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NMR spectroscopy occupies a unique position among biophysical
techniques due to its particular sensitivity to intramolecular mo-
tions.1 Rapid movements, up to the range of the characteristic
rotational correlation time of the molecule (around 10 ns for
medium-sized proteins in aqueous solution) are now routinely
studied using15N spin relaxation. However while slower time scales
(up to millisecond) can be detected, using for example relaxation
dispersion methods,2 routine measurement of these functionally
important motions remains elusive.

Residual dipolar couplings (RDCs) report on averages over
longer time scales (up to the millisecond range) and therefore
encode key information for understanding protein motions in the
submicro- to millisecond range.3 Recent studies of conformational
averaging from RDCs have used “model-free” approaches to
characterize the reorientational properties of individual N-NH
vectors.4 A drawback of these elegant methods is the practically
stringent requirement of finding multiple (>5) alignment media
that induce a sufficiently different residual orientation of the
molecule relative to the magnetic field (the alignment tensor). It is
therefore of interest to develop procedures for detecting confor-
mational averaging from RDCs measured using fewer alignment
media.

We have recently demonstrated the utility of applying a simple
geometric model of peptide reorientation (Gaussian axial fluctuation
or GAF)5 to interpret conformational averaging of RDCs.6 This
study detected average amplitudes of anisotropic peptide plane
dynamics of around 15° in secondary structural elements from
different proteins using data from single alignment media. Here
we apply this approach to the study of local peptide dynamics along
the protein backbone.

In the presence of anisotropic peptide plane dynamics, N-NH
RDC averaging depends on the average orientation of the plane
with respect to each tensor and on the amplitude of the conforma-
tional sampling (σ).6 If the orientation and alignment tensors are
known (from a structural model), motional amplitudes can then be
determined for each site. Definition of this parameter may be ill-
defined in the presence of a single tensor, so that for a robust
analysis of the data-fitting procedure alignment media inducing
significantly different tensors are required. We therefore combine
RDC data fromm alignment media to extract local motional
amplitudes (σi) at each sitei throughout the protein, by minimizing
the function:7

We have initially applied this approach to a set of five
independent data sets recently measured from the third IgG-binding
domain from protein G.8 The non-dynamically averaged alignment
tensor parameters were determined usingRC-C′ RDC in compari-
son to the known structure, as this coupling has been identified as

the least sensitive peptide plane RDC to GAF-like motions.6 The
available N-NH RDCs for each site were then fit to the crystal
structure9 using eq 1 to optimizeσi with respect to these tensors.
Model acceptance is based on analysis of the quality of the fit.10

There is a clear statistical improvement in the reproduction of the
experimental data using this simple dynamic model, and in general
the GAF motional model accounts for a large amount of the
discrepancy between RDC calculated from the static model and
the experimental data (totalø2 for the 27 sites using the GAF model
is 318, while for the static model this is 1267).

Comparison with analogous dynamic amplitudes derived from
15N relaxation, reporting on motions occurring on the pico- to
nanosecond time scales, should allow the identification of sites
undergoing longer time-scale motions. We have therefore translated
the amplitudeσ into an order parameterS2

RDC
5a and compared this

with 15N relaxation-derived order parameters11 (Figure 1a). Similar
amplitude motions are found in the centralR-helix of the protein,
with higher-order parameters characteristic of a compact, relatively
rigid structural domain. The most dynamic regions are clustered
around the protruding loop between strands 1 and 2 of theâ-sheet,
while the fourth is located at the same extremity of theâ-sheet in
the loop preceding strand 3. While the location of these larger-
amplitude dynamics corresponds to that found from15N relaxation,
for certain positions the amplitude is significantly greater. This is
perhaps not surprising, considering the longer time scale over which
averaging is occurring. Importantly, no order parameters are
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Figure 1. Dynamic parameters from RDC measured in protein G. (Top)
Order parameters derived from GAF analysis of RDC, (thick line) compared
to S2 derived from15N relaxation (thin line) andB-factors from the crystal
study (histogram). The position of theR-helix is indicated in black, and
â-sheets, in white. (Bottom) GAF amplitudes derived using all five data
sets (open circles) and the two most independent (filled circles). Errors are
estimated from noise-based Monte Carlo simulations, assuming an error of
1 Hz.
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measurably higher than those derived from15N relaxation. The
presence of larger-amplitude slower dynamics derived from RDC
is also in qualitative agreement with the distribution ofB-factors
from the X-ray study (Figure 1a).

Measurement of RDCs in five different alignment media is still
a substantial undertaking for many experimental systems. We have
therefore applied the method using the two data sets that are most
independent as judged by the normalized scalar product of the Saupe
matrix elements for the two tensors.12 This results in motional
amplitudes that closely reproduce those derived from the analysis
using five independent data sets (Figure 1) and results in the
rejection of only three additional sites. If we then fit the remaining
data (the three least independent tensors), we again extract very
similar motional amplitudes (Figure S1, Supporting Information),
demonstrating both cross-validation and robustness, even in the
presence of few alignment media.

A similar analysis has been applied to N-NH RDC data from
lysozyme measured in two different alignment media.13 No C′-
RC dipolar couplings were available in this case, and thus an
approach presented recently to estimate the non-dynamically
averaged alignment tensor from N-NH RDC was used to determine
these parameters.6 In comparison to temperature factors extracted
from the 0.9-Å resolution structure14 (Figure 2a), some correlation
is again found, although local motions are also observed in a loop
region presenting lowB-factors (around residue 36). The totalø2

for the presented residues using the GAF model is 46, while for
the same residues the static model gives 1125.

The dependence of this approach on a structural model of the
protein requires an assessment of possible aliasing of coordinate
error into apparent dynamics. The method is, in practice, quite
robust in this respect because anisotropic motion results in coherent
averaging with respect to the different alignment tensors that can
then be extracted using the GAF approach, while this is not
generally the case for structural noise. To illustrate this we have
repeated the analysis using lower-resolution lysozyme structures.
Dynamic amplitudes extracted from structures with 1.5-15aand 2.1-
Å15b resolution are comparable to those from the 0.9-Å structure

(Figure 2b) and demonstrate the insensitivity of the extracted
amplitudes with respect to structural noise, at least within this
resolution range. Comparison of fits from all sites, irrespective of
statistical quality (Figure 2c), illustrates the effects of filtering the
parameter fits using the selection criteria.10

In conclusion we present a straightforward method for interpret-
ing dynamically averaged RDCs in proteins. We assume a single,
effective geometric model and interpret motional averaging in terms
of the amplitude of this motion. While this is a simplification of
potentially complex motions, the method reduces the number of
independent measurements required for the characterization of local
motions, and by applying appropriate error analysis we are able to
extract apparently robust motional parameters. We note that the
method provides an absolute measure of dynamic amplitudes. By
comparing these amplitudes to rapid motional parameters derived
from spin relaxation, a range of motional regimes can be distin-
guished in protein G. While theR-helix retains a degree of structural
integrity similar to that observed on the faster time scale, different
loop regions exhibit large amplitude motions on either fast or slower
time scales. We are exploring further experimental systems using
this method and are optimistic that this approach will contribute
significantly to characterizing slower conformational dynamics in
proteins.
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Figure 2. Dynamic parameters from RDC measured in lysozyme. (A) Order
parameters derived from GAF analysis of RDC (line) compared toB-factors
from X-ray14 (histogram). Helices are indicated in black. No fits between
residues 121-129 were accepted. (B,C) Comparison of GAF amplitudes
derived using 0.9 Å (x-axis) and 1.5 Å (filled circles) and 2.1 Å (open
circles) structures (y-axes) applying selection criteria (B) and for all fits
(C).
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