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Molecular dynamics play an essential role in controlling the
biological activity of proteins. NMR residual dipolar cou-
plings (RDCs)[1, 2] are uniquely sensitive to conformational
detail and thus offer a very attractive approach to the
characterization of protein dynamics on all time scales up to
the millisecond. The simple averaging properties of RDCs
make them amenable to rigorous interpretation in terms of
protein structure and dynamics. Assumptions made when
analyzing protein dynamics from RDCs, as well as the
robustness of the resulting dynamic description, can be
largely substantiated through self-consistency checks. The
recognition of these clear advantages has led to the develop-
ment of several approaches to the characterization of protein-
backbone motions from RDCs, including analytical deconvo-
lution of the amplitudes and anisotropies of bond vectors or
structural motifs,[3–8] ensemble-averaging by restrained-
molecular-dynamics simulation,[9–11] and direct comparison
to unrestrained molecular dynamics (MD).[12,13] In previous
studies, however, only relative motional amplitudes could be
determined directly from RDCs, because internal motional
amplitudes and alignment strength cannot be separated easily.
To derive absolute motional amplitudes from RDCs, NMR-
relaxation-derived S2

Rel order parameters have been used as
upper limits of the corresponding RDC-derived order param-
eters S2

RDC.[4,10, 14]

Herein we describe a robust procedure for the quantita-
tive and absolute determination of protein-backbone motions
from RDCs that requires no scaling to an external reference,
such as Lipari–Szabo order parameters. We have developed a
novel, structure-free approach for the determination of the
average orientation of each independent peptide plane in the
protein and the associated local conformational dynamics
about this mean. Motion is described by using the GAF
(Gaussian axial fluctuation)[15–17] model of peptide-plane
reorientation, whereby the amplitude, direction, and distri-
bution of peptide-plane motions are analytically described.
All alignment-tensor elements are determined simultane-
ously, which enables the quantitative assessment of the
distribution of dynamic amplitudes. The approach was used
to describe the conformational dynamics of the protein
ubiquitin from experimental RDCs,[10, 14,18–20] and the results
are compared to motional modes extracted from a long
(400 ns) MD simulation.

RDCs subject to conformational averaging in a folded
protein can be expressed in terms of orientational bond-
vector averages relative to a common molecular alignment
frame:
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and R is the rhombicity.
When analyzing the spherical harmonic averages Y2

m qi; �ið Þ
� �

from RDCs, it is important to accurately determine the
alignment tensors (j), and in particular the amplitude term for
each tensor Aj

a. If tensors are determined without considering
motion, average components of anisotropic and isotropic
motional modes are absorbed into Aj

a so that the effective
molecular alignment appears lower.[21] As a result, dynamic
amplitudes extracted by any of the proposed approaches are
reduced. Additional uncertainty may result from the coor-
dinate sets used to estimate alignment tensors.

In this study, we addressed these issues by applying a
structure-free GAF approach (SF GAF) to the elucidation of
local motions from RDCs. Although in principal the method
requires as few as three independent alignment media, in this
case 1DNH couplings from 24 alignment media, 1DC’N and
2DC’NH couplings from five alignment media, and 1DC’Ca

couplings from two alignment media were used. These data
sets were chosen previously from a larger data set on the basis
of self-consistency in terms of structure and dynamics.[22,14]
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The following function is minimized for each peptide plane
for which a sufficient number of RDCs (> 15) are available:
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in which the angles (q,f,y) describe the mean orientation of
plane i, A represents the alignment tensor j, sa, sb ,sg, and S
are the amplitudes of the GAF or axially symmetric motions,
and dij is the estimated weighting of each RDC dataset, as
determined by using a robust scaling estimator.[23] Because
every peptide plane is treated separately from the others, this
approach is “structure-free”; that is, the 3D protein fold is
neither required nor constructed, in contrast to previous
GAF-based applications.[6, 7] The internal geometry of each
peptide plane is defined by average heavy-atom coordinates
extracted from ultra-high-resolution protein crystal struc-
tures.[6] The position of the HN atom was optimized previously
from extensive RDCs measured in protein G, with an optimal
average N�HN distance of 1.02 �,[21] consistent with 15N-
relaxation analysis. A more recent analysis suggests a distance
of around 1.024 �.[24] The use of this distance results in
essentially identical results (see the Supporting Information).
This procedure determines the optimal level of alignment
relevant to the dominant motional mode. The result is then
refined by cross-validation of “free datasets” by using the full
3D GAF description, which results in slightly higher tensors,
probably owing to small-amplitude axially symmetric com-
ponents that are otherwise absorbed into all Aj

a values. The
procedure was applied to RDCs simulated from an MD
trajectory of protein G;[25] four known alignment tensors were
used, and the procedure was shown to be both valid and
accurate to around 1% (see the Supporting Information).

By using the tensors defined in this way, 3D GAF analyses
were applied to determine either I {sg}, II {sb,sg}, or III
{sa,sb,sg}. For models I and II, values of < sa>= 48 (I, II) and
<sb>= 68 (I) were determined by optimizing averages from
throughout the molecule. To avoid overfitting, models II and
III were only invoked if the increased complexity of the
model was statistically justified (on the basis of standard F-
tests or AIC);[26] otherwise the average value was retained.

A comparison of the order parameters determined for the
N�HN bond vectors by 3D GAF analysis (S2

RDC) with those
extracted from the trajectories of a long-timescale (400 ns)
MD simulation (S2

MD)[12] revealed a similar profile and similar
amplitude of motion (Figure 1A). On average, the nature of
the dynamics is very similar, as revealed by a comparison of
motional amplitudes about the g (aC�aC) axis (Figure 1B).
Only a few values that are close to zero, and are therefore
expected to have a large error, show deviations.[25] S2

RDC

values were also compared to spin-relaxation order param-
eters S2

Rel
[27] (Figure 1A). Within experimental uncertainty,

three S2
RDC values were found to be significantly higher than

S2
Rel (assuming an uncertainty of 0.03 for S2

Rel): a nonphysical
situation that may be partly caused by uncertainties in
relaxation-data analysis. In previous analyses of the N�HN

RDCs by self-consistent RDC-based model-free analysis
(SCRM), alignment tensors were determined by using a
static model, values were extracted for Y2

m qi; �ið Þ
� �

, and a

scaling of S2
RDC was applied to fulfill S2

RDC � S2
Rel.

[28, 14]

Applied to the relaxation values shown in Figure 1, this
procedure revealed similar order parameters (Figure 2); it
reproduced the details of the sequence-dependent dynamics
found by using the 3D GAF approach.

It was instructive to investigate the dependence of these
findings on the magnitude of the alignment tensors (Figure 3).
An overall scaling factor applied to all tensors was varied over
a range KA = 0.9–1.1 of the determined Aj

a values. For each
point, the local dynamic analysis was repeated with the scaled
tensors. The resulting c2 value over the entire molecule was
calculated for axially symmetric motion (S; model 1), for the
best-fitting 1D GAF or axially symmetric motion (1D GAF/
S) for each individual plane (model 2), and by 3D GAF
analysis (model 3). Model 2 shows a minimum due to
anisotropic motion of peptide planes, which dominates the
detectable motion, and provides a systematically lower c2

value than that obtained with heterogeneously distributed
axially symmetric models (if isotropic motion were more
appropriate, the curve would be the same as for model 1). The
3D GAF analysis does not show a minimum, as this model can
accommodate axially symmetric components while retaining
local anisotropy. However, cross-validation of “free datasets”
by using the full 3D GAF description does show a minimum,

Figure 1. A) N�HN order parameters determined from SF GAF analysis
of RDCs for ubiquitin (S2

RDC: blue), 400 ns MD simulation (S2
MD: red),

and 15N spin relaxation (S2
Rel : dashed line). B: Amplitude of the g

component of 3D GAF motion (sg) as determined from SF GAF RDC
analysis (blue) and 400 ns MD simulation (red). Error bars are derived
from noise-based Monte Carlo simulation.

Figure 2. Comparison of N�HN order parameters determined from
SF GAF (blue) and SCRM (black) values. The SCRM values were
scaled to be equal to or lower than the relaxation data set.[14]
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in both experimental and simulated cases (see the inset in
Figure 3 and the Supporting Information). The dotted line (on
the left-hand side of the graph in Figure 3) shows the
alignment tensor determined on the assumption of no
dynamics. This alignment tensor is significantly smaller and
leads to poorer reproduction of the data.

The robustness of the SF GAF approach was tested by
cross-validation: a) Data from each alignment medium were
removed for 24 separate analyses, and RDCs were back-
calculated by using static and 3D GAF models and appro-
priate alignment tensors for the specific models; b) two N�HN

RDCs were randomly removed from each peptide plane and
back-calculated. In both cases, the c2 value was considerably
lower for 3D GAF analysis than for the static model (1.1
compared to 4.2 for (a), and 1.0 compared to 3.7 for (b); see
the Supporting Information). This demonstrates that the
dynamics determined by 3D GAF analysis are required for
correct reproduction of the data, providing significant
improvement over an analysis using optimal tensors for a
static analysis. Average orientations of internuclear bonds
determined by this approach are also very similar to those in
the high-resolution NMR structure (PDB code: 1d3z;[29] see
the Supporting Information).

Enhanced motions apparent in the turn region of the N-
terminal b hairpin (8–12) occur in the time range covered by
the MD simulation, but are invisible to spin-relaxation
experiments due to the overall tumbling of the molecule
(around 4 ns). Dynamics occurring in the region of the turn
62–65 appear to reflect larger g motions for peptide planes 62
and 65 (Figure 4) and are not present in the simulation. A
hydrogen bond present in this turn is one of the weakest
detected from 3JN,C’ scalar coupling.[30] Peptide planes 64 and
65 show the largest-amplitude (308) a motions in the protein,
suggesting mutually dependent dynamics in this turn.

In conclusion, RDCs from ubiquitin measured in multiple
alignment media were analyzed in terms of local backbone
dynamics by using a structure-free GAF-based approach. This
approach yielded significant improvement in data reproduc-
tion over a model supposing no dynamics. The method relies
only on experimental RDCs; thus, absolute alignment-tensor

information and quantitative internal motional modes and
amplitudes are obtained from experimental data alone.
Comparison with simulation confirmed that the approach
can be used to determine internal mobility on an absolute
scale. In common with all RDC-based methods, this approach
is insensitive to the potential presence of isotropic internal
motions of identical magnitude for all dipolar interactions
across the whole protein. Nevertheless, there is close corre-
spondence of the average amount, nature, and distribution of
motion derived using the SF GAF model compared to the
motion present in a 400 ns MD trajectory of ubiquitin. The
method also reproduces SCRM-derived order parameters
remarkably well despite the fact that no scaling with respect
to the relaxation order parameters is applied in the SF GAF
approach. More generally, these methods lay the foundation
for a quantitative description of the local dynamic behavior of
proteins on a wide range of time scales up to the millisecond
on the basis of RDCs alone, provided the protein of interest is
amenable to study in a sufficient number of different align-
ment media.[25] This type of analysis provides important
information about protein flexibility and will hopefully
improve our understanding of the mechanisms governing
molecular recognition and function.
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