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ABSTRACT:

A complete description of biomolecular activity requires an understanding of the nature and the role of protein conformational
dynamics. In recent years, novel nuclear magnetic resonance-based techniques that provide hitherto inaccessible detail concerning
biomolecularmotions occurring on physiologically important time scales have emerged. Residual dipolar couplings (RDCs) provide
precise information about time- and ensemble-averaged structural and dynamic processes with correlation times up to the
millisecond and thereby encode key information for understanding biological activity. In this review, we present the application of
two very different approaches to the quantitative description of protein motion using RDCs. The first is purely analytical, describing
backbone dynamics in terms of diffusive motions of each peptide plane, using extensive statistical analysis to validate the proposed
dynamic modes. The second is based on restraint-free accelerated molecular dynamics simulation, providing statistically sampled
free energy-weighted ensembles that describe conformational fluctuations occurring on time scales from pico- to milliseconds, at
atomic resolution. Remarkably, the results from these two approaches converge closely in terms of distribution and absolute
amplitude of motions, suggesting that this kind of combination of analytical and numerical models is now capable of providing a
unified description of protein conformational dynamics in solution.

Protein structure determination has contributed immensely to
our understanding of biology, providing three-dimensional

atomic resolution descriptions of the molecular basis of physio-
logically important interactions between biochemically active
molecules.1 However, as we emerge from a decade of massive
investment in structural genomics projects,2 it is becoming
increasingly clear that a complete description of biomolecular
activity requires additional understanding of the nature and the
role of the associated conformational dynamics of the protein.
Proteins are intrinsically dynamic, exhibiting a flexibility that can
be manifest in terms of large-scale reorganizations3 or small-scale
conformational fluctuations of backbone and side chain atoms
about their mean conformation.4 There is a growing body of
evidence that shows that proteins intrinsically sample conforma-
tional flexibility that encodes their function, sampling different
structures that may be required for interaction with different
partners, emphasizing the necessity for the development of an
atomic-resolution understanding of this flexibility.5 An accurate

description of the complex thermally accessible conformational
space inherent to the protein at its physiological temperature is
therefore essential to the understanding of its biomolecular
function.

Despite the importance of molecular dynamics, three-dimen-
sional protein structure determination, using for example X-ray
diffraction or nuclear magnetic resonance (NMR) spectroscopy,
has largely ignored protein motions, routinely representing
rapidly exchanging conformational equilibria in terms of single
static structures. NMR is, however, uniquely suited to character-
ization of protein structure and dynamics in solution, because of
its atomic-resolution sensitivity to conformational fluctuations
occurring on vastly different time scales, ranging from picose-
conds to days. In fact, all NMR spectra report on a broad
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conformational average, whose correct interpretation underpins
NMR-based structural biology. Each measurable resonance
represents an average of rapidly interchanging conformations
whose difference in chemical shift is smaller than their inter-
conversion rates, corresponding to an almost overwhelmingly
vast dynamic average over the equilibrium ensemble. The
accurate description of this ensemble average necessarily repre-
sents a major task for the biomolecular NMR spectroscopist.
Unfortunately, despite major advances in the use of chemical
shifts for the determination of protein structures,6,7 the com-
monly measured population-weighted chemical shift itself can-
not yet be used to describe this conformational ensemble. Other,
so-called first-order interactions such as scalar and dipolar
couplings, which also have a direct impact on the measured
spectrum, can be used to characterize ensemble averaging over
the same time scale and therefore provide the ideal tool with
which to probe functionally important motions occurring in
biomolecules.8�10 In this review, we will present recent results
that provide a consistent and quantitative description of the
extent and nature of intrinsic dynamics in folded proteins in
solution.

’NMR AND DYNAMIC EQUILIBRIUM

NMR is of course routinely used to directly probe protein
motions across a broad range of time scales, although such
studies tend to be conducted in a manner independent of the
structure determination step. The most common approach is
to measure spin relaxation, describing the phenomenological
mechanisms returning an excited nuclear spin state to its
equilibrium value.11 In the case of macromolecules in solution,
15N and 13C relaxation processes are dominated by the
stochastic reorientational properties of physical interactions
that induce random fields that relax the excited spin state back
to equilibrium. In the case of 15N relaxation, dipolar interac-
tions between 15N and 1HN spins dominate at magnetic fields
below 20 T, so that measured relaxation rates report on the
angular reorientational correlation function of internuclear
bond vectors. Motions on time scales that are faster than the
characteristic molecular rotational diffusion time constant τc
(in the range of 5�30 ns for typical soluble proteins) are now
routinely measured for nuclear spin pairs distributed through-
out the protein backbone and side chains, providing informa-
tion about the amplitude and frequencies of structural
fluctuations.12,13 Comparison of the dynamic behavior of
proteins in the presence and absence of physiological cofac-
tors can provide mechanistic insight into the role of fast
motions in biological function. Dynamics occurring on time
scales in the micro- to millisecond range are potentially of
even greater interest because many biologically important
processes, such as enzymatic catalysis, signal transduction,
ligand binding, and allosteric regulation, are expected to occur
on these time scales. For this reason over the past decade,
there has been considerable development of techniques for
accurately probing these slower time scale motions at atomic
resolution.

One of the most powerful experimental developments in
recent years exploits the fact that changes in the electronic
environment of a nuclear spin on a time scale in the micro- to
millisecond range can give rise to measurable chemical shift
exchange phenomena that influence effective transverse spin
relaxation rates. Rotating frame relaxation experiments14,15

applied to the description of the dynamics and thermodynamics
of conformational equilibria in small biopeptides used one-
dimensional, homonuclear 1H NMR.16�19 In the past two
decades, related methods have been extended to 15N- and 13C-
labeled proteins20,21 and are now routinely applied in probing
molecular motions in the most challenging proteins in terms of
size and complexity.22�24 In addition to the accurate determina-
tion of time scales of conformational exchange, translation of
measured exchange phenomena into effective chemical shifts and
populations allows the extraction of structurally dependent
parameters of the dynamically exchanging forms of the molecule,
even in the case of very weakly populated substates.25 This
sensitivity to so-called “invisible states” has proven to be critical
for providing structural and dynamic information about excited
species that are often crucial for protein function, allowing, for
example, the determination of atomic-resolution structures of
protein folding intermediate states.26

By its nature, the nuclear Overhauser effect (NOE),27 the
standard tool for protein structure determination,28 also
contains important information defining disorder in the
conformational ensemble. The NOE measures the efficiency
of cross relaxation between two protons and depends on the
motion of the spin pair and its spatial proximity. The standard
usage of the NOE transforms the measured cross relaxation
rates into a single structural constraint on the basis of the
theoretical dependence of 1/r6 for a fixed spin pair bound to a
molecule with a known rotational correlation time.29 In fact,
the measured NOE is also dependent on internal motions and
on the characteristic correlation time of these motions.30

Normally, the combination of a large number of such con-
straints is used to determine a single structure, such that
possible deviations of individual rates from the simple
assumption used to extract each distance tend to average
incoherently and produce barely significant effects on the
final structural model. Numerous approaches have, however,
been proposed, to capture the essential motions present in
solution on the basis of NOE. The majority are ensemble
averaging methods relying on restrained molecular dynamics
using multiple explicit copies of the protein,31,32 or some kind
of Monte Carlo sampling procedures.33 While the modeling
of ensemble-averaged experimental parameters with an ex-
plicit ensemble is obviously an appealing idea, the drawback
when applied to the NOE is that the dynamic processes
responsible for the measured experimental parameters are
potentially more complex than a simple population-weighted
average. For example, motions occurring on time scales faster
than the overall correlation time of the protein can be
averaged differently with respect to motions occurring on
time scales slower than τc, for the same average internuclear
distance and the same geometric parameters. The determina-
tion of a dynamic ensemble on the basis of NOEs is an
underdetermined problem unless time scales and geometric
distributions are known a priori. This statement holds, and is
probably exacerbated, when NOEs are combined with other
NMR parameters that are averaged on different time scales
(vide infra). While great progress has been made over the past
five years in addressing the correct statistical analysis of NOE
data in terms of conformational models, in particular using
inferential structure determination,34 it is clear that the
treatment of conformational flexibility remains of utmost
importance in terms of both structural accuracy and under-
standing of biological function.
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’RESIDUAL DIPOLAR COUPLINGS DIRECTLY PROBE
CONFORMATIONAL SPACE

Over the past decade, residual dipolar couplings (RDCs) have
emerged as powerful tools for studying protein structure and
dynamics in solution. The dipolar or dipole�dipole interaction
results from the coupling of a given magnetic moment with any
other magnetic moment in its surroundings, and this coupling is
given by11

DIS ¼ � γIγSμ0h
16π3rIS3

ÆP2 cosðθISÞæ ð1Þ

where γ is the gyromagnetic ratio for the two spins, r is the
distance between the spins, μ0 is the permeability of free space,
and h is Planck’s constant. Two extreme cases can be considered:
the isotropic case, in which the interaction samples all orienta-
tions in free solution with equal probability, themeasured value is
averaged to zero, and the information content is lost, and the
solid state case, in which the nearly complete absence of
macroscopic motion leaves the dipolar interaction almost un-
diminished. In this case, the dipolar coupling between spins that
are close in space (tens of kilohertz for covalently bound
15N�1H spins) can dominate the entire spectrum unless re-
moved by artificial means. The idea of using a mesomorphic or
liquid crystalline phase is to retain the essential geometric
information content in a residual dipolar coupling that can be
measured using the simplicity of liquid state NMR.35,36

RDCs are first and foremost highly sensitive structural con-
straints. For this reason, the majority of publications treating
RDCs measured in biomolecules have assumed a so-called static
description that supposes the absence of differential dynamics
within the framework of the molecular or alignment frame. This
approximation ignores the Boltzmann-weighted population of
available conformational substates that one would expect to exist
in such a complex macromolecule. However, a number of initial
comparisons with data from model proteins for which high-
resolution structures were already known indicated that a very
good reproduction of experimental data could be obtained by
invoking only a static structure. This suggested that the amount
of dynamics present was either minimal or at the very least
averaged in such a way that it remained in agreement with a static
description. RDCs are now routinely incorporated into structure
refinement protocols, leading to better-defined structural bun-
dles. It is important to exercise some caution here; it is well-
documented that a single RDC has a very broad angular
degeneracy, such that refinement using only RDCs from
15N�1HN pairs in a protein carries little additional structural
information,10 and it has recently been noted that even a peptide
plane with multiple RDCs arranged in different directions can
adopt 16 equally valid orientations.37 When data from differently
aligning media are combined, the intrinsic structural information
becomes far more powerful,38 even leading to the determination
of the three-dimensional protein structure using only RDCs.39,40

More importantly, RDCs provide simultaneous information
about time- and ensemble-averaged structural and dynamic
processes occurring on time scales up to milliseconds and
thereby encode key information for understanding biomolecular
motions. Any measured interaction is modulated by motion
occurring on time scales faster than the interaction magnitude
expressed in frequency units. Typically, RDCs are in the range of
tens of hertz, which corresponds to time scales of a few tens of
milliseconds. As the chemical shift coalescence limit often occurs

on times scales around the millisecond time scale, an RDC will
be sensitive to all time scales up to the coalescence limit.
This property confers an important role on RDCs, that of a
motional probe.

The most obvious application of RDCs to the understanding
of conformational flexibility in biomolecules is the consideration
of domain motions within a larger macromolecular ensemble.
This was first demonstrated in a study of magnetically aligned
cyanometmyoglobin, in which the presence of diffusive motion
of R-helices was invoked on the basis of RDCs and paramagnetic
chemical shifts.41 Following this pioneering study, a number of
systems have been shown to exhibit domainlike dynamic behav-
ior using similar approaches, for proteins42�45 and RNA46�49 or
oligosaccarides.50

RDCs are also particularly sensitive to the structural details of
local conformational dynamics, and this aspect will be the subject
of the remainder of this review. The simple averaging properties
of RDCs make them amenable to rigorous interpretation, and
this means that assumptions made when analyzing protein
dynamics from RDCs, as well as the robustness of the resulting
dynamic description, can be statistically substantiated using self-
consistency checks. This makes RDCs possibly even more
powerful than standard spin relaxation experiments, where the
potential for cross checking via independent sources of informa-
tion is limited, with the additional advantage that they sample
longer time scales. The disadvantage is of course that the time
scale of any motions that are characterized can only be placed
within an upper limit of the millisecond range. Nevertheless,
comparison between dynamic amplitudes, normally expressed in
terms of order parameters (S2) extracted from RDCs and spin
relaxation, can provide precise information about the presence of
dynamics in the picosecond to millisecond range.

Diverse techniques have been proposed to characterize local
protein backbone conformational dynamics fromRDCs, and these
can be classified into two generic approaches. The first directly
determines dynamic amplitudes and anisotropies of bond vectors
or structural motifs from multiple RDC measurements.51�60

This kind of approach has the advantage of being independent
of molecular models and relatively free from the bias incurred
upon combination of potential energy force fields and experi-
mental target functions. The disadvantages are that the motional
parameters tend to be expressed in an abstract or mathematical
form that is difficult to directly translate into a format compre-
hensible to the structural biologist. As with all fitting procedures,
there is also the possibility that noise can be fitted into the
motional parameters. The second, diametrically opposite ap-
proach, exploits the heavy artillery of molecular dynamics simula-
tion to develop a picture of the protein ensemble that is in
agreement with experimental data.5,32,61�64 The implicit risk with
the latter approach is that the statistical mechanical ensemble may
not be properly described when the ensemble is driven into a
conformational description that is in agreement with experimental
data, and that it is not necessarily simple to detect a manifestation
of this kind of artifact. The advantage, however, is evident: an
explicit molecular description of the ensemble giving rise to
experimental data and describing the conformational space
sampled up to millisecond time scales holds immense potential
for understanding the mechanistic basis of biomolecular interac-
tion and function.

The first kind of approach, which one can term “analytical”,
attempts to determine the average spherical harmonics
ÆYm2 (θi,φi)æ that define the orientational sampling of each vector
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relative to a common molecular alignment frame,51,65 using the
expression

Dj
i ¼ Aj

a
γIγSμ0h
8π3rIS3

ffiffiffiffiffiffi
4π
5

r
ÆY 0

2 ðθi,φiÞæþ
ffiffiffi
3
8

r
R½ÆY 2

2 ðθi,φiÞæ
(

þ ÆY 2
�2ðθi,φiÞæ�

)
ð2Þ

where Aa is the amplitude and R the rhombicity of the alignment
tensor. The measurement of RDCs in the presence of different
alignment media changes the way the same dynamics averages
the measured RDC. The spherical harmonics can be averaged in
the different tensorial frames using Wigner rotation matrices and
can therefore be mathematically determined frommore than five
independent experimental data sets. When considering a single
dipolar interaction or internuclear vector, we can talk of “model-
free” analytical approaches, because, as for relaxation data
analysis, it describes motional averaging without invoking any
kind of physical model.13 This avoids bias due to an inevitably
imperfect model but limits the possible interpretation of the
results as most of the obtained parameters are purely mathema-
tical and therefore sometimes difficult to interpret physically.
Two different model-free approaches have been developed to
extract dynamic information from RDCs.51,65 Both are based on
matrix descriptions of RDCs measured in different alignment
media and determine the sampling characteristics defined by the
spherical harmonic terms shown in eq 2. Although the details of
the formalisms differ significantly, they lead to similar structural
and dynamic information. Both authors noted, however, that the
quantitative determination of ÆYm2 (θi,φi)æ is dependent on an
accurate determination of the alignment tensors (j), and in
particular the amplitude term for each tensor, Aa

j . When only
15N�1HN vectors are used in the analysis, it is virtually impos-
sible to distinguish between changes in the overall alignment and
overall changes in local dynamics, so that the authors have scaled
the amount of dynamics to be lower than or equal to the levels
determined from spin relaxation, measured on essentially the
same bond vectors. This is justifiable because the amplitudes of
motions occurring on all time scales up to the millisecond time
scale must be equal to or greater than motions occurring up to
the nanosecond time scale, which are sampled by spin relaxation.
It is worth noting that different approaches to the treatment of
overall rotational diffusion or the selection of the complexity of
the models used to describe local motion can modulate the level
of 15N�1HN order parameters determined from spin relaxation
measured at one magnetic field strength,66 so that caution should
possibly be exercised when taking these numbers as absolute
references. Iteratively refined versions of this kind of interpreta-
tion of RDCs have been applied to the protein ubiquitin using
data measured using many alignment media.52,67�70 This re-
sulted in the evocation of differing levels of slow dynamics, with
pervasive slow motional order parameters ranging from 0.8 to
0.9, depending on the combination of data sets used in the
analysis and the exact determination of the level of molecular
alignment (vide infra). The origin of these disparities may also
derive from the fact that the data derived from different align-
ment media are often of very different quality, leading to
problems of relative weighting and potential overfitting to noise.
In this respect, one of the most important advances was the
application of the SECONDA analysis to a collection of more
than 30 data sets.71 This approach provides an entirely model-

free criterion that can be used to identify data sets that are
incompatible because of excessive noise or interaction with the
alignment medium and allowed the larger data set to be pruned
to a subset of data measured in 23 different alignment media.

To overcome some of the difficulties of the model-freemethod,
researchers have developed related approaches that combine the
angular averaging properties of multiple bond vectors within a
known structural motif. The first of these approaches proposed to
determine effective local alignment tensors, giving a generalized
degree of order for units of local structure comprising each CR

junction in the protein.53While this requires precise knowledge of
one of the backbone dihedral angles in the protein (the φ angle)
and is therefore applicable under only certain assumptions, the
concept was a clear-sighted precursor to approaches that consider
movement of peptide planes. These approaches were based on the
analysis of multiple RDCs oriented in different directions in a
single peptide plane and exploit the principle that anisotropic
reorientational motion of the peptide plane will average differently
oriented RDCs (Figure 1).54 The apparent uniformity of the
peptide unit throughout the chain, combined with the existence of
a simple model for peptide plane motions, offers the possibility of
characterizing the backbone dynamics of a protein using the
multiple RDCs that can be measured in each plane of a 13C-
and 15N-labeled protein. The most appropriate model for the
description of peptide planemotions is the so-calledGaussian axial
diffusion or GAF model, originally developed for the interpreta-
tion of spin relaxation data,72�74 is a general extension of the so-
called crankshaft motional model, and allows for diffusive motions
around three orthogonal axes attached to each plane (Figure 1).

Figure 1. Gaussian axial fluctuation model of peptide plane reorientation
(top) showing the three axes about which the amplitude of diffusive
motions is determined in RDC-based GAF approaches. The four bottom
panels illustrate howorientational sampling averages differentlywith respect
to different molecular alignment tensors. The three spheres show the range
of RDC values from large positive (red) to large negative (blue) for three
differently oriented tensors, emanating from differently aligning media.
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In an early work, it was shown that using a common amplitude
for the γ-motion (Figure 1) for all the peptide planes in secondary
structural elements of high-resolution protein structures for which
15N�1HNRDCs had beenmeasured led to a statistically significant
improvement in the reproduction of data compared to a static
analysis.54 This was the first demonstration that anisotropic mo-
tions could be detected with statistical certainty and provided an
important indication that this model was relevant to the averaging
properties of backboneRDCs in proteins. It also explained previous
observations that to simultaneously reproduce 15N�1HN RDCs
and 13CR�13C0 RDCs using the same alignment tensor, an
unusually long distance for the 15N�1HN bond was necessary
(1.04 Å) when using a static description.75 This is simply an
experimental manifestation of the additional motional averaging
that this direction experiences compared to the 13CR�13C0 direc-
tion. This is also the first indication that this anisotropy of peptide
plane motion can provide the key to the determination of absolute
levels of backbone dynamics in proteins that will be described in
more detail below.

A complete three-dimensional GAF (3D-GAF) analysis of
local motion was conducted using an extensive set of RDCs from
the third immunoglobin binding domain of streptococcal protein
G (GB3).76 The average positions of the heavy atoms in each
peptide plane were assumed to be identical to those present in a
high-resolution X-ray structure, and the alignment tensors, which
provide the reference frame relative to which the dynamics are
determined, were defined using the RDCs associated with the
least dynamic bond vectors identified from an initial analysis.
Following the determination of alignment tensors, the coordi-
nates of the protein were rotated into the principal axis system of
each alignment tensor and the averaged coupling calculated as a
function of σR, σβ, and σγ, the amplitudes of motion about the
three axes using

ÆDæ3D-GAF

Dmax
¼

ffiffiffiffiffiffi
4π
5

r
ÆY 2

0 ðθi,φiÞæ3D-GAF
n

þ
ffiffiffi
3
8

r
R½ÆY 2

2 ðθi,φiÞæ3D-GAF þ ÆY 2
�2ðθi,φiÞæ3D-GAF�

o
ð3Þ

where

ÆY 2
mðθi,φiÞæ3D-GAF ¼

∑
2

l0, l00 ¼ � 2
e�l02σ2

γ=2e�iðl00 � MÞφzdl0,Mð�θzÞdl00, l0 ðθzÞ
n

� ∑
2
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e�n02σ2
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h

� ∑
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m0,m00 ¼ � 2
e�m02σ2

R=2e�iðm00 � n00Þφxdm0, n00 ð�θxÞdm00,m0 ðθxÞY2,m00 ðΩÞ
��

ð4Þ
This study revealed an alternating pattern for the amplitude of
the γ- and β-motions in the β-sheet, where the hydrophobic,
buried residues were the least dynamic (Figure 2). This motion
resembles the so-called “backrub” motion,77 whereby concerted
motion of adjacent backbone peptide planes results in an
increased level of motion of the intervening side chain; in this
case, these are the solvent-exposed sites. The amplitudes of
motion increased from one edge of the sheet to the other, leading
to maximal dynamic sampling in the interaction site, supporting
conformational selection as a driving force for the interaction
with its physiological partner, Fab.78 The results were supported
by extensive cross validation of so-called passive data that were
not used in the analysis. Correlations between motions of
peptide planes linked by hydrogen bonds across the β-sheet
were revealed using 3JN0C trans-hydrogen bond scalar couplings.
This observation provided a rare insight into one of the possible
mechanisms by which proteins transfer information through
space via correlated motions, in this case across a β-sheet, and
has implications for our understanding of allosteric regulation.
To address the level to which this approach is dependent on the
precision of the structure used to represent the average coordi-
nates in solution, the procedure was repeated using an NMR
structure refined using many of the RDCs used in the dynamic
analysis. Remarkably, the results were essentially identical,
indicating again that the intrinsic dynamic information encoded
in each average RDCs cannot be completely incorporated into a
single average structure, and that the motional characteristics of
the vectors involved can still be determined even after refine-
ment against the RDCs. We also note that relaxation rates
measured in the same protein in the solid state revealed a similar
alternating pattern of 13C relaxation rates in the β-strand,
indicating that these motions are intrinsic to the fold of the
protein.79

This analysis also suggested that one could go further than
fitting dynamic amplitudes to RDCs on the basis of a known
average structure and actually dispense entirely with the three-
dimensional structural model from the start. This requires the
simultaneous determination of the average structure and the
associated dynamic modes and amplitudes describing motions
about this mean. In this case, the tensor determination step was
improved by allowing a one-dimensional GAF (1D-GAF) mo-
tion during the determination of the tensor parameter, during
which the orientations of all planes were also simultaneously
optimized.60 Then a backbone structure was determined using an
approach calledDynamic Meccano. This approach is based on the
Meccano (Molecular Engineering Calculations using Coherent
Association of Nonaveraged Orientations) method that was
developed to sequentially orient all the protein peptide planes
in the protein using only RDCs. Here the approach was

Figure 2. Illustration of the amplitude (red for a large amplitude and
blue for a smaller amplitude) γ-motions present in the β-sheet of protein
GB3. The motion across the sheet is found to be correlated, on the basis
of trans-hydrogen bond scalar couplings, and reaches a maximal
amplitude in the interaction site with Fab (colored gray and blue).
The interaction is mediated via hydrogen bonds.
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combined with analytically defined dynamic averaging using a
GAF motion, leading to results very similar to those of the
previous analysis determined using the high-resolution crystal
structure. Perhaps surprisingly, the backbone coordinates deter-
mined using this approach were remarkably similar (backbone
rmsd of <0.5 Å) to those of high-resolution X-ray crystallo-
graphic and NMR structures. This already suggests that protein
dynamics are occurring in a pseudo-harmonic potential, allowing
the structural constraints fromNMR and diffraction to average to
a similar conformation as the true dynamic mean conformation
determined here. This was the first simultaneous determination
of the high-resolution backbone structure and dynamics occur-
ring on time scales up to the millisecond time scale that explicitly
accounted for all dynamic fluctuations modulating the experi-
mental data. These approaches were tested through cross
validation of RDCs that were not used in the analysis (for
example, couplings between R-carbons and protons), demon-
strating for the first time that a dynamic description better
reproduced independent data than an optimally applied static
approach. Extensive simulations were conducted usingmolecular
dynamics trajectories from which RDCs were calculated, indicat-
ing that the approach is robust when four sufficiently different
alignment tensors are available.80 This also highlights one of the
key advantages of using a model that combines the orientational
averaging properties of multiple RDCs within the same structural
unit, that the minimum number of alignment media that are
required is less experimentally demanding than for model-free
approaches.

While the power of RDCs to define both structure and
dynamics to high resolution has been established, the quantita-
tive determination of dynamics remains challenging. As de-
scribed earlier, this problem has often been addressed by
referencing or scaling order parameters to an external reference
such as spin relaxation-derived order parameters. This issue is
particularly important, first because very little is known about the
absolute level of dynamic fluctuations present in proteins and
second because RDCs are especially prone to errors of absolute
dynamic amplitudes, because of the potential for a component of
the dynamic averaging of RDCs to be absorbed into the
estimated magnitudes of the alignment tensors. If we consider
eq 2, it is apparent that an accurate characterization of the true
level of local dynamics is impossible unless the properties of the
alignment tensor are carefully determined. If the tensors are
determined without considering motion, average components of
both anisotropic and isotropic motional modes can be absorbed
into Aa

j so that the effective molecular alignment appears lower.
This reduces dynamic amplitudes extracted using any of the
proposed approaches.

To address the question of how precisely one can determine
the true level of structural fluctuations on time scales up to the
millisecond time scale, it is important to consider a number of
potential sources of artifacts. These include (1) the accurate
estimation of the alignment of the protein, (2) the influence of
the alignment medium on the internal dynamics of the protein,
(3) the influence of noise in the experimental data, and (4) the
dependence on the coordinates of any average structure used in
the analysis. In principle, the approaches presented here can
address points 1�3 specifically and remove point 4 in terms of
global fold, but inherently depend on the precision, and general-
izability, of the local structure in the peptide plane used to model
each interpeptide unit in the protein. A recent study specifically
attempted to determine the level of slow dynamics present in

ubiquitin by taking into account all of these sources of inaccuracy
using a structure-free GAF approach (SF-GAF).81

Starting from the data sets that have been identified using the
SECONDA self-consistency analysis, comprising couplings from
24 alignment media, the following function was minimized:

χ2½fθ, φ,ψgi, fAgj, fS, σR, σβ, σγgi� ¼ ∑
ij
ðDexp

i, j �Dcalc
i, j Þ2=δ2i, j

ð5Þ
where angles θ,φ, andψ describe themean orientation of plane i,
A represents the alignment tensor for medium j, and σR, σβ, σγ,

Figure 3. N�HN S2 order parameters for ubiquitin. (A) S2 values
derived from free energy-weighted ensembles derived from AMD
simulations performed at increasing levels of acceleration (black repre-
sents the lowest level and orange the highest). The optimal level of
acceleration, as determined from the χ2 with respect to the experimental
values (inset), is represented by the red line (also in the inset). (B)
Comparison of AMD-derived (blue) and GAF-derived (red) S2 values.
(C) Comparison of fast motional S2 values (the thin red lines show two
independent experimental data sets measured 10 years apart, in different
groups, and extracted using different analytical procedures; the thick red
line shows the mean of the two values) and slow motional S2 values (the
thin blue line shows the two curves in panel B; the thicker blue line
shows their mean).
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and S (order parameter) are the amplitudes of the GAF or axially
symmetric motions that best fit the data for plane i. δij is the
estimated weighting of each RDC data set, determined using a
robust scaling estimator, based on statistical analysis of the
dispersion of the reproduction of experimental data. The average
Cartesian coordinates of the heavy atoms in each peptide plane
were taken from averages over ultra-high-resolution X-ray and
neutron scattering crystalline protein structures (resolution of
<0.8 Å), and the precise position of the amide proton was
investigated by using diverse 15N�1HN bond lengths along the
15N�1HN vectorial direction. Because every peptide plane is
treated separately from the others, this approach is “structure-
free”; i.e., the 3D protein fold is neither required nor constructed,
which is in contrast to previous RDC-based applications.

The initial procedure determines the optimal level of align-
ment relevant to the dominant motional mode (S or 1D-GAF R,
β, or γ), which is then refined using indirect analysis of “free data
sets” using the full 3D-GAF description, resulting in slightly
higher tensors. Analysis of free data sets that were not used in a
full 3D-GAF description shows a clear minimum that determines
the level of molecular alignment as precisely as possible
(simulation suggests a level of uncertainty of ∼1%).

15N�1HN order parameters determined using the optimal
alignment tensors with those determined using spin relaxation
(two independent analyses) are shown in Figure 3. This compar-
ison indicates the presence of increased dynamics in the loop
regions of ubiquitin over longer time scales, but actually quite
similar amplitude excursions in the regions of secondary struc-
ture of the molecule. The large amplitude motions that are
apparent in the turn region of the N-terminal β-hairpin (residues
8�12) are invisible to spin relaxation because of the overall
tumbling of the molecule (in the range of 4�5 ns) and are
therefore slower than this limit. Significant dynamics also occur
in the region of the turn of residues 62�65; one of the weakest
detected hydrogen bonds is determined from h3JNC0 scalar
coupling measurements82 in which specific thermal instability
has been found.83 Planes 64 and 65 also show the largest
amplitude (30�) R-motions in the protein, suggesting that the
dynamics in this turn may be correlated. Note that the distribu-
tion of motions found using the SFGAF approach is very similar
to the distribution found using the model-free approach applied
to the same data set, although the absolute level of the motion is
lower here, possibly because of the scaling applied to the data
derived with the model-free approach.68

It is important to note here that the only additional dynamics
that could be missed using the SFGAF approach would be an
equi-amplitude, axially symmetric component that would be
common to all vectors in the peptide plane for each peptide
plane. In view of the well-determined anisotropy of the peptide
plane, the presence of such additional motions is difficult to
envisage, and in the absence of any experimental evidence, there
is no reason to invoke the existence of such motions. To further
address the robustness of the approach, data from each alignment
medium were removed for 24 separate analyses, and two N�HN

RDCs were randomly removed from each peptide plane; in both
cases, RDCs were back-calculated using static and 3D-GAF
models, using appropriate alignment tensors for the specific
models (Figure 4A). In both tests, the reduced χ2 was signifi-
cantly lower for the SFGAF analysis compared to the static
model, again demonstrating that the dynamics determined from
the GAF analysis are required to correctly reproduce the data.
Finally, the precision of the structural and dynamic description of

the SFGAF approach can be determined numerically by using
Monte Carlo noise-based simulations, allowing the average
orientations of internuclear bond vectors determined using this
approach and their dispersion in angular space to be compared to
those of the high-resolution NMR structure (Figure 4B). This is,
to the best of our knowledge, the only case in which the intrinsic
uncertainty in both the structure and the dynamics of the protein
has been determined directly from experimental NMR data.

Recently proposed analytical studies have used related ap-
proaches to determine the dynamic averaging of experimental
RDCs in extended RNA molecules, to develop a quantitative
description of domain motions in these molecules. The methods
used to model the consensus structural elements and the
combination of average spherical harmonics and reducedWigner
rotation matrices used to describe the sampled orientational
space are theoretically very similar to the GAF and model-free
approaches described here for the study of protein motions.84�86

To summarize, RDCs from ubiquitin measured in multiple
alignment media were analyzed in terms of local backbone
dynamics using a structure-free GAF-based approach. This
method relies on only experimental RDCs, providing absolute
alignment tensor information and internal motional modes and
amplitudes from experimental data alone, and yields significant
improvement in the reproduction of passive data over a model
supposing no dynamics.

To address the physical reality of these results, in terms of the
energy and stability of the protein, we have attempted to invert
the problem. Rather than extracting motional modes and

Figure 4. Statistical analysis of GAF interpretation. (A) Cross valida-
tion of the structure-free GAF analysis of local motions of ubiquitin. Two
dipolar couplings were randomly removed from each peptide plane and
not used in the analysis except for comparison. Fully optimized static and
dynamic analyses are shown. (B) Comparison of the orientations of
N�HN (blue), C0�CR (red), C0�HN (green), and C0�N (yellow)
bonds in the high-resolution structure (Protein Data Bank entry 1d3z),
compared to the mean orientations and their associated uncertainty
from the SFGAF analysis. The error bars represent the distribution of
values determined using Monte Carlo noise-based SFGAF simulations.
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amplitudes directly from the experimental data, as in the
model-free or GAF-dependent approaches described above,
we used a state-of-the-art molecular dynamics technology, in
the complete absence of experimental constraints, to develop
physically viable conformational ensembles. In this way, a
comparison can be made between methods that necessarily fit
to experimental data and methods that rely uniquely on a
physically reasonable description of the potential energy
surface of the protein. Classical molecular dynamics (MD)
simulations provide access to motions on time scales that can
be compared to measured experimental NMR data, and the
correspondence of the accessible time scales with respect
to spin relaxation data has led to the widespread use of
NMR in combination with MD for the understanding of fast
(picosecond to nanosecond) motions in globular proteins.87

Similar approaches should be possible for the simulation of
RDCs, and it has indeed been shown that increasing the
length of a trajectory of ubiquitin resulted in increasingly well
reproduced RDCs.88 Nevertheless, despite increasing com-
putational power, trajectories are still normally restricted to
time scales of hundreds of nanoseconds, and while micro-
second-long trajectories have been achieved, millisecond
trajectories (the theoretically appropriate time scale for
RDCs) are still not viable. In addition, long MD simulations
provide only a single trajectory in phase space and do not
prevent the problem of statistical mechanical sampling.

A popular alternative to performing long simulations is
to implement time- or ensemble-averaged restraints, there-
by driving a multiple-copy molecular ensemble into a de-
scription that reproduces the conformationally averaged
RDCs.5,32,61�64 Although this method is efficient for identi-
fying conformational ensembles in agreement with experi-
mental data, it is well understood that the addition of an
arbitrary pseudopotential to a finely tuned physical force field
will be expected to perturb the simulated dynamics in a
nonpredictable manner, making further analysis of the result-
ing trajectories uncertain. Normally, such ensembles are of
limited size in terms of the number of molecular copies, such
that the relative free energy weighting of each member of the
ensemble should also be somehow determined, a problem to
which there may be no unique solution. The potential energy
landscape of a folded protein is likely to be characterized by a
high level of structure, resulting in a complex distribution of
populations in conformational space, so that to accurately
reproduce any conformationally averaged NMR observable,
it would be necessary to include an accurate population
analysis.4 One additional drawback of many approaches
employing ensemble averaging has been the tendency to
mix restraints that are averaged differently or over different
time scales. Without knowledge of the time scale of char-
acteristic correlation times of the individual interactions,
their interpretation in terms of interatomic distances may
lead to artifact. In general, the combination of parameters that
average differently over the ensemble and over different time
scales cannot provide a useful description of the true en-
semble, unless these specific averaging parameters are taken
into consideration. Comparison of molecular dynamics si-
mulations in the absence of conformational restraints is
therefore a more attractive prospect, as long as one can either
simulate enough sufficiently long trajectories or somehow
overcome the sampling problem using alternative sampling
procedures.

’ACCELERATED MOLECULAR DYNAMICS AND RDCS

To address these questions, an entirely restraint-free ap-
proach was developed that aimed to provide a self-consistent
structural dynamic representation of protein conformational
sampling using a combination of state-of-the-artMD simulation
and experimental RDC and scalar coupling data.89 To sample
conformational space efficiently, the accelerated molecular
dynamics (AMD) approach was used.90 The AMD approach
involves adding a continuous non-negative bias potential to the
potential energy surface of the protein to raise and flatten the
potential energy landscape, thereby enhancing the rate of
escape between low-energy conformational substates. The
extent of acceleration (i.e., how aggressively the sampling of
conformational space is enhanced) is determined by only two
parameters for the entire system: the choice of the energy below
which acceleration is applied and the acceleration parameter
itself. The appropriate level of acceleration, and therefore
conformational space, is directly determined by comparing
the reproduction of millisecond-averaged experimentally mea-
sured dipolar and scalar couplings to those predicted from the
different ensembles. Both experimental scalar and dipolar
couplings represent a population-weighted average over all
conformers contributing to the measurement and can therefore
be directly treated using the same ensemble average. The
method is used to describe conformational dynamics occurring
on time scales over many orders of magnitude in ubiquitin and
validated against experimental spin relaxation and RDC data
sensitive to the diverse time scales.

With an increase in the level of acceleration, the simulation
probes more conformational space. After the conformational
space had been reweighted to yield the correct canonical
Boltzmann distribution, a clustering protocol was implemented
to identify low-energy conformational substates. A series of short
3 ns standardMD simulations were then seeded from the clusters
obtained via AMD, to further sample the low-energy substates.
Resulting ensembles represent free energy-weighted trajectories,
sampling the conformational space explored by the AMD
trajectories at the relevant acceleration level. An explicit solvent
description was used in all simulations. This method represents
an efficient equivalent to performing numerous long time scale
MD simulations.

The next step is to identify which ensembles can best
reproduce the experimental RDC data. At each increasing
acceleration level, an increasingly large amount of conforma-
tional space was sampled. Ideally, an optimal sampling on the
time scale relevant to the RDC data should exist. However, for
each molecular ensemble, the optimal alignment tensor for a
given alignment medium must be calculated. Bruschweiler and
co-workers introduced a simple application of the singular-value
decomposition (SVD) approach, to directly compare experi-
mental RDCs with vectorial sampling from a given trajectory,
that automatically provides the optimal alignment tensor, for a
given molecular ensemble, obviating the need for calibration
against external references or rescaling of order parameters.88

The analysis was performed for available N�HN RDCs in 23
different alignment media. Using the optimized alignment ten-
sors, theoretical RDCs were calculated for each molecular
ensemble associated with a given acceleration level and the
agreement between experiment and theory was monitored using
the trajectory-averaged cumulative Q factor. A similar protocol
was performed to calculate scalar J couplings.
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Numerous AMD simulations performed at different accelera-
tion levels confirm that the method can efficiently and accurately
sample conformational space in globular proteins. Comparison
of the order parameters at different acceleration levels (Figure 3)
reveals that even at the most aggressive acceleration level
employed in this work, the observed enhanced conformational
space sampling is restricted to well-defined regions of the protein,
effectively surface loops involved in molecular recognition. The
optimal AMDmolecular ensemble (Figure 5) results in excellent
reproduction of RDCs and scalar J couplings, reporting on
averages up to the millisecond time scale. Importantly, it is also
possible to separate time scales in this way and to compare to
appropriate ensemble-averaged parameters: fast motional order
parameters derived from spin relaxation data, reporting on
picosecond to nanosecond motions, were calculated over all of
the different short MD simulations performed at each accelera-
tion level. The resulting agreement demonstrates that both fast
and slow motions are described well by this ensemble and
confirms the dependence of fast dynamics on the details of the
local conformational substates of the protein backbone that are
sampled on time scales slower than the correlation time of the
protein. This observation was also made for protein GB3 in a
similar study.91

Interestingly, the average backbone structure of the optimal
molecular ensemble compares very closely with that of the
experimentally refined 1d3z structure92 (using RDCs form two
alignment media and many other experimental restraints, includ-
ing more than 2500 NOE restraints), indicating that although
these ensembles sample more conformational space, they appear
to be distributed about a mean that resembles the experimentally
determined time- and ensemble-averaged structure. Principal
component projections of the conformational sampling reveal
that the restraint-free AMD/SVD approach described here
samples essentially the same conformational space as a previously
published ensemble, determined using ensemble-averaged re-
strained molecular dynamics simulation.5 This remarkable result
is all the more surprising considering that no local structural
restraints are applied, and the conformational space is only
defined via global agreement with the entire data set. The
AMD approach further refines the available conformational

space following free energy weighting, therefore providing a
more realistic structural dynamic representation of the system.
The free energy-weighted AMD ensemble also reproduces the
experimental observables to a substantially greater degree of
accuracy than a control set of 5 ns standard MD simulations and
provides better results compared to the static X-ray crystal
structure (PDB entry 1ubq).93

Using enhanced sampling from a biased potential molecular
dynamics simulation, we are thus able to define a self-consistent
representative molecular ensemble for solution state protein
conformational dynamics. The theoretical incapacity of NOE-
based approaches to accurately describe local motions without
a precise knowledge of the associated time scales is avoided
by simply not introducing these complex phenomena into
the analysis. By contrast, RDCs provide an extremely power-
ful theoretical and analytical framework with which to ad-
dress the true level of disorder present in biomolecules at
equilibrium.49,51,60,61,65,71,86,89,94�96 The problems of statistical
mechanical sampling associated with the incorporation of addi-
tional terms into a hybrid potential energy force field and thereby
perturbing the simulated dynamics are avoided by using only
restraint-free trajectories seeded at different points of conforma-
tional space sampled by the accelerated MD. The accuracy of the
resulting RDCs is hardly compromised by this procedure, with a
similar level of reproduction compared to state-of-the-art single-
structure or restrained-ensemble approaches. Most importantly,
the level of acceleration, and therefore the extent of conforma-
tional sampling, is the only variable parameter in this entire
procedure, and this is determined directly from the measured
couplings, with no direct fitting to experimental data.

’ANALYTICAL AND NUMERICAL APPROACHES
CONVERGE TO A UNIFIED DESCRIPTION OF PROTEIN
MOTION

We are now in a position to compare two entirely different
approaches to the extraction of quantitative dynamic parameters
from RDCs measured in solution. In one case, analytical expres-
sions are used to determine, in a least-squares fitting approach,
the level and nature of local dynamics along the backbone of the

Figure 5. Ribbon diagram showing the distribution of amide vector S2 values along the chain (left) as derived from the SFGAF analysis. Order
parameters are represented from red (most mobile) to blue (least mobile). Sites at which order parameters were not determined because of a lack of data
are colored gray. The right panel shows a representative AMD-derived ensemble from ubiquitin (colored from N- to C-terminus).
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protein. This method requires no structural model, is entirely
independent of any physical assumptions except for the average
geometry of each peptide plane, and determines the level of
overall alignment, the local dynamics, and the average conforma-
tion, in a single algorithmic procedure. In the second approach,
the experimental data are removed entirely, and recent advances
in potential energy force field development and, more impor-
tantly, enhanced sampling of conformational space are exploited
in the development of a statistical mechanical description of the
rapidly exchanging structural ensemble that is responsible for the
measured NMR spectrum. The vastly differing approaches
presented here can be directly compared via, for example, their
N�HN bond vector order parameters (Figure 3). The results are
quite remarkable, showing a level of agreement concerning both
the level and detail of the local motions that justified the care that
was taken over the treatment of the quantitative level of dynamics
in both cases, and strongly substantiate the results found in both
cases. We note that this unified description of the backbone
dynamics of ubiquitin is in contrast to previous attempts to
reconcile ensemble descriptions of proteins and model-free
approaches, where significant additional scaling parameters were
necessary to provide agreement, such that the published ensem-
ble did not represent the analytically determined level of
dynamics.5

’CONCLUSIONS

A detailed description of protein flexibility is essential for
improving our understanding of the role that structural dynamics
plays in controlling biological processes. Despite the high degree
of sensitivity of NMR data to molecular motion, and possibly
because of the very complexity of this dependence, the faithful
incorporation of dynamic fluctuations into a structural model of
biomolecules has proven to be an almost insurmountable task.
The development of experimental and analytical methods for the
measurement and interpretation of RDCs and their combination
with state-of-the-art molecular dynamics-based approaches have
provided a powerful arsenal of techniques for resolving this
fundamental question.

Recently, purely analytical and purely simulation-based ap-
proaches have been applied in the determination of protein
motions using RDCs. The agreement is excellent, providing a
unified structural dynamic representation of the statistical me-
chanical properties of a protein in solution and describing
dynamic fluctuations on time scales ranging over 6 orders of
magnitude. In addition to describing the conformational fluctua-
tions that as noted by Lange et al.5 sample the functional states of
the protein already in free solution, this ensemble description
describes the origin of the high-resolution solution state NMR
spectrum of the protein, and one can be only confident that this
in itself will provide the basis for improving our understanding of
molecular interaction, stability, and folding. So far, these techni-
ques have been applied to only small, very well-behaved proteins
that can be aligned in multiple different alignment media,
providing essential biophysical information about intrinsic pro-
tein flexibility in solution. However, the recent demonstration
that GAF-based techniques can be quantitatively applied using a
restricted number of different alignment conditions80 and that
AMD-type approaches can almost certainly be used in combina-
tion with yet fewer data sets, signifies that RDCs are potentially
extremely powerful tools for studying the local dynamics of larger

systems and protein�protein complexes, examples of which are
currently underway in our laboratory.
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