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The molecular function of biomacromolecules is determined
by both their 3D structure and conformational dynamics.
NMR cross-correlated relaxation (CCR) contains informa-
tion about local structure and local anisotropic dynamics.
CCR arises from the interference of two relaxation mecha-
nisms such as chemical shift anisotropy (CSA) and dipole–
dipole (DD) interactions, which are described by tensors in
3D space, and contains information about the relative
orientation of these tensors and their correlated motion.[1–4]

In this respect, CCR rates involving CSA tensors are most
useful, as they sample local structure and dynamics along
three orthogonal axes. Over the past few years, numerous
NMR experiments have been designed to measure cross-
correlated relaxation rates to determine local molecular
geometry,[3, 5] to study local dynamics,[6–9] and to characterize
chemical-shift tensors in solution.[10–12] Different models of
anisotropic local motion of the peptide plane have been
discussed.[7,9, 13–15]

Whereas CCR processes in principle contain an enormous
amount of information, the interpretation of these relaxation
rates must be treated with great care. For example, a CSA/DD
relaxation process depends on many factors, including the local
molecular structure, the magnitude of the CSA and orientation
of the shift tensor in the fixed molecular frame, and local
anisotropic dynamics.[2] To simplify this problem, the magni-
tude of the CSA and orientation of the shift tensor, both of
which are difficult to access experimentally and theoretically,
are often treated as fixed invariable parameters. Alternatively,
the effect of dynamics is included through a generalized
(isotropic) order parameter, which represents a considerable
simplification to the complex hierarchy of internal anisotropic
dynamic modes that characterize the local motion of the
peptide plane. Recently, the vector fluctuations of N�H and
C’�Ca bonds were monitored by studying the temperature
dependence of cross-correlated relaxation rates rather than
their absolute values, thereby diminishing the influence of
uncertainties in CSA parameters.[9]
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With extended DFT calculations, we previously found
significant site-specific variations in both the magnitude of the
C’ CSA (the relative magnitudes of the three principal
components of the shift tensor d11, d22, and d33) and the
orientation of the C’ chemical-shift tensor (with principal axes
x11, x22, and x33; Figure 1). We formulated a simple model for
the C’ CSA, which depends only on the isotropic chemical
shift, diso.

[16] The d11 and d33 components are ostensibly

invariable with average values of 247� 2 ppm and 85�
1 ppm, whereas the d22 component varies linearly with the
isotropic chemical shift (d22 = 3 diso�332 ppm). The parame-
terization of our CSA model[16] is notably improved in
comparison with previous proposals,[17,18] and is supported
by a recent analysis of experimental CCR rates, although local
anisotropic motion was not explicitly considered in this
study.[12] We also found that the orientation of the shift
tensor is site-specific with the average a angle (the angle
between x11 and the C’�N bond; Figure 1) varying from 228–
468.[16]

Herein we combine classical molecular dynamics (MD)
and extended DFT simulation methods with multidimen-
sional NMR spectroscopy to study transverse C’ CSA/DD
CCR processes. The extended DFT calculations provide an
accurate representation of the C’ CSA magnitude and the
orientation of the chemical-shift tensor in the fixed molecular
frame. The MD simulation contains information about local
anisotropic dynamics. Thus, by combining DFT and MD we
can consider the relevant factors that affect the CCR rates
and dissect their relative contributions.[2] Employing the
Gaussian Axial Fluctuation (GAF) model,[19,20] we study
local anisotropic fluctuations of the peptide plane orientation
and provide an efficient method to determine these from
cross-correlated relaxation.

We have measured three CSA/DD cross-correlated
relaxation rates involving the carbonyl CSA: C0ðiÞ/ Ca

ðiÞ�Ha
ðiÞ,

C0ðiÞ/N(i+1)�H(i+1), and C0ðiÞ/C
0
ðiÞ�Ca

ðiÞ (Figure 1) for the 55-
residue Tudor domain. A CSA/DD CCR rate, G(CSA/DD),
associated with the interference of a chemical-shift tensor
centered at nucleus J and a magnetic dipole–dipole inter-
action between nuclei K and L is given by:[1, 3,4]

G ðCSA=DDÞ
J=K�L ¼ 2 d c

X

i

fdii 4 Jcc
ii,K�Lð0Þg ð1Þ

in which d =
ffiffiffiffiffiffiffiffiffiffiffi
ð1=8Þ

p
(m0/4p) (h/2p) gK gL hr�3

K-Li and c =ffiffiffiffiffiffiffiffiffiffiffi
ð1=8Þ

p
gJ B0 are constant factors for the dipolar and CSA

interactions, respectively (Supporting Information).[*]

The cross-correlated spectral density functions, Jcc
ii,K�L(w),

are associated with the average relative orientation and
temporal correlated motion between the ith principal axis of
the chemical-shift tensor and the K�L dipolar interaction.
Assuming time-scale separation for slow isotropic rotation
diffusion with an associated correlation time, tc, and fast local
anisotropic motion, the spectral density function can be
obtained by Fourier transformation of the associated cross-
correlation function as:[1,3, 4]

Jcc
ii,K�LðwÞ ¼ 2

Z1

0

Cii,K�LðtÞ cos wt dt ð2aÞ

Cii,K�LðtÞ ¼ 1=5ðt=tcÞ Cint
ii,K�LðtÞ ð2bÞ

Cint
ii,K�LðtÞ ¼ hdK�Lð0Þ xiiðtÞi�hP2 ðcos qii,K�LðtÞÞi ð2cÞ

The first and second terms on the right side of Equa-
tion (2 b) describe the correlation functions for internal
motion assuming overall isotropic tumbling, which is a
reasonable assumption for the Tudor domain (the ratio of
Dk/D?= 1.02). The description of anisotropic rotational
diffusion involves rather complex spectral densities,[3,21] and
under certain limits the influence of anisotropic rotational
diffusion can be approximated.[21] The values dK�L and xii

represent the orientation of the dipole–dipole interaction
(K�L) and the principal chemical-shift tensor axes, respec-
tively. qii,K�L is the projection angle between the dipole–dipole
vector and the ith principal axis of the chemical-shift tensor.
Herein, the spectral density functions in Equation (1) are
derived numerically from the MD simulation according to
Equation (2).

The cross-correlation functions can be expressed analyti-
cally with the model-free approach,[22,23] in which the average
relative orientation and amplitude of the correlated motion of
the two interaction vectors is defined by a single parameter,
S2

ii,K�L, known as the order parameter (Supporting Informa-
tion). In the 3D GAF model, the anisotropic order parameter
S2

ii,K�L is described by assuming Gaussian fluctuations around
three principal axes, which are rigidly attached to the peptide
plane. The 3D GAF parameters for the Tudor domain
(principal axes ea, eb, and eg) and the standard deviation of

Figure 1. a) Schematic representation of the three C’ CSA/DD CCR
rates studied. The average orientation of the C’ chemical-shift tensor
(angle a) is also indicated (principal axes x11, x22, and x33). The x33 axis
lies perpendicular to the peptide plane, whereas the x11 and x22 axes lie
in the peptide plane. b) Temporal fluctuations of the peptide plane of
Val 126 over the MD simulation. c) Representation of the average ori-
entation of the C’ chemical-shift tensor (principal axes x11, x22, and x33)
and average GAF principal axes (ea, eb, and eg) in the local molecular
frame.

[*] Note that if K = J, that is, for a CCR that involves the CSA of spin J and
a dipole–dipole interaction between spins J and L,
G ðCSA=DDÞ

J,J�L = 2d c
P

i

{dii (4Jcc
ii,J�L(0) + 3Jcc

ii,J�L(wJ)}.
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the angular fluctuations (sa, sb, sg) have been extracted from
a MD trajectory.[19,20]

Figure 2a shows the correlation between the simulated
[Eq. (1) and Eq. (2)] and experimental C’/Ca�Ha cross-
correlated relaxation rates. In general, an excellent agree-
ment between the experimental and simulated data is
observed. Deviations are found for residues in loop regions,
which, apart from Asp 96, exhibit a low heteronuclear {1H}–
15N NOE (< 0.65). Presumably, these differences between
simulation and experiment arise from incomplete sampling of
y angles averaged over the MD simulation. Particularly in
secondary structure elements, the motion of the C’ chemical-
shift tensor principal axes and the Ca�Ha bond vector is highly
correlated, and the associated cross-correlation functions
extracted from the MD trajectory exhibit almost no decay.

This CCR process is predominantly dependent on the y angle,
which determines the average orientation between the
principal axes of the C’ shift tensor and the Ca�Ha bond
vector.[24–27] However, as can be observed in Figure 2b, site-
specific variations of the C’ chemical-shift tensor also have an
effect on the resulting relaxation rates, particularly when
608<y< 1808 for residues in b sheet secondary structure
elements. Considering all residues studied in the Tudor
domain, observed CCR rates vary between �19.0 s�1 and
+ 9.0 s�1. The effect of C’ CSA variations causes a change in
the relaxation rate of up to 7 s�1 (25 % of the total observed
range), whereas the effect of dynamics (in secondary structure
elements) only produces a change in the CCR rate of up to
2 s�1 (7% variation). The orientation of the C’ chemical-shift
tensor relative to the peptide plane has a small effect on the
relaxation rate (< 3 s�1) and is observed only in a-helical
regions (Supporting Information).

This analysis indicates that when C’/Ca�Ha CSA/DD
CCR rates are used for refining the backbone angle y in
secondary structure elements,[27,28] local dynamics has only a
small effect on the measured rates. However, site-specific
variations of the C’ CSA should clearly be taken into account.
This can be addressed easily with the CSA model based on the
isotropic C’ chemical shift.[16]

The C’/N�H CCR process depends predominantly on the
C’ CSA (the magnitude of the d22 component) and local
anisotropic dynamics. This is highlighted in Figure 3, in which
experimental and simulated CCR rates are compared with a
fixed shift tensor[29] (Figure 3a) and our site-specific shift
tensor[16] (Figure 3b); each case presents the simulated results
with and without the inclusion of dynamics. On average, the w

angle is 1808� 58 in all residues studied, and such small
variations in this angle have a negligible effect on the
relaxation rates. Similarly, variations in the orientation of
the C’-shift tensor in the fixed molecular frame (the a angle)
have a very small effect on this CCR process (Supporting

Figure 2. a) Experimental and simulated C’/Ca�Ha CCR rates (G) for
all residues in the Tudor domain excluding terminal residues and gly-
cine residues. Filled and empty circles represent residues whose chem-
ical-shift tensors were calculated with the extended DFT method or
with the C’ CSA model, respectively. Under the model, the orientation
of the shift tensor was fixed with a =348. For five residues (labeled)
the correlation between experiment and theory is poor. Each of these
residues is in a loop region and, except for Asp96, exhibits a low
heteronuclear {1H}–15N NOE (<0.65). b) Experimental C’/Ca�Ha CCR
rates plotted with respect to the y angle taken from the X-ray crystallo-
graphic structure.[34] Lines indicate the expected CCR rates assuming
an C’ isotropic chemical shift of 168 ppm (a) and 180 ppm (c).
In both cases the orientation of the C’-shift tensor is fixed with
a =348.

Figure 3. a) Experimental and simulated C’/N�H CCR rates assuming
a fixed invariant C’ CSA[29] excluding (red *) and including (black *)
the effect of local anisotropic dynamics. b) Experimental and simulated
C’/N�H CCR rates with the site-specific C’-shift tensor excluding (red
*) and including (black *) the effect of local anisotropic dynamics. In
all cases a N�H bond length of 1.02 � is employed, and the orienta-
tion of the C’ chemical-shift tensor is fixed with a = 348.
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Information). This relaxation rate has been used previously to
characterize local anisotropic dynamics—that of the peptide
plane.[8,30] The analysis presented herein strongly argues that
site-specific CSA variations have to be considered before
extracting dynamic parameters from this CCR rate, as
discussed below.

Experimental and simulated C’/C’�Ca cross-correlated
relaxation rates for the 12 carbonyl groups studied with our
extended DFT procedure are shown in Figure 4. This CCR

process depends primarily on the orientation of the shift
tensor in the molecular frame. A change in the a angle alone
(Figure 1) from 208 to 508 causes a change in the C’/C’�Ca

CCR rate of 0.6 s�1, which covers the range of relaxation rates
measured. Local anisotropic dynamics leads to variations that
change the relaxation rate by up to 0.30 s�1 (50 % of the total
observed range). The variation in the carbonyl CSA can cause
a change in the relaxation rate of up to 0.15 s�1 (25% of the
total range). Therefore, local anisotropic dynamics contrib-
utes only partially to the observed variations in this CCR rate,
and variations in the a angle have to be considered.

For C’/N�H and C’/C’�Ca CCR processes, local aniso-
tropic motion of the peptide plane has a considerable effect
on the observed relaxation rates. To further investigate the
effect of local anisotropic motion on these CCR processes, we
employed the 3D GAF model of Br�schweiler and co-
workers.[20] This model is particularly useful, as it describes the
motion of the peptide plane in terms of physically meaningful
geometrical parameters. For all residues in the Tudor domain
we found that the principal axis eb sits perpendicular to the
peptide plane and the eg axis lies at an angle of 368–408
relative to the C’�N bond. The 3D GAF principal axes of
rotation are therefore almost exactly co-oriented with the
average DFT calculated principal axes of the C’-shift tensor in
the fixed peptide frame (Figure 1). The standard deviations of

amplitude fluctuations (sa, sb) over the MD trajectory of
10 ns change very little from residue to residue, with average
values in the b-sheet regions (6� 28, 4.5� 28), in the 310 helix
(5� 28, 4� 28) and in the loop regions (118� 38, 88� 38). A
significantly larger variation was observed in the fluctuation
of sg from 98 to 178 in the secondary structure elements and up
to 258 in the more flexible loop regions. These results are
similar to a previous analysis of ubiquitin based on a set of
autocorrelated relaxation rates.[15]

Through simplification of the 3D GAF model to an
effective 1D GAF model, in which sa = sb = 58� sab (the
global average value for all residues in secondary structure
elements) and by using the average orientation of the 3D
GAF principal rotation axes, we have calculated the effect of
the variation of sg on the C’/N�H CCR rate. The resulting 2D
CCR map (Figure 5), which includes the effect of site-specific

C’ CSA variations, allows the accurate estimation of sg from a
given experimental C’/N�H CCR rate. As shown in detail in
the Supporting Information, variations in the orientation of
the C’-shift tensor and sab generally have a negligible effect on
this CCR process. The resulting sg amplitude fluctuations
correlate very well with the autocorrelated 15N order param-
eter calculated from 15N relaxation data with TENSOR2[31]

(Figure 6). This important result demonstrates that the differ-
ent relaxation rates provide a consistent description of the
local anisotropic dynamics. This observation also argues that
out-of-plane motion of the N�H bond vector[9, 32] does not
have a strong effect on these relaxation rates.[*] Given the
larger amplitude of sg compared with sab, our GAF analysis is

Figure 4. Correlation between experimental and simulated C’/C’�Ca

CCR rates for the 12 residues studied with the extended DFT chemical-
shift calculation.[16] The C’/C’�Ca CCR rate depends strongly on the ori-
entation of the chemical-shift tensor (the a angle). Large CCR rates
such as those of Ser99 and Cys107 are observed when the a angle is
very large (>428). Unfortunately, it is difficult to accurately estimate
the magnitude of the site-specific a angle. The a angle of each residue
is therefore obtained directly from the DFT calculations.

Figure 5. A 2D CCR map for C’/N�H CCR. From top to bottom, the
isotropic C’ chemical shift varies from 168 to 180 ppm with lines
drawn every 1 ppm; sab is fixed at 58. For a given C’/N�H CCR rate,
the corresponding sg can be extracted from the 2D map, as shown for
Val 126 (diso = 175.3 ppm; C’/N�H CCR rate =�1.6 Hz).

[*] In fact, this is indicated by comparing C’/N�H cross-correlated order
parameters calculated numerically from the MD simulation [Eq. (1)
and Eq. (2)] with the order parameters extracted from the 3D GAF
analysis of the same simulation. The difference in the numerically
calculated order parameters (which include N�H out-of-plane
motion) and the 3D GAF order parameters (which do not sense N�H
out-of-plane motion) is less than 0.03, resulting in a negligible
change in the associated CCR rates.
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consistent with so-called crankshaft motions around the
Ca
ðiÞ··· Ca

ðiþ1Þ axis (Figure 1c).[7,13–15] We have also calculated
2D CCR maps for the C’/C’�Ca CCR rate, which demonstrate
the strong dependence of this rate on the orientation of the
C’-shift tensor and variations in sab (Supporting Information).

In summary, we have performed a detailed analysis of C’
CSA/DD CCR rates by combining classical MD and extended
DFT simulation methods. We have found that the C’/Ca�Ha

CCR rate depends primarily on the local protein structure
(the y angle), but is also affected by variations in the C’ CSA.

In contrast, the C’/C’�Ca CCR rate strongly depends on the
orientation of the carbonyl chemical-shift tensor in the fixed
molecular frame and local anisotropic dynamics, but C’ CSA
variations also play a role. The C’/N�H CCR rate depends
principally on the carbonyl CSA (the magnitude of d22) and
local anisotropic dynamics and is thus most useful for the
characterization of such motions. Employing the 3D GAF
model, it is possible to acquire detailed information concern-
ing the local anisotropic motion of the peptide plane from a
single cross-correlation: the C’/N�H CCR rate.

Cross-correlated relaxation processes contain a wealth of
information concerning both the structure and dynamics of
biomolecular systems and are exploited in the design of
relaxation-optimized NMR experiments.[33] The improved
description of the parameters presented herein will be useful
for future studies of the characterization of local anisotropic
dynamics. A dissection of the relaxation data into different
contributing factors demonstrates the power of combining
theoretical and experimental techniques to probe the struc-
ture and dynamics of biomacromolecules.
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