 and 3) might result in 10% error in apparentS2,
which exceeds the commonly reported precision of the order
parameter. An incorporation of CSA information into relaxation
data analysis appears to be necessary to improve the accuracy of
obtained order parameters or spectral density values. This may
be particularly important for the correct interpretations of changes
in order parameters observed as a result of protein-ligand
interactions or conformational transitions, where the effect of
perturbation of CSA tensor has to be deconvolved from the real
changes in protein dynamics.
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Figure 1. Correlation between the cross-correlation termη and the rate
of 15N transverse relaxation,R2, (a) and histogram ofη/R2 values (b) for
ubiquitin. Solid squares represent data having no significant conforma-
tional exchange contribution; residues Asn25 and Ile36 indicated by open
triangles have significantRex, and the four C-terminal residues, Leu73-
Gly76, having significant high-frequency component of the spectral density
function are indicated by open squares. To provide an accurate fit for all
residues exhibiting noRex contribution, those which have a significant
contribution from high-frequency motions (73-76) and those which have
not, all R2 values were modified to subtract thePHF term, determined
using R1 and NOE data as described in the text. The straight line
corresponds toη ) (0.753( 0.005)R2, as derived from linear regression
using all residues not subject to conformational exchange: the correlation
coefficient betweenη and R2 is 0.96. A two-parameter fit was not
statistically significantly better. A very similar proportionality coefficient,
0.743( 0.005, was obtained for rawR2 data, without correction for the
high-frequency contribution (Supporting Information, Figure 4).

Figure 2. Contour map of possible sets of CSA andθ values, representing
solutions of equationη/R2 ) [2dc/(d2 + c2)]P2(cosθ) for ubiquitin. The
solid lines correspond toη/R2 values corresponding to 95, 90, 68.3, and
50% of distribution of the experimentalη/R2 values, Figure 1b. The dotted
line in the middle of the 50% area corresponds to the average value of
η/R2 ) 0.753 (Figure 1a). Dashed lines corresponding toθ ) 20° (a), θ
) 24° (b), CSA) -160 ppm (c), and CSA) -170 ppm (d) indicate a
range of values of the parameters expected from either solid-state NMR
studies of peptides11-15 or from NMR solution studies of ubiquitin.4

Figure 3. Examples of a statistical distribution of CSA (a, b) andθ (c,
d) values corresponding to a section of the CSA-θ distribution surface
(Figure 2) along the corresponding dashed lines, as indicated in Figure
2. The height of each vertical bar equals the number of residues for which
a given set ofσ| - σ⊥ andθ values satisfies the observed values ofη/R2

within experimental error.
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