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Proteins are inherently dynamic systems whose motions  
cover large ranges in both magnitude and timescale. Because 
of the omnipresence of motion, it is likely that dynamics  
have important roles in the function of biomolecules.  
For detailed understanding of a protein’s function, the three-
dimensional structure and description of its dynamics are 
therefore required. Structure determination methods are 
well established, and NMR-relaxation phenomena provide 
insights into local molecular dynamics; moreover, recently 
several attempts have been made to detect concerted motion. 
Here, we present an ensemble-based structure-determination 
protocol using ensemble-averaged distance restraints obtained 
from exact NOE rates. Application to the model protein GB3 
establishes an ensemble of structures that reveals correlated 
motion across the b-sheet, concerted motion between the 
backbone and side chains localized in the structure core, and  
a lack of concerted conformational exchange between the  
b-sheet and the a-helix.

At physiologically relevant temperatures, proteins interchange 
between structural states covering a large range in magnitude  
from 10−11 to 10−6 m as well as spanning timescales from 10−12 s to 105 s  
and beyond. It is likely that evolution has taken advantage of this  
inherently dynamic nature of proteins, and thus dynamics may have 
important roles in the activity of proteins. To obtain a detailed descrip-
tion and understanding of a protein’s function, its three-dimensional (3D)  
atomic-resolution structure and an accurate description of its entire 
dynamics are therefore required. NMR-relaxation phenomena provide 
a great deal of insight into local molecular dynamics. However, the 
dynamic picture is still largely incomplete because no adequate method 
is available to detect either motion through space or concerted motion. 
Attempts toward a comprehensive description of motion are currently 
under way through methods that include residual dipolar couplings 
(RDC), relaxation dispersion NMR, paramagnetic relaxation enhance-
ment (PRE), cross-correlated relaxation (CCR) and conventional nuclear 
Overhauser enhancement (NOE) experiments in combination with 
molecular-dynamics simulations or structure-prediction software1–14.

Whereas the description of the motion of a protein is still in its 
infancy, the structure determination of biomolecules by either X-ray 

crystallography or NMR is well established. NMR structure determi-
nation of biomolecules is mainly based on a large collection of NOEs 
(Fig. 1a)15. For the structure calculation, the obtained semiquantita-
tive NOEs are translated semiquantitatively into upper limit distances, 
following the proportionality of the NOE cross-relaxation rate with 
the inverse 6th power of the distance between two (isolated) interact-
ing spins15. Such an approach usually results in a well-defined 3D 
NMR structure, as exemplified here for the 56-residue model protein 
GB3 (Fig. 1a). The input of 1,956 NOE-based upper-limit distance 
restraints, combined with 147 dihedral-angle restraints derived from 
scalar couplings, 54 dihedral-angle restraints from 13Cα chemical 
shifts and 90 RDCs, yielded the 3D NMR structure of GB3, repre-
sented by a bundle of nine conformers reflecting the precision of the 
structure (Fig. 1a; backbone r.m.s. deviation of 0.47 Å). This practice 
dates back to the 1980s, when it proved difficult to determine NOE 
rates and convert them into exact distances15. In the following, we 
present an ensemble-based structure-determination protocol using 
ensemble-averaged distance restraints obtained from exact NOE rates 
recently introduced16–20. When this approach is applied to the model 
protein GB3, a structural ensemble is obtained that describes its  
conformational space occupied, thereby reflecting both its 3D struc-
ture and its dynamics.

RESULTS
We recently demonstrated the collection of exact 1HN-1HN NOE rates 
(eNOE) by using state-of-the-art NMR spectrometers, optimized 3D-
resolved [1H,1H]-NOESY experiments, short NOESY mixing times, 
an optimized protocol for extracting NOE rates from a series of 
NOESY spectra and spin-diffusion correction16,17. Here, we extended 
the eNOE to aliphatic protons, establishing a data set of 823 eNOEs for 
the model protein GB3 (Table 1 and unpublished data). The eNOEs 
were converted into distances, based on the assumption that the NOE 
is mostly sensitive to slow motion. This was shown to be valid for  
H-H spin pairs if the local H-X order parameters, which are a measure 
of fast motion, are larger than 0.5 (refs. 20,21). This is most often the 
case in folded proteins. Even for lower-order parameters down to 0.2,  
the fast motion alters the eNOE-derived distances by less than 10% 
(ref. 21). Overall, the translation from eNOEs to distances is very 
robust because the 1/r6 dependency between NOE and distance 
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reduces the relative distance error correspondingly compared to the 
relative inaccuracies of the NOE measurements16,17,21. The eNOEs 
of GB3 yielded three classes of distance restraints (Table 1): (i) exact 
distances with an estimated accuracy of 5%, obtained from the eNOEs 
determined for two symmetric pathways (that is, from spin I1 to I2 and 
vice versa from I2 to I1), (ii) distances with an estimated accuracy of 
15%, derived from single eNOEs pathways, and (iii) distances with an 
estimated accuracy of 20%, derived from methyl-methyl eNOEs for 
which additional corrections had to be added to the distance restraint, 
following established arguments15,22.

The eNOE-derived distance restraints in 
combination with the small set of RDCs and 
angle restraints derived from scalar cou-
plings and 13Cα chemical shifts were used 
for a structure calculation of GB3, following 
standard protocols using the software pack-
age CYANA23,24. The bundle of nine con-
formers shown in Figure 1b represents the 
calculated structure. The input data resulted 
in an extremely tight, albeit not correct (see 
below), structure with a small backbone r.m.s. 
deviation of 0.11 Å and an all–heavy atom 
r.m.s. deviation of only 0.60 Å. When com-
pared to the traditional structure calculation 
using semiquantitative NOEs, the high preci-
sion is particularly striking (compare Figs. 1a 
and 1b). Furthermore, the eNOE-based  
single-state NMR structure coincides closely 
with the RDC-optimized X-ray structure 
of GB3 (refs. 25,26) with an r.m.s. devia-
tion of 0.57 Å for the backbone and 1.17 Å 
for all heavy atoms (Supplementary Fig. 1). 
However, the large target-function value of 
27.5 Å2 (Table 1 and Fig. 2), resulting from 
many distance-restraint violations, indi-
cates that the structure does not agree with 
the experimental data. The large number of 
violations of experimental restraints can be 
attributed to the motion-averaged nature of 
the measured NOE, whereas the structure-
calculation protocol is based on a single static 
structure, which obviously does not take into 
account any motion27.

Following the ergodic hypothesis, the influ-
ence of motion of a protein on the NOE probe 
can be described by an ensemble of structural 
states. To include the motional dependence 
of the eNOEs in the structure calculation, 
an ensemble-based protocol was established 
within the software package CYANA. The pro-
tocol requests that the experimental restraints 
be fulfilled by a set of structural states rather 

than by a single structure1–3. To avoid divergence among the structural 
states that is not implied by the experimental restraints, we imposed 
‘bundling restraints,’ weak harmonic restraints that minimize the dis-
tances between corresponding atoms in different states1. Following 
this protocol, we obtained structures of GB3 represented by ensem-
bles ranging from two to nine states. Figure 2 illustrates the decrease 
in the target function when the increase in the number of states is 

a b cFigure 1 Heavy-atom structural representations of GB3 following either 
the classical protocol with NOEs as experimental input, the classical 
protocol with eNOEs or the ensemble-based protocol with eNOEs.  
(a) Bundle calculated with a classical protocol based on standard NOE 
measurements. Nine conformers are shown. (b) Single-state bundle 
calculated with eNOEs. Nine conformers are shown. (c) Three three-state 
ensembles obtained from eNOEs. The three most similar structures from 
each three-state conformer are grouped in gold, red and blue.

Table 1 NMR and refinement statistics for protein structures
Three-state  

ensemble protocol 
using eNOEs

Single-state  
ensemble protocol 

using eNOEs
Standard protocol 

using NOEs

NMR distance and dihedral constraints

Distance constraints

Total NOE 884 884 1,041

 eNOE 823 823

 eNOE from two pathways 324 324

 eNOE from one pathway 481 481

 eNOE between two methyl groups 18 18

 Standard NOE involving aromatics (upper limit 8 Å) 61 61

 Intra-residue 277 277 160

 Inter-residue 607 607 881

 Sequential (|i – j | = 1) 244 244 299

 Medium-range (1 < |i – j | < 4) 122 122 204

 Long-range (|i – j | ≥ 5) 241 241 378

Total residual dipolar coupling restraints 90 90 90

 15N-1HN 47 47 47

 13C-1Ha 43 43 43

Total dihedral angle restraints 201 201 201

 3JHNα scalar couplings 49 49 49

 3JHNC′ scalar couplings 49 49 49

 3JHNCβ scalar couplings 49 49 49

 13Ca chemical shifts 54 54 54

Structure statistics

Average CYANA target function value (Å2) 9.94 27.46 4.48

Violations

 Distance constraints (>0.5 Å) 2 6 0

 Dihedral angle constraints (>5°) 1 1 1

Deviations from idealized geometrya

 Bond lengths (Å) 0 0 0

 Bond angles (°) 0 0 0

 Impropers (°) 0 0 0

Average pairwise r.m.s. deviationb (Å)

 Heavy atoms 0.86 ± 0.04 0.60 ± 0.06 0.87 ± 0.07

 Backbone 0.47 ± 0.05 0.11 ± 0.04 0.47 ± 0.08

R.m.s. deviation to RDC-refined X-ray structure (Å)

 Heavy atoms 1.31 1.17 1.38

 Backbone 0.72 0.57 0.95
aStructure calculation in torsion-angle space with exactly maintained bond lengths, bond angles and impropers. bCalculated 
among 20 refined structures.
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included in the structure calculation. Most prominent is its decrease 
from one state, which corresponds to the conventional structure- 
calculation protocol (yet with eNOEs), to two and three states, after 
which a plateau is reached. This observation indicates that, in con-
trast to the single-structure, a three-state ensemble as represented 
in Figure 1c describes the experimental data well (backbone r.m.s. 
deviation of 0.46 Å and an all–heavy atom r.m.s. deviation of 0.82 Å). 
Higher-state ensembles also fulfill the experimental data, covering 
a conformation space very similar to that of the three-state ensem-
ble (Supplementary Figs. 2 and 3). In the following, the three-state 
ensemble is used as a representative of the GB3 structure in solution 
because it is the smallest ensemble that fulfills the experimental data 
well. The input data represent a self-consistent set, and the restraints 
are well satisfied in the three-state ensemble (Table 1). To strengthen 
this finding, we arbitrarily changed all eNOE-derived distances by 
up to 15%, yielding considerable increases of the target functions 
(Fig. 2). This observation indicates that the eNOE-derived restraints 
have an accuracy much better than 15%, as demonstrated earlier16,17. 
In addition, it shows that the experimental data set is self-consistent 

and, at least in part, overdetermined, although the free parameter 
space was extensively enlarged with the introduction of the ensemble- 
based structure calculation. The need for multistate ensembles is 
further supported by a cross-validation test, which consists of the 
arbitrary deletion of 10% of all the eNOEs28. The test shows that the 
violations of the nonincluded eNOE-derived distances summed over 
ten structure calculations (deleting every eNOE exactly once overall) 
decrease with the size of the ensemble, resulting in a drop of the target 
function by up to 40% when compared with that of the single-state 
structure (Fig. 2). These findings confirm the prediction, based on 
theoretical considerations, that very tight distance restraints (less than 
25% error) are required in order to calculate a multistate structure29. 
Finally, the close resemblance between local order parameters derived 
from the three-state ensemble and RDC-derived order parameters 
measured in a previous study26 indicates that the three-state ensemble 
well represents the structural space covered by internal motions of 
GB3 (Fig. 3 and unpublished data).

Following the arguments above, the three-state structural ensemble 
is a compact experiment-based representation of GB3 in solution. In 
contrast to the standard structure-determination protocol, it takes into 
account that the NOE is a time- and ensemble-averaged parameter 
yielding an ensemble representation of the structure covering the con-
formational space of GB3. Because of the bundling restraints present 
in the calculation, the multistate structure ensembles cover the mini-
mal conformational 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. Individual-state 
sub-bundle representations were obtained by grouping the most simi-
lar structures from each three-state conformer (Figs. 1 and 4). The 
sub-bundle for each structural state is thereby a measure of the pre-
cision of the individual structural states, similar to the conventional 
bundle representation. Notably, the same bundle representation can 
be used for the entire β-sheet and some of the loops, indicating that 

Figure 2 Target-function (TF) values of various ensemble-based structure 
calculations of GB3, highlighting the importance of the ensemble-based 
structure calculation (left) and the self-consistency of the data by cross-
validations (right). The CYANA target function is the (weighted) sum 
of the squared violations of the conformational restraints. Left, target-
function values versus number of simultaneously calculated states for all 
violations (blue) and for eNOEs only (red). Right, cross-validation tests 
highlighted by target functions. Shown in blue is the normalized target 
function obtained from a jackknife procedure that deletes 10% of all the 
experimental input data randomly ten times (see text). Target functions 
upon random alteration of the distances obtained from cross-peaks according to normal distributions with s.d. of 5% (yellow), 10% (orange) and 15% (red) or 
upon random alteration of all distances by 10% (pink) are shown. All these target-function values are substantially larger than those in the left panel, indicating 
that the original experimental data set is self-consistent.
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Figure 3 Structural space coverage of the ensemble-based structure of GB3. 
Top, distribution of φ (top) and ψ  (bottom) backbone angles versus the amino 
acid sequence. The angles are shown for the nine three-state conformers. 
The most similar structures from each three-state conformer are grouped in 
yellow, red and blue. Anticorrelated behavior between φ (top) and ψ  (bottom) 
is observed for many residues, such as residues two and four. Bottom right, 
backbone HN-N order parameters versus amino acid sequence. Red values 
are computed from the three-state ensemble (S2

ENS), and blue values are 
RDC-derived values (S2

RDC)26. Bottom left, circle diagrams of the χ1 angles 
obtained from a three-state ensemble represented by 20 conformers each. 
The individual diagrams are labeled by the number of the corresponding 
residue. The corresponding angles from the X-ray structure 1IGD25 are 
indicated in red. If the anisotropically evaluated X-ray structure 2IGD25 shows 
a second angle in addition to the former, it is indicated in blue, and if it 
exhibits a different single state, in yellow.
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this entire structural segment undergoes conformational exchange 
between the three states in a concerted fashion. The central parallel 
β-sheet (strands β1 and β4) moves parallel to the entire β-sheet archi-
tecture (that is, vertically with respect to the polypeptide backbone) 
while the loops between β1 and β2, and β3 and β4, as well as between 
accompanied segments within the β-strands, counteract this motion 
in an anticorrelated manner (Fig. 4 and Supplementary Fig. 4).  
A principal-component analysis (PCA) of the ensemble visualizes these 
findings further. In this analysis, the major part of the spatial sampling 
is covered by the first two PCA modes (Supplementary Fig. 5). This 
analysis describes concerted motion across the β-sheet, as indicated 
by the arrows in Figure 4 that show the directions and amplitudes of 
the principal motions. In contrast, the α-helix appears to be decoupled  
from the conformational exchange of the β-sheet, as the bundle 
 representation of the β-sheet does not enable us to distinguish several 
structural states of the α-helix (Fig. 4). However, another set of con-
formers selected to describe structural states of the α-helix indicates 
that the backbone of the α-helix shows also distinct structural states 
that interconvert between each other, but the correlation appears to be 
weaker than for the β-sheet and is localized to the residues that face 
the hydrophobic core (Supplementary Fig. 4). The rate of exchange 
between the conformational states in the β-sheet as well as in the  
α-helix is most likely on the sub-millisecond timescale because slower 
motion would result in line broadening or resonance doubling not 
observed in the spectra and because the three-state ensemble is con-
sistent with the RDC-derived order parameters26 sensitive to motion 
faster than the millisecond timescale (Fig. 3).

DISCUSSION
The eNOE-based ensemble presented here is in good agreement 
with previously obtained multiple-state ensembles2,5 calculated 
from relaxation order parameters, slow motion–sensitive RDCs and 
(in one case5) crystallographic B factors, although these ensembles 
appear to be optimally represented by 4–8 states rather than by the 3 
states derived from the eNOE analysis. All three ensemble represen-
tations show a similar amplitude of structural variations described by 
r.m.s. differences between the states within the ensemble of around 
0.5 Å. In all three ensembles, we observed crankshaft motions (anti-
correlated φi and ψi–1 angles) along the entire backbone and con-
certed structural variations in the β-sheet, with the largest correlated 
structural variations in the loops connecting strands β1 and β2, and 
the α-helix and β3. The observations of concerted motions are fur-
ther supported by other previous studies on GB3 or the similarly 
folded ubiquitin, using RDCs7,14 in combination with hydrogen- 
bond scalar couplings3 and cross-correlated relaxation (CCR) 
rates12. For example, local anticorrelated motion between the φ and 
ψ backbone torsion angles within part of the β-sheet had also been 
observed14. Our three-state ensemble also shows such anticorrelated 
properties for these backbone angles (Fig. 3, top).

The observation of the distinct states of the backbone of GB3 can, 
in part, be extended to the side chains, as visualized, for example, for 
residues 3, 12 and 43, for which the side chains show distinct structural 

states that correlate well with the distinct backbone states (Fig. 4). 
For most of the side chains in the hydrophobic core, such structurally 
distinct states can be seen, whereas some of the surface-faced side 
chains show arbitrary conformations, as exemplified by Lys11 (Fig. 4), 
indicative of either free motion or lack of sufficient experimental data. 
Similar findings can be visualized by the χ1 angles that also describe 
the rotamer states of the side chains (Fig. 3). All but one of the side 
chains in the hydrophobic core have a single rotamer state that is in 
good agreement with the X-ray structure. Only residue 54, close to 
the C terminus, has two rotamer states for the χ1 angle. Interestingly, 
the rotamers of residue 54 correlate well with the distinct backbone 
structural states of the last β-strand, indicating that the rotamers 
 interchange in a concerted manner with the conformational exchange 
of the backbone. Outside the hydrophobic core, many residues have 
multiple χ1 rotamer states. By correlating the χ1 rotamer states with 
the distinct structural states of the backbone, it is possible to observe 
a coupling between them within the secondary structural elements, 
whereas most of the side chain rotamer states in the loops appear to 
be decoupled from their (local) backbone states.

In the following, the side chain rotamers are discussed in more 
detail. For residues 15, 21 and 35, the same two rotamer states were 
observed as in the crystal structure. Actually, the NMR ensemble 
includes all the rotamer states observed in the crystal structures, with 
the exception of residues 7 and 47, for which χ1 deviates by roughly 
40° (Fig. 3). Also, scalar and residual dipolar couplings as well as 
cross-correlated relaxation rates measured under liquid-state con-
ditions are in very good agreement with the rotamer states of the 
structural ensemble including residues 7 and 47. For example, all but 
one of the rotamer states obtained from scalar couplings are in line 
with the structural ensemble. The only inconsistent rotamer state is 
χ1 of residue 8, for which the ensemble has the same rotamer as the 
X-ray structure. Furthermore, the structural ensemble is in accord 
with measurements from a previous study30, which determined the 
rotamer populations of χ1 angles of valine, isoleucine and threonine 
by RDCs, 3JC′Cγ and 3JNCγ scalar couplings: for residues 3, 6, 7, 17, 
18, 33, 39, 44 and 52, the single predicted rotamer states; for resi-
dues 21, 25, and 54, the two predicted rotamers; and for residue 42,  

C

N

C

N

Figure 4 Structural representation of a three-state ensemble of GB3.
Top, bundle representation of the three-state structure. The most similar 
structures from each three-state conformer are grouped in yellow, red and 
blue (as in Fig. 3). For each ensemble, nine conformers were selected.  
In addition to the backbone, the side chains of hydrophobic core residues 
and the two solvent-exposed residues Lys10 and Thr11 are also shown. 
The termini of the protein are also labeled. Bottom, first (left) and 
second (right) mode of principal component analysis. The arrows indicate 
directions and amplitudes (enlarged 5× for better visibility).
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all three predicted rotamers are in line with the structural ensemble. 
Discrepancies are observed for residues 11, 49, 51 and 53. Overall, 
there is good agreement between the sampling in the ensemble and 
previously analyzed X-ray or NMR data. Some inconsistencies may 
have arisen from different sample conditions, such as crystalline or 
liquid state, or different buffer conditions.

In conclusion, by taking into account the motional dependence of 
the eNOE, we have established an ensemble-based NMR structure-
determination protocol that results in a description of the conforma-
tional space of the protein of interest if a sufficient number of eNOEs 
are collected. The application to the protein GB3 shows distinct, albeit 
similar, structural states within the β-sheet and the accompanying 
loops that interchange, most likely, on the microsecond timescale, 
whereas the α-helix is decoupled from this motion. These findings 
indicate that the measurement of eNOEs opens an avenue toward a 
comprehensive spatial description of both the 3D structure and the 
motion of biomolecules, with the potential to uncover communica-
tion pathways among remote sites of a protein.

METHODS
Methods and any associated references are available in the online 
version of the paper.

Accession codes. The three-state ensemble NMR structure of GB3 
has been deposited in the Protein Data Bank, accession code 2LUM.

Note: Supplementary information is available in the online version of the paper.
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ONLINE METHODS
NMR experiments and analysis. GB3 was expressed and purified as described 
previously31. The 13C,15N-labeled NMR sample contained 350 µl of 4 mM protein 
solution in 97% H2O, 3% D2O, 50 mM potassium phosphate buffer, pH 6.5, and 
0.5 mg/ml sodium azide.

All experiments were performed on a Bruker 700-MHz spectrometer equipped 
with a triple-resonance cryoprobe at 298 K. A series of 3D [15N,13C]-resolved 
[1H,1H]-NOESY spectra was recorded for the measurement of NOE buildups. 
A spectrum with τmix = 100 ms was used for adapting the resonance assignment. 
Diagonal-peak decay and cross-peak buildup were followed with a series of 1-d 
experiments with τmix = 20, 30, 40, 50 and 60 ms. All spectra were processed 
and analyzed by using the software packages NMRPipe32 and NMRDraw33. The 
cross-relaxation rates were extracted using the protocol established previously 
with in house–written software and the DOMINO program19.

Structure determination. Structure calculations were done with the program 
CYANA on the basis of the experimental restraints listed in Supplementary 
Tables 1 and 2. Calculations were started from 100 conformers with random 
 torsion-angle values, simulated annealing with 50,000 torsion-angle dynamics 
steps was applied and the 20 conformers with the lowest final target-function 
 values were analyzed. For the ensemble-averaged calculations, 2–9 structural 
states of the entire protein were calculated simultaneously, excluding steric repul-
sion between atoms of different states and applying the eNOE distance restraints to 
the 1/r 6 averages of the corresponding distances in the individual states. Similarly, 
the 3J-coupling restraints and the RDC restraints were applied to the arithmetic 
means of the corresponding quantities in the individual states. Bundling restraints 
were applied in order to keep the individual structural states together in space, as 
far as permitted by the experimental restraints. To this end, weak upper distance 
bounds of 1.2 Å were imposed on all distances between the same nitrogen and 
carbon atoms in different states. The weight of these bundling restraints was 
100 times lower than for NOE upper distance bounds, except for the backbone 
atoms N, Cα, C′ and Cβ, for which a weight ten times lower than for NOEs was 
used. The single- (or three-) state ensemble has 92.0% (81.6%), 7.9% (16.9%),  

0.0% (1.1%) and 0.1% (0.4%), respectively, in the most favored, additionally 
allowed, generously allowed and disallowed regions of the Ramachandran plot. 
The corresponding values for the conventional calculation are 88.9%, 9.0%, 2.1% 
and 0.0%. The three-state ensemble NMR structure of GB3 has been deposited 
in the Protein Data Bank, accession code 2LUM.

PCA of the eNOE-derived structure bundle. To elucidate correlated backbone 
motions, the Cα atom positions in the eNOE-derived three-state ensemble of GB3 
were analyzed by PCA. The conformers in the ensemble were superimposed for 
minimal r.m.s. deviation between the Cα atoms and the corresponding mean 
structure, and the resulting coordinates were subjected to PCA34 using the 
Python package ProDy35 for the calculation of the superposition to the mean, 
the covariance matrix and the singular value decomposition. The covariance 
matrix was diagonalized to determine the principal modes of structural variations 
observed in the ensemble. The principal modes were rank ordered by the size 
of the corresponding eigenvalues (Supplementary Fig. 5). PCA mode 1 refers 
to the direction of maximal variance, followed by PCA mode 2, etc. To illustrate 
the correlated motions of the backbone, the eigenvectors of the first and second 
principal modes were depicted using the molecular graphics package VMD36 
(Fig. 4, arrows attached to the mean Cα positions).

31. Ulmer, T.S., Ramirez, B.E., Delaglio, F. & Bax, A. Evaluation of backbone proton 
positions and dynamics in a small protein by liquid crystal NMR spectroscopy.  
J. Am. Chem. Soc. 125, 9179–9191 (2003).

32. Delaglio, F. et al. NMRPipe: a multidimensional spectral processing system based 
on UNIX pipes. J. Biomol. NMR 6, 277–293 (1995).

33. Johnson, B.A. & Blevins, R.A. A computer program for the visualization and analysis 
of NMR data. J. Biomol. NMR 4, 603–614 (1994).

34. Bakan, A. & Bahar, I. The intrinsic dynamics of enzymes plays a dominant role in 
determining the structural changes induced upon inhibitor binding. Proc. Natl. 
Acad. Sci. USA 106, 14349–14354 (2009).

35. Bakan, A., Meireles, L.M. & Bahar, I. ProDy: protein dynamics inferred from theory 
and experiments. Bioinformatics 27, 1575–1577 (2011).

36. Humphrey, W., Dalke, A. & Schulten, K. VMD: visual molecular dynamics. J. Mol. 
Graph. 14, 33–38 (1996).
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