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Confined by the Boltzmann distribution of the energies of the states, a multitude of structural states are
inherent to biomolecules. For a detailed understanding of a protein’s function, its entire structural land-
scape at atomic resolution and insight into the interconversion between all the structural states (i.e.
dynamics) are required. Whereas dedicated trickery with NMR relaxation provides aspects of local
dynamics, and 3D structure determination by NMR is well established, only recently have several
attempts been made to formulate a more comprehensive description of the dynamics and the structural
landscape of a protein. Here, a perspective is given on the use of exact NOEs (eNOEs) for the elucidation of
structural ensembles of a protein describing the covered conformational space.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Proteins inherently inter-change between structural states on
time scales between 10�12 and 105 s and beyond, a process usually
referred to as dynamics. As the dynamic exchanges between these
states have been omnipresent during evolution, motions play an
important role in the action of biomolecules. It has been suggested
that concerted motions may be a pivotal factor in the enzymatic
function of proteins and in protein–ligand interaction. This in-
cludes synchronization of the internal motions of a protein, which
have been shown to influence the kinetics of catalysis [1,2] or to
minimize entropic losses of complex formation upon ligand bind-
ing by reducing the conformational entropy of the protein [3,4].
Internal dynamics may also be involved in allosteric mechanisms
[5,6]. The protein folding process is another prime example since
it comprises dynamics of complex nature on large scales in both
time and space. Molecular dynamics simulations, thermodynamic
and kinetic studies have often been used to describe protein fold-
ing on a molecular basis [7,8].

One of the major challenges in structural biology is thus a com-
prehensive description of the 3D structures and the exchange
dynamics between structural states at atomic resolution with the
ultimate goal of an experimental data-based movie of a biomole-
cule. While structure determination of biomolecules at atomic res-
olution by NMR or X-ray crystallography is well established, the
description of structural landscapes of proteins as well as the dy-
namic interchange between the various conformations are still lar-
gely incomplete. Routine analysis of fast and slow local dynamics is
done by means of relaxation measurements and is mostly re-
stricted to backbone 15N–1H moieties but increasingly includes
methyl groups [9,10]. However, there is exciting progress in
NMR-based methods towards a more holistic description of struc-
tural landscapes of proteins and the transitions between the vari-
ous states. These include measurements of residual dipolar
couplings (RDCs) [11], relaxation dispersion (CPMG) [12], cross-
correlated relaxation (CCR) [13,14], paramagnetic relaxation
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enhancement (PRE) [15], and exact nuclear Overhauser enhance-
ment (eNOE) data [16,17], in combination with molecular dynam-
ics simulation, structure prediction software, or ensemble-based
structure calculations [18–23].

In the following, we present a perspective on the recently intro-
duced protocol of ensemble-based structure determination with
ensemble-averaged distance restraints obtained from exact NOE
rates [17,22–26] and highlight its potential impact in the compre-
hensive elucidation of the action of biomolecules at atomic
resolution.

2. The eNOE in the 3D structure determination

2.1. From NOESY spectra to distance restraints

The NOE cross-relaxation rate between two spins ½ K and L is
given by [27,28]
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where c is the gyromagnetic ratio of nucleus K, x is the spectral fre-
quency of the nuclei, l0 is the permeability in vacuum, and h de-
notes Planck’s constant. rrigid

KL is the internuclear distance in a
hypothetically rigid structure. A simple expression for the spectral
density J obtained under the assumption of isotropic molecular
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where sc is the rotational correlation time of the molecule and sint is
the correlation time for internal motion. The angle brackets denote
a Boltzmann ensemble average and Sfast2

KL is an order parameter for
fast internal motion [29],
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(Note that the influence of anisotropic tumbling can be neglected in
most cases as discussed in Ref. [24]).

It is evident from Eqs. (1)–(4) that the NOE is a time- and ensem-
ble-averaged observable containing both structural and dynamical
information. However, the most common way to extract distances
from the measured NOE cross-relaxation rate is to assume the pres-

ence of a rigid molecule i:e: Sfast2
KL ¼ 1 and 1

r6
KL

D E
¼ 1

rrigid
KLð Þ6

� �
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simplification of the theory is usually accompanied by the assump-
tion that the NOE rate is proportional to the cross peak intensity in
NOESY spectra. However, the apparent cross peak intensities are
also influenced by peak overlap, relaxation during the mixing peri-
od and most importantly by spin diffusion, which is the indirect
magnetization transfer between the two spins of interest via other
nearby spins. Because of these effects, NOE cross peaks from NOESY
spectra are usually translated semi-quantitatively into upper limit
distances, following the proportionality of the NOE cross-relaxation
rate with the inverse 6th power of the distance between two (iso-
lated) interacting spins (Eq. (1)) [28,30]. This practice originates
from the 1980s when it proved difficult to determine NOE rates
and to convert them into exact distances [28,30].
Today’s procedures to measure and interpret NOEs are barely
more sophisticated than those outlined above, despite of all the
progress in NMR including (i) the availability of high magnetic
fields and heteronuclear spectroscopy (i.e. 15N and 13C-resolved
[1H, 1H]-NOESY) which reduce peak overlap significantly, (ii) the
considerable increase in sensitivity due to cryoprobe technology,
which enables the use of shorter NOE mixing times in order to re-
duce the spin diffusion substantially (note, the desired contribu-
tion to the cross peak grows linearly with the mixing time, while
the contribution from spin diffusion increases with the square of
the mixing time), and (iii) increased computer power enabling ana-
lytical advances such as the full relaxation matrix formalism ap-
plied to the Solomon equation in order to correct NOE restraints
for spin diffusion [25,31,32]. In light of these advances, paralleled
with the notion that the translation from NOE rates to distances
is very robust because the 1/r6 dependency between NOE and dis-
tance reduces the relative distance error sixfold compared to the
relative inaccuracies of the NOE measurements [24], we have re-
cently revisited the NOE measurements and analysis on both deu-
terated [17] and protonated protein samples [24]. The collection of
exact 1HN–1HN NOE rates (eNOEs) was achieved by using a high
field NMR spectrometer (i.e. 700 MHz) with a cryoprobe, optimized
3D-resolved [1H, 1H]-NOESY experiments, short NOESY mixing
times, and an optimized protocol for extracting NOE rates from a
series of NOESY spectra accompanied by correction for spin diffu-
sion as described in Fig. 1. The NOE rates were converted into dis-
tances by making use of the relative insensitivity of the NOE to fast
motion (i.e. Sfast2

KL = 1 in Eqs. (1)–(4)), which was shown to be valid
for H–H spin pairs if the local H–X order parameters for fast motion
are larger than 0.5 [33]. This is most often the case in folded pro-
teins (see also below). In these studies, an experimental random
error of 0.07 Å demonstrated that distances up to 5 Å can be de-
rived from eNOEs with high accuracy. This error is considerably
smaller than the 0.24 Å pairwise root mean square (rms) devia-
tions from distances extracted from corresponding high-resolution
NMR or X-ray structures. These initial studies indicated that exact
NOEs (eNOEs) can be collected and converted into precise distance
restraints.

2.2. From the eNOE-derived distance restraints to the 3D structural
ensemble

A data set of more than 800 eNOEs was established for the mod-
el protein GB3 [22,23]. The eNOE-derived distance restraints in
combination with a small set of RDCs and torsion angle restraints
derived from scalar couplings and 13Ca chemical shifts were then
used for a structure calculation following standard protocols. A
bundle of nine conformers is shown in Fig. 2, middle. The exact
nature of the eNOE results in an extremely tight structure bundle
(with a root-mean-square deviation for the backbone atoms of
0.11 Å), in particular when compared to a conventional structure
calculation using semi-quantitative NOEs (compare Fig. 2 left with
middle) and coincides closely with the RDC-optimized X-ray struc-
ture [35,36]. However, there are many distance restraint violations
indicating that the structure does not agree with the experimental
data. The large number of violations of experimental restraints is
attributed to the motion-averaged nature of the measured NOE
(Eqs. (1)–(4)) since the structure calculation protocol is based on
a single static structure.

According to the ergodic hypothesis, the impact of protein mo-
tion on the NOE measurement can be described by an ensemble of
structural states. To include the dynamic dependence of the eNOEs
in the structure calculation (Eqs. (1)–(4)), an ensemble-based pro-
tocol was established (within the software package CYANA). The
protocol requests that the experimental restraints are fulfilled by
a set of structural states rather than by a single structure. In



Fig. 1. Flow chart representing the method for the determination of eNOEs and the structure calculation with eNOEs. As an example, the eNOE originating from the amide H
of Gly9 (spin i, orange) and enhancing Hb3 of Asn8 (spin j, green) of GB3 is shown. (1) The diagonal peak intensities derived from the NOESY spectra are fitted to mono-
exponential decay functions to extract the auto-relaxation rate constants, qi, qj, and the initial magnetization on spin i, DMii(0). (2) A build-up curve taking into account all
magnetization pathways is simulated with the full relaxation matrix approach. This simulation requires a 3D structure as input, which may be based on a conventionally
determined NMR structure or an X-ray structure. (3) Corrections for the intensities at each mixing time are applied to the experimental NOE build-up. (4) The NOE build-up is
fitted, the quality of the fit is evaluated and upper and lower bound distance restraints are created. (5) A structure calculation is performed with the new distance restraints
using established software packages such as CYANA [26,34]. This structure may be used as an input for (2) in a new cycle as indicated by the broken arrow. Adapted with
permission from Orts, Vögeli, Riek, J. Chem. Theory Comput. 8 (2012) 3483–3492 [25].
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Fig. 2. Heavy-atom structural representations of GB3 following either the conventional protocol with NOEs as experimental input, the conventional protocol with eNOEs or
the ensemble-based protocol with eNOEs. Left: Bundle calculated with a conventional protocol based on standard NOE measurements. Nine conformers are shown. Middle:
Single-state bundle calculated with eNOEs. Nine conformers are shown. Right: 3 three-state ensembles obtained from eNOEs. The three most similar structures from each
three-state conformer are grouped in gold, red and blue. Reprinted by permission from: Vögeli, Kazemi, Güntert, Riek, Nat. Struct. Mol. Biol. 19 (2012) 1053–1057
[22].
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contrast to the standard structure determination protocol, it there-
fore takes into account that the NOE is a time and ensemble-aver-
aged parameter. To avoid divergence among the structural states
that is not implied by the experimental restraints, we impose
‘‘bundling restraints’’, i.e. weak harmonic restraints that minimize
the distances between corresponding atoms in different states
[37]. Using this protocol, it is found that the ensemble consisting
of three three-state structures shown in Fig. 2 describes the
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experimental data well. This structural ensemble is a compact
experiment-based representation of GB3 covering its conforma-
tional space in solution. Because of the bundling restraints used
for the calculation, the ensemble covers the minimal conforma-
tional space required to fulfill the experimental data.

A detailed inspection of the structural ensemble shows that the
three structural states are distinct from each other (Fig. 2, right)
with pronounced differences for the b-sheet and attached loops
(Fig. 3). The timescale of exchange is most likely on the sub-ms
time scale, because slower motions would result in line broadening
or resonance doubling that is not observed in the spectra, and be-
cause the three-state ensemble is in fair agreement with the RDC-
derived order parameters that are sensitive to motion faster than
milliseconds [36]. These interpretations indicate that the entire
b-sheet and some of the loops undergo a conformational exchange
between the three states in a concerted fashion. The central b-
sheet strands (b1 and b4) move parallel to the entire b-sheet archi-
tecture (i.e. vertically to the polypeptide backbone), while the
loops b1/b2, and b3/b4 as well as accompanied segments within
the b-strands counteract this motion in an anti-correlated manner.
A principal component analysis of the ensemble visualizes these
findings further [22] and the described ensemble is in good agree-
ment with previously obtained multiple-state ensembles [18,38].
The ensemble reveals further insights into structure and dynamics
such as side chain rotamer states, conformational exchange
dynamics of the side chains, and correlation between backbone
and side chain configurations (for more details see Ref. [23]).

3. Challenges and limitations

There are a few challenges and limitations on measuring highly
precise and accurate NOEs (eNOEs) and their simple conversion
into precise averaged distances. The most important ones are dis-
cussed in the following, while others are listed in Refs. [23,40].
Fig. 3. The 3D ensemble structure of GB3. Representation of three states of GB3
obtained from the ensemble-based protocol using eNOEs. The three most similar
structures from each three-state conformer are grouped in gold, red and blue. For
each ensemble 9 conformers were selected. The backbone, the side chains of the
hydrophobic core and the two solvent-exposed residues K10 and T11 are also
shown. The termini and the side chains are labeled with the residue number.
Figure is taken from Vögeli, Orts, Strotz, Güntert, Riek, Chimia 66 (2012) 787–790
[39].
3.1. The complex time dependency of the NOE

In the present translation from eNOE rates to distances it is as-
sumed that fast motion (i.e. faster than the rotational correlation
time of the protein studied) does not perturb the NOE (i.e.
Sfast2

KL = 1 in Eqs. (1)–(4)). The rational of this assumption is based
on the finding that for H–H NOEs between two H–X moieties (X
being a heavy atom) with order parameters larger than 0.5 the
NOE is indeed not influenced significantly by fast motions because
the fast motion-induced angular and distance effects on the NOE
rate cancel each other almost entirely [33]. Similar conclusions
have been drawn from molecular dynamics studies, but they also
reveal that a few percent of the NOEs may violate the assumption
considerably yielding distances with an error of more than 10%
[27,41]. In the first study [27], a detailed analysis showed that
these critical NOEs are from side chain atoms of a phenylalanine.
In the second study [41], half of the critical NOEs involve side-
chain arginine and lysine protons and not surprisingly, the most
extreme averaging involves dihedral transitions. Conclusively,
NOEs involving atoms located at the far end of very long, highly
flexible side chains must be used with caution. Whether a combi-
nation of exact NOESY and ROESY measurements [27] or the mea-
surements of local order parameters of each 1H–15N and 1H–13C
moiety by 15N- and 13C-relaxation measurements, respectively,
and 13C–13C NOESY [42] may resolve these potential source of error
remains to be demonstrated. It must be noted however, that the
strongest driving force in the ensemble structure calculation is
the cumulative impact of a dense network of eNOEs which should
reveal or cancel the effect of such potentially incorrect distance
measurements.

3.2. Limitations on the system size studied

Our investigations on eNOEs have been conducted on the two
small model proteins GB3 and ubiquitin (i.e. 6.5 and 8.5 kDa,
respectively). Larger systems pose two potential challenges. First,
large systems have long overall correlation times, which cause
stronger transverse relaxation effects. As a consequence, magneti-
zation is lost along the pathways during the pulse sequence. Lon-
gitudinal relaxation is reduced and thus the inter-scan delays
must be increased. However, as the NOE transfer relies on longitu-
dinal magnetization and is proportionally more efficient with
increasing overall tumbling times, NOESY belongs to the group of
experiments that can be used on very large systems.

The second major limitation is caused by increased peak over-
lap for large systems. The problem is particularly pressing with re-
spect to the diagonal peaks, which must be analyzed in order to
obtain the magnetization at the onset of NOESY mixing, DM, and
the auto-relaxation rate q depicted in Fig. 1. Recording NOESY
spectra with additional dimensions, such as 4D HMQC-NOESY-
HMQC types [43] would partially resolve the diagonal peak overlap
by separating the two proton shifts by two heavy atom resonances
[43]. Whether sparse sampling techniques [44,45] in combination
with special spectral transformation schemes (such as compressed
sensing reconstruction [45] or the SCRUB algorithm [46]) may be
applicable remains to be demonstrated because the cross peak
and diagonal peak intensities must be preserved for the extraction
of eNOE rates.

3.3. Cross validation of the eNOEs and the problem of incorrect
assignments

NMR structure determination is a multi-probe method that
requires hundreds to thousands of experimental restraints for a
reliable structure determination. Among the large number of
restraints, there will, in general, be some incorrect ones. Wrong
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restraints may originate, for example, from wrong assignments or/
and wrong integration caused by peak overlap. In a standard struc-
ture determination, these artifact restraints are usually exposed by
distance restraint violations in the resulting 3D structure (such as a
large contribution to the target function in the software package
CYANA). In an ensemble-based structure calculation, on the other
hand, they may be hidden and even lead to the appearance of an
additional structural state. A cross validation procedure for the
ensemble-based structure calculation using eNOEs is therefore
mandatory. In our recent work, this test consisted of the arbitrary
deletion of 10% of all the eNOE-derived distance restraints and a
subsequent consistency check by evaluating their violations with
a structural ensemble obtained from the remaining 90% restraints
(i.e. contribution to the target function) [47]. Although this ap-
proach is sound, more profound studies should be designed for
the identification of wrong eNOEs and their potential influence,
such as the inferential structure determination by Bayesian infer-
ence to derive a probability distribution [48,49].
3.4. Combining various NMR experimental restraints for ensemble-
based structure calculation

At present, exciting progress is witnessed in NMR-based meth-
ods employing RDC, PRE, CCR and eNOE restraints with the aim of a
comprehensive description of a protein’s structure and dynamics
at atomic resolution. While independent applications of these
methods currently prevail, each method has its merrits. They cover
different time scales, are applied to different atomic moieties (such
as backbone 1H–15N or side chain 1H–13C moieties), are sensitive to
either rotational or translational motion and configurations (or
both), and are either of local (for example NOE) or of global nature
(for example RDC). Some of them are sensitive to rather small pop-
ulations (for example chemical shifts and PRE), while others are
sensitive to concerted motion (for example CCR). These different
sets of probes must be considered in light of the many degrees of
freedom of a dynamic multi-atomic macromolecule on time scales
covering many order of magnitudes. This complexity renders the
back-transformation from the measured data to its (dynamic) ori-
gin ambiguous. It is therefore evident that these methods must be
combined for a comprehensive description of a protein’s structure
and motion at atomic resolution. However, in virtually all ensem-
ble refinement protocols NMR observables are averaged in a uni-
form manner irrespective of the time windows they are sensitive
to. To make things even worse, the NOE rate averages differently
over short and long time scales, and the practical choice of averag-
ing (r�6 versus r�3) seems rather heuristic in most publications (see
also above). However, an adquate combined implementation
should be feasible because it is not hindered by fundamental the-
oretical considerations. For example, assuming experimental
knowledge at all relevant time scales were available, one may re-
strain molecular dynamics simulations with all the experimental
data in correctly time-averaged fashion yielding an ensemble of
protein movies similar to the ensemble description of NMR struc-
tures, but time resolved.
4. Perspectives

Precise and accurate NOEs (eNOEs) can readily be measured and
converted into exact averaged distances. eNOE-based structural
ensembles open an avenue to the determination of structural
landscapes of proteins. Such landscapes are indispensible for the
establishment of comprehensive structure–dynamics–activity rela-
tionships. Aspects that may be studied with the eNOE approach are
manifold: protein folding, enzymatic activities, allosteric regulation,
protein–ligand interaction and characterization of intrinsically
disordered proteins. In the following, current projects in our labora-
tory that illustrate these applications are outlined.

The folding of a protein from its random coil-like state (or nas-
cent chain) into its well folded compact 3D structure is one of the
most complex biological processes and not yet fully understood
[8,50]. The three-stranded b-sheet mini fold of the WW domain,
composed of 34 residues, is often used in protein folding studies.
A wealth of mutagenesis, kinetic, NMR and thermodynamic mea-
surements along with molecular dynamics simulations [51–54]
illustrate the complexity of its folding. Some data indicate a turn-
initiated folding and b-sheet formation in a zipper-like fashion.
Other experiments and molecular dynamic simulations (MD) have
shown that the relative weight of rate limiting features shifts from
loop 1 to loop 2 with changes in experimental conditions such as
temperature [55,56]. Other MD simulations are in conflict with
experimental results and claim that the hydrophobic cluster might
be labile during unfolding [57,58] and that some native contacts
could shape folding pathways [56]. Again other simulations show
a rapid hydrophobic collapse or predict the existence of multiple
pathways [54,59]. It is evident that eNOE measurements of the
WW domain at temperatures close to the melting temperature,
at which the protein folds and unfolds rapidly (i.e. faster than
ms), have the potential to yield ensemble-averaged data with the
principle possibility to determine a structural ensemble of the
WW domain that resembles the folding pathway (including the
folded state). A combination of eNOE measurements with other
NMR-based probes sensitive to protein folding such as relaxation
dispersion experiments [60] and RDCs [11,61] is thereby desirable.

In a second application, eNOEs may also be used to characterize
intrinsically disordered proteins (IDPs) [50,62,63]. Conventional
NOEs have been used to identify propensities of residual secondary
structural features [64–66]. However, as few or no long-range NOEs
are observed, structural restraints for IDPs are sparse. Due to their
high accuracy in distance determination, eNOEs have the potential
to provide unprecedented insights. To test the applicability of eN-
OEs, we have recorded NOESY series on amyloid beta Ab (1-42) in
aqueous solution [67–70]. Our findings in Ab peptide correlate with
the b sheet- and random coil-like regions found in Ab amyloids,
fibrillized under the same solution conditions (unpublished).

Third, the notion that enzyme activity is regulated by conforma-
tional sampling offers another interesting application for the eNOE
methodology. The enzyme prolyl cis–trans isomerase cyclophilin A
has been shown by NMR relaxation experiments, mutagenesis, and
kinetic measurements to undergo population shifts in times scales
correlated with its activity via a complex dynamic network [71–
74]. The sampling frequencies corresponding to the turnover rates
of the catalytic reaction are also observed in the apo state as con-
firmed with side directed mutants [75–77]. Furthermore, muta-
genesis studies indicated that part of these motions is of
concerted nature. In order to unravel the action of an enzyme,
we attempt to obtain insight at atomic resolution from the
eNOE-based determination of an ensemble of structural states in
presence and absence of the substrate. In principle, this should
be possible because the measured eNOEs of the enzyme in pres-
ence of substrate are averaged over the substrate-free state, sub-
strate-bound state before catalysis, transition state (although this
state may be too short lived for a considerable contribution to
the eNOE) and substrate-bound state after catalysis, and possibly
other intermediate states. For this endevaour, again, the eNOE
measurements should be complemented with other NMR-based
probes including relaxation measurements.

Another subject for which the eNOE-based ensemble structure
determination may be able to give detailed insight is the possible
concerted dynamic nature of allosteric regulations. PDZ domains
(post-synaptic density-95/disks large/zonula occludens-1) are
highly abundant modules that mediate protein–protein interactions



58 B. Vögeli et al. / Journal of Magnetic Resonance 241 (2014) 53–59
in eukaryotes such as organizing signaling pathways [78,79]. They
have been proposed to exhibit long-range evolutionary, energetic,
structural and dynamical couplings that link distant molecular
docking sites [80–85]. Such global interaction networks can be
mapped with sequence-based statistical methods, double mutant
cycle analysis and NMR structural and relaxation studies [80–85].
Changes in backbone amide and side-chain methyl relaxation rates
upon peptide binding and mutagenesis were linked to allosteric
behavior [82,83,86,87]. In addition, comparison of methyl relaxation
data of different PDZ domains gave evidence for conserved side-
chain dynamics [88]. NMR data including conventional NOEs and
the backbone amide and side-chain methyl relaxation rates has also
been used to restrain molecular dynamics (MD) simulations [89].
However, the evolutionary network does not coincide with any of
the MD-detected networks but corresponds more closely to the
dynamical network proposed [80]. Under a more general view, the
determination of structural ensembles using eNOEs, RDCs and other
structural restraints may contribute significantly to the understand-
ing of the origin of allosteric regulation as illustrated here with the
case of the PDZ domains.

Finally, it is emphasized that the use of inter-molecular eNOEs
between a substrate and the protein may not only give insight into
the 3D structure, but also into the dynamics of the interaction site
due to the time-averaged and ensemble-averaged nature of the
eNOE. The analysis of inter-molecular eNOEs between a substrate
and its protein partner may thus reveal intermolecular motions,
which can possibly be translated into local entropic contributions
to binding energies. Furthermore, they may indicate the presence
of domain or secondary structure motions as exemplified by our re-
cent eNOE analysis of membrane protein-detergent NOEs [90]. Their
analysis suggested the presence of helical motions in two helical
membrane proteins including a deletion variant of the membrane-
attached hemaglutinin HAfp [90,91]. The nature of the dynamics
might be either helix rotation or partial unfolding of the tertiary
structure that increases the contact surface of a transmembrane or
a membrane-attached helix with its membrane mimetic.

5. Conclusion

The experiment-based characterization of dynamics of a bio-
molecule is usually of descriptive manner and as such limited.
However, combining the recently established NMR-based methods
using RDCs, PREs, CCRs and eNOEs for the study of protein struc-
ture and dynamcis opens the avenue towards a coordinate-based
and time-resolved quantitative description of a protein’s action.
The information content on dynamics would be far superior to that
of local relaxation rate measurements or chemical shift changes as
it would reflect or ideally yield an experiment-based protein movie
of quantitative nature. Such movies would represent key scenes
from the life of a protein with a precision determined by the
measured constraints. It is our opinion that such experimental
data-based protein movies of biological relevant systems may
contribute significantly to our understanding of biology and in
particular of the multi-dimensional complex protein structure-
dynamics-activity relationship of biomolecules.
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