
Xavier Salvatella
ICREA and IRB Barcelona

Ambleside, 1-09-10

Strategies for extracting 
dynamics from NMR data



NMR parameters

nuclear Overhauser effect (nOe) internuclear distances

scalar couplings (3J coupling) torsion angles

chemical shifts (CS) ... itʼs complicated ...

residual dipolar couplings (RDC) angles

NMR can be used to determine the structure of proteins because 
many NMR parameters provide information on the structure of the 

protein.

cross correlated relaxation rates (CCR) angles

heteronuclear relaxation rates (R2) rotational diffusion tensor



To be useful as probes of molecular structure NMR parameters need  
to be related to well-defined structural properties

nuclear Overhauser effect (nOe) internuclear distances

 Structural interpretation of NMR parameters

scalar couplings (3J coupling) torsion angles

S3 Validation of the ERNST ensemble

As stated in the text, validation of experimental quantities not used in the calculations

of the ensemble represent an independent means to validate the ensemble. In Tab. 1 of

the main text we present this validation. 

3.1 RDCs

While NH RDCs reported by Lange et al. (7) were used to restrain the simulations,

RDCs of type HNC' and NC', also reported by Lange et al. (7), were not used during

the calculations and have instead been used to independently validate the ensemble.

The global Q factor (21) was calculated for each set combined set of RDCs as a

measure of the fit to the experimental data as follows,

Q = rms(∆δmeas−∆δpred)
rms(∆δmeas)

Figure S1 shows the fit to the experimental values for the NH RDCs for all the

dynamic ensembles that have previously been published, while S2 and S3 show the fit

of the HNC' and NC' RDCs respectively.

3.2 Scalar couplings

For scalar couplings we used six sets of couplings that report on the ! angle, HNHA,

HNC', HNCB, C'HA, C'C' and C'CB reported in Cornilescu et al. (21). For these

couplings we calculated and reported the global RMSD in Hz for the combined sets.

We employed the same Karplus coefficients as used by Cornilescu et al. (21). The

couplings were ensemble averaged across the members of the ensemble as,

3Jφ =
�
A cos2 φ + B cos φ + C

�

and then compared to the experimental values to determine the RMSD in Hz. The fit

to the experimental values are shown in Fig. S4. 
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3.3 Trans-hydrogen bond J couplings

Trans-hydrogen bond scalar couplings report on the geometry of the hydrogen bonds

and are exquisitely sensitive to small changes in the distance and the amide proton

carbonyl pair angle. The equation that we use to back calculate this quantity was

paramertized by Barfield (22) from ab initio calculations. The value of the couplings

were ensemble averaged as,

h3JNC� =
�
−360 exp (−3.2rHO) cos2 θ + 0.04

�

whereby the angle ! is H-O-C'. The values are reported as RMSD in Hz for the

couplings in the main text. Fig. S5 shows the fit between the experimentally measured

values and those back-calculated from static structures and the dynamic ensembles.

3.4 Cross-correlated relaxation rates

The cross-correlated relaxation rates of successive amide pairs and of NH and C!H!

pairs are apt for validation of dynamic ensembles as they report on the degree of

correlation between distinct sites. The cross-correlated relaxation rates of the different

ensembles were calculated using Eq. 1 and Eq. 2 using an optimized value of "c

shown in Tab. S1. The reported value of "c for use with their RNH,NH data is 3.8 ns (23),

while the value of "c for the RNH,C!H! data was determined to be 4.0 ns. The RMSD

values are quoted in the text for all the sites in the protein, excluding the C-terminus.

Values of Slibr for NH vectors were set to the previously reported values (7, 13) as is

appropriate for restrained vectors. The value of Slibr for C!H! vectors was set to 1.0;

this is justified on the basis that we do not restrain this vector and as such libration

motions of this vector are not absorbed by the tensor. The fits of the experimentally

measured CCRs to the values calculated from the static structures and the dynamics

ensembles are shown in Figs. S6 and S7. The CCR values for the each structure or

ensemble were first calculated assuming a value of "c = 1, using Eq. 1 or Eq. 2 from

the main text, as appropriate. The bond lengths of 1.02 Å was used for NH vectors

and of 1.09 for CH vectors. The ensemble calculated and experimental data were then

used with a no-intercept regression model to determine the optimum value of "c as
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To be useful as probes of molecular structure NMR parameters need  
to be related to well-defined structural properties

nuclear Overhauser effect (nOe) internuclear distances

 Structural interpretation of NMR parameters

scalar couplings (3J coupling) hydrogen bond geometry

S3 Validation of the ERNST ensemble

As stated in the text, validation of experimental quantities not used in the calculations

of the ensemble represent an independent means to validate the ensemble. In Tab. 1 of

the main text we present this validation. 

3.1 RDCs

While NH RDCs reported by Lange et al. (7) were used to restrain the simulations,

RDCs of type HNC' and NC', also reported by Lange et al. (7), were not used during

the calculations and have instead been used to independently validate the ensemble.

The global Q factor (21) was calculated for each set combined set of RDCs as a

measure of the fit to the experimental data as follows,

Q = rms(∆δmeas−∆δpred)
rms(∆δmeas)

Figure S1 shows the fit to the experimental values for the NH RDCs for all the

dynamic ensembles that have previously been published, while S2 and S3 show the fit

of the HNC' and NC' RDCs respectively.

3.2 Scalar couplings

For scalar couplings we used six sets of couplings that report on the ! angle, HNHA,

HNC', HNCB, C'HA, C'C' and C'CB reported in Cornilescu et al. (21). For these

couplings we calculated and reported the global RMSD in Hz for the combined sets.

We employed the same Karplus coefficients as used by Cornilescu et al. (21). The

couplings were ensemble averaged across the members of the ensemble as,

3Jφ =
�
A cos2 φ + B cos φ + C

�

and then compared to the experimental values to determine the RMSD in Hz. The fit

to the experimental values are shown in Fig. S4. 
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3.3 Trans-hydrogen bond J couplings

Trans-hydrogen bond scalar couplings report on the geometry of the hydrogen bonds

and are exquisitely sensitive to small changes in the distance and the amide proton

carbonyl pair angle. The equation that we use to back calculate this quantity was

paramertized by Barfield (22) from ab initio calculations. The value of the couplings

were ensemble averaged as,

h3JNC� =
�
−360 exp (−3.2rHO) cos2 θ + 0.04

�

whereby the angle ! is H-O-C'. The values are reported as RMSD in Hz for the

couplings in the main text. Fig. S5 shows the fit between the experimentally measured

values and those back-calculated from static structures and the dynamic ensembles.

3.4 Cross-correlated relaxation rates

The cross-correlated relaxation rates of successive amide pairs and of NH and C!H!

pairs are apt for validation of dynamic ensembles as they report on the degree of

correlation between distinct sites. The cross-correlated relaxation rates of the different

ensembles were calculated using Eq. 1 and Eq. 2 using an optimized value of "c

shown in Tab. S1. The reported value of "c for use with their RNH,NH data is 3.8 ns (23),

while the value of "c for the RNH,C!H! data was determined to be 4.0 ns. The RMSD

values are quoted in the text for all the sites in the protein, excluding the C-terminus.

Values of Slibr for NH vectors were set to the previously reported values (7, 13) as is

appropriate for restrained vectors. The value of Slibr for C!H! vectors was set to 1.0;

this is justified on the basis that we do not restrain this vector and as such libration

motions of this vector are not absorbed by the tensor. The fits of the experimentally

measured CCRs to the values calculated from the static structures and the dynamics

ensembles are shown in Figs. S6 and S7. The CCR values for the each structure or

ensemble were first calculated assuming a value of "c = 1, using Eq. 1 or Eq. 2 from

the main text, as appropriate. The bond lengths of 1.02 Å was used for NH vectors

and of 1.09 for CH vectors. The ensemble calculated and experimental data were then

used with a no-intercept regression model to determine the optimum value of "c as
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residual dipolar couplings (RDC) angles

 Structural interpretation of NMR parameters

To be useful as probes of molecular structure NMR parameters need  
to be related to well-defined structural properties

PALES (Markus Zweckstetter)

Dcalc =
µ0γP γQh

8π3r3

�

ij

Sij cos φi cos φj

cross correlated relaxation rates (CCR) angles

It is important to acknowledge that the reliable representation of the local

dynamics, reflected in the ability of ERNST to predict the outcome of independent

RDC measurements, does not guarantee that the description of the degree of

correlation between the motions at different sites is accurate. For this purpose we

have cross-validated the ensemble against cross-correlated relaxation rates (CCRs)

(28) of zero quantum (ZQ) and double quantum (DQ) coherences of successive

backbone NH vectors (RNH,NH), available in the literature (29), and of NH and C!H!

backbone vectors of the same residue (RNH,C!H!), that we have experimentally

measured for ubiquitin (20, 30). Trans-hydrogen bond scalar couplings (h3JNC') (31),

that are sensitive to correlations in the motions of hydrogen-bonded residues in "-

strands (32), were also used to validate the ensemble. CCRs, that like RDCs are

sensitive to both fast (sub-ns) and slower motions, depend on the angle !XH,YH

between bond vectors (28, 29) and correctly predicting their values from ensembles

of structures relies on an accurate representation of the probability distribution of this

angle i.e. of the motion of one bond vector relative to the other one. In contrast to

RDCs, their calculation does not require ensemble members to be super-imposed ad

hoc and, in contrast to h3JNC' data (see Online Supporting Text), does not depend on

the choice of empirical parameters. The use of CCR data to validate dynamic

ensembles is unprecedented and paramount in this work because these experiments

provide direct evidence for the correlated motions of distant vectors.

RXH,YH =
�

µ0�
4π

�2 �
γXγH

r3
XH

� �
γYγH

r3
YH

�
P2(cos θXH,YH)

2τC

5
· Slibr

XH
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YH
· SRDC

XH
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YH
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4π
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 Structural interpretation of NMR parameters

heteronuclear relaxation rates (R2) rotational diffusion tensor

To be useful as probes of molecular structure NMR parameters need  
to be related to well-defined structural properties

CRYSOL (De La Torre)

chemical shifts (CS) ... itʼs complicated ...

SHIFTS (David Case)
SHIFTX (David Wishart)
SPARTA (Ad Bax)
CAMSHIFT (Michele Vendruscolo )

x

y

z



 Structure determination using NMR

Structure determination using NMR is based on the identification, 
often using computational methods, of structures/conformations that 
have back-calculated NMR parameters that agree with experiment

nuclear Overhauser effect (nOe)

scalar couplings (3J coupling)

chemical shifts (CS)

residual dipolar couplings (RDC)

cross correlated relaxation rates (CCR)

heteronuclear relaxation rates (R2)
NMR structure



 Structure determination using NMR

nuclear Overhauser effect (nOe)

scalar couplings (3J coupling)

chemical shifts (CS)

residual dipolar couplings (RDC)

cross correlated relaxation rates (CCR)

heteronuclear relaxation rates (R2)
NMR ensemble

Structure determination using NMR is based on the identification, 
often using computational methods, of structures/conformations that 
have back-calculated NMR parameters that agree with experiment



 Sources of error in NMR structures

Experimental errors: NMR parameters cannot be measured with 
infinite accuracy

the equations used to back-calculate NMR 
parameters from structures are not exact

Interpretation errors:

a single structure is insufficient to explain 
all the data

Model errors/dynamics:

nuclear Overhauser effect 
(nOe), chemical shift (CS)

scalar couplings (3J coupling), 
residual dipolar couplings 
(RDC)

scalar couplings (3J coupling), 
residual dipolar couplings 
(RDC)



 Sources of error in NMR structures

Experimental errors: NMR parameters cannot be measured with 
infinite accuracy

the equations used to back-calculate NMR 
parameters from structures are not exact

Interpretation errors:

a single structure is insufficient to explain 
all the data

Model errors/dynamics:

nuclear Overhauser effect 
(nOe), chemical shift (CS)

scalar couplings (3J coupling), 
residual dipolar couplings 
(RDC)

scalar couplings (3J coupling), 
residual dipolar couplings 
(RDC)



From theory: molecular simulations suggest that structures are 
flexible in the timescale sampled by NMR 
experiments.

Evidence for dynamics (in proteins)



Evidence for dynamics (in proteins)

From experiment: crystallization of proteins under slightly conditions  
yields structures that are slightly different. 

Because too few structures may not adequately represent the native
state heterogeneity, we required at least 10 matches to be found.

The side-chain order parameters calculated from the HSP en-
sembles are plotted in Fig. 2, together with experimental values
obtained from deuterium relaxation experiments. There is gener-
ally a remarkably good agreement between the experimental and
calculated data, given the acknowledged difficulty of quantitatively
predicting these data (16, 17, 26), especially for the larger-sized
ensembles (e.g., HIV-1 protease). Table 1 summarizes the corre-
lation and rms deviation (rmsd) between experimental and calcu-
lated data. We favor the rmsd as a measure of similarity, because
some proteins tend to have higher correlations simply because of
their residue composition (15).

We assess the significance of the results by comparing them to a
model in which ‘‘synthetic’’ data sets are generated by drawing
order parameters for each residue at random from a pool of real
experimental data for that residue type. The model accounts for
residue identity but not structural context. From a large number of
synthetic data sets, we calculate the probability that a rmsd as good
as that obtained from the HSP ensemble could be obtained by using
this model: for all proteins this probability is !1%, with the
exception of Fyn SH3 and Cdc42Hs where it is "10%.

Effect of Experimental Uncertainty and Ensemble Size. Variations
within the HSP ensembles could come from real differences
between the structures, as well as from experimental uncertainty.
We use HIV-1 protease (which has the largest HSP ensemble) to

investigate the origin of these variations, by comparing order
parameters calculated for various structural ensembles of this
protein (Fig. 3). A good correlation between the full HSP ensemble
and experimental deuterium relaxation data is found (Fig. 3a; rmsd
0.17 Å, rp 0.76); for reference, two different experimental data sets
(from carbon and deuterium relaxation) are compared in Fig. 3b
(rmsd 0.10 Å, rp 0.94).

Degeneracy in the solution of crystal structures has been shown
to give local variations of up to 2.0 Å in the refined solutions of
HIV-1 protease x-ray diffraction data (27). This contribution to the
order parameters may be quantified by calculating order parame-
ters from the model structures. An ensemble of 50 plausible initial
structures, generated by the RAPPER procedure (27), gives order
parameters that are generally much lower than experiment (Fig.
3c). Despite this large variation allowed in the initial structures,
refinement against the x-ray data produced an ensemble whose
order parameters were much higher than experiment (Fig. 3d);
therefore, the small degeneracy in solutions underestimates the true
variability.

The variability within NMR ensembles is similarly related both to
the local density of restraints and to true dynamics (28). We find
that side-chain order parameters calculated over the NMR ensem-
ble of HIV-1 protease are poorly correlated with the experimental
data (Fig. 3e; rmsd 0.34 Å; rp 0.13). Similar results are obtained
when this same approach is applied to other proteins for which both
NMR ensembles with at least 10 members and side-chain order
parameters have been determined. The correlations are given in
Table 1 and, where there is a corresponding HSP ensemble, are
plotted in Fig. 2. Although the correlations vary somewhat from
protein to protein, the rmsds from experimental data are consis-
tently better for the HSP ensembles than the NMR ensembles.

The data in Table 1 suggest that larger HSP ensemble sizes tend
to give more accurate results. We test this hypothesis by calculating
both backbone and side-chain order parameters over randomly
selected subensembles of the HIV-1 protease HSP ensemble (Fig.
3f). An increase in the ensemble size indeed improves the agree-
ment with experiment. Furthermore, although there is little im-
provement for the backbone order parameters beyond 2 structures
and almost none beyond 5, a larger number of structures ("20–40)
is necessary to capture the side-chain heterogeneity (Fig. 3f). The
limited improvement beyond 40 structures indicates that the ap-
proximations inherent in comparing HSP structures will eventually
limit the agreement with experiment. Chou et al. (14) have shown
that even a small population of a minor rotamer, e.g., !10%, can
have a significant effect on the calculated S2 value, such that

Fig. 1. Leu side chains from the ubiquitin HSP ensemble with !-methyl order
parameters of 0.7 (L50) (a) and 0.2 (L8) (b).

Table 1. Comparison between experimental side-chain order parameters and those calculated
from HSP and NMR ensembles

Protein

HSP ensembles NMR ensembles

SI,* % Size, Å rp
† rmsd, Å Structure Size, Å rp

† rmsd, Å

Cdc42Hs 98.3 13 0.53 0.30 1AJE 20 0.11 0.39
HIV-1 Protease 92.1 330 0.74 0.17 1BVE 28 0.13 0.34
Ubiquitin 99.2 13 0.76 0.18 1D3Z 10 0.57 0.29
Eglin c 99.0 10 0.37 0.30 1EGL 25 0.46 0.31
Calmodulin 99.8 28 0.72 0.20 3CLN 25 0.40 0.27
A-LBP 99.4 14 0.73 0.19
Troponin C 98.9 13 0.69 0.19
Fyn SH3 99.7 12 0.74 0.21
FNfn10 1TTF 36 0.50 0.30
PLCC SH2 2PLE 18 0.36 0.32
M-FABP 1G5W 20 0.41 0.35
Average 98.3 0.66 0.22 0.37 0.32

See ref. 25 for more details on experimental side-chain order parameters.
*Percentage sequence identity in HSP ensemble.
†Pearson correlation coefficient.

10902 ! www.pnas.org"cgi"doi"10.1073"pnas.0511156103 Best et al.

R. Best et al (2006) Proc. Natl. Acad. Sci USA 103, 10901-10906.

crystallization has 
selected different 

conformations 
present in solution

L50
L8

ubiquitin



Approaches to extract dynamical 
information from NMR data

Molecular simulations: 1) generate a trajectory for the 
molecule of interest using molecular 
simulations - typically molecular 
dynamics (MD) - started from the 
average structure.

3) compare qcalc to qexp to determine 
whether agreement has improved 
relative to a static average structure.

2) average q appropriately to obtain qcalc



Approaches to extract dynamical 
information from NMR data

Molecular simulations:

Quantitative Molecular Ensemble Interpretation of NMR Dipolar Couplings
without Restraints

Scott A. Showalter and Rafael Brüschweiler*
Department of Chemistry and Biochemistry & National High Magnetic Field Laboratory, Florida State UniVersity,

Tallahassee, Florida 32306

Received January 29, 2007; E-mail: bruschweiler@magnet.fsu.edu

At room temperature, proteins undergo dynamic excursions away
from their average three-dimensional structure, which plays an
essential role for function.1 Molecular dynamics (MD) computer
simulations can provide detailed insights into the nature of these
motions by representing the state of a protein as a conformational
ensemble that follows the laws of statistical thermodynamics.2 While
the complexity of the protein energy landscape makes the accurate
representation of protein motions challenging, recent improvements
made to commonly used molecular mechanics force fields show
significant promise.3,4 To properly assess force-field modifications,
comparison with high-quality experimental data is essential. For
sub-ns time-scale dynamics, NMR spin relaxation parameters are
well suited for this task.5 By contrast, NMR residual dipolar
couplings (RDCs),6 which occur when proteins are weakly aligned,
probe a much larger time-scale range from ps to ms.7 Because RDCs
can be measured for many different spin pairs and alignment media
with high accuracy and because they simultaneously reflect structure
and dynamics, these parameters represent benchmarks that are both
rigorous and comprehensive. Here we report remarkable agreement
achieved between a 50 ns MD ensemble of ubiquitin, using the
recently refined AMBER99SB force field,4 and RDCs for ubiquitin
measured in multiple alignment media.8
Starting from the X-ray structure (PDB entry 1ubq9), a 50 ns

MD trajectory of ubiquitin in a cubic box with 6080 explicit SPC
water molecules has been generated at constant temperature of
300 K and 1 atm pressure. N-H RDCs were computed from the
trajectory as described previously.10 Normalized backbone N-H
bond vectors v) (x,y,z) were extracted every ps, after each snapshot
was aligned with respect to the snapshot at 25 ns, and averages of
the 6 bilinear terms !x2", !y2", !z2", !xy", !xz", and !yz" were calculated
over all 50 000 snapshots. These averages are then used to determine
the alignment tensors for all 10 alignment media by singular value
decomposition (SVD),11 from which the best fitting RDCs are back-
calculated (see Supporting Information for details). The difference
between calculated and experimental RDCs is then expressed in
terms of the Q value for each medium.12 In addition, a cumulative
Q value, Qcum, is calculated as the sum of the Q values over all 10
media.13 Q values are also calculated for a 20 ns MD simulation
(20 000 snapshots) that uses the older AMBER99 force field, the
crystal structure (1ubq9), and the NMR structure (1d3z14). All
residues were included in the analysis, except for the highly flexible
C-terminal residues 72-76, whose RDCs are not well reproduced
by individual structures, and Ile 36 that terminates the central
R-helix, which behaves as an outlier for most media (results
including the C-terminus are given in Supporting Information).
The distribution of individual Qcum values of all 50 000 snapshots

is depicted in Figure 1A (blue histogram) and for the final 20 000
snapshots (red histogram). The corresponding distribution for the
20 000 snapshots of the AMBER99 simulation (green) is shifted
toward larger Q values by a substantial amount (!Qcum ) 0.92

between the histogram means), reflecting poorer agreement between
individual snapshots and experiment for the AMBER99 ensemble.
Ensemble averaging of the RDCs leads to a substantial improvement
of the Qcum values with the 50 ns trajectory producing a value of
2.2 that is lower than the corresponding values of the two 20 ns
MD simulations (Qcum ) 2.4 for AMBER99SB, and Qcum ) 3.5
for AMBER99).
The 50 ns ensemble-averaged RDCs perform better than the

RDCs predicted by any individual snapshot of the ensemble, as
well as those of the X-ray structure (1ubq), which was the starting
structure for the simulation (Figure 1B). Only the NMR structure
(1d3z), which was refined using 2 of the 10 RDC sets, has a Qcum
that is lower by 10% than the 50 ns ensemble. Exclusion of the
RDCs used in the refinement of 1d3z reduces the difference in Qcum

Figure 1. Residual dipolar coupling Qcum factors of ubiquitin for the 50
ns AMBER99SB MD simulation (blue), the final 20 ns of the AMBER99SB
simulation (red), the 20 ns AMBER99 simulation (green), and the NMR
ensemble 1D3Z (yellow). The blue, red, and green arrows indicate the Qcum
values for the ensemble averaged RDCs and the black arrows for individual
PDB structures. Only residues 2-71 were used for comparison, while the
flexible tail (residues 72-76) was excluded.

Published on Web 03/17/2007

4158 9 J. AM. CHEM. SOC. 2007, 129, 4158-4159 10.1021/ja070658d CCC: $37.00 © 2007 American Chemical Society

Q = rms(Dcalc −Dexp)/rms(Dexp)
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S. A. Showalter and R. Bruschweiler (2007) J. Am. Chem. Soc. 127, 4158-4159.
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Molecular simulations:
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At room temperature, proteins undergo dynamic excursions away
from their average three-dimensional structure, which plays an
essential role for function.1 Molecular dynamics (MD) computer
simulations can provide detailed insights into the nature of these
motions by representing the state of a protein as a conformational
ensemble that follows the laws of statistical thermodynamics.2 While
the complexity of the protein energy landscape makes the accurate
representation of protein motions challenging, recent improvements
made to commonly used molecular mechanics force fields show
significant promise.3,4 To properly assess force-field modifications,
comparison with high-quality experimental data is essential. For
sub-ns time-scale dynamics, NMR spin relaxation parameters are
well suited for this task.5 By contrast, NMR residual dipolar
couplings (RDCs),6 which occur when proteins are weakly aligned,
probe a much larger time-scale range from ps to ms.7 Because RDCs
can be measured for many different spin pairs and alignment media
with high accuracy and because they simultaneously reflect structure
and dynamics, these parameters represent benchmarks that are both
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achieved between a 50 ns MD ensemble of ubiquitin, using the
recently refined AMBER99SB force field,4 and RDCs for ubiquitin
measured in multiple alignment media.8
Starting from the X-ray structure (PDB entry 1ubq9), a 50 ns

MD trajectory of ubiquitin in a cubic box with 6080 explicit SPC
water molecules has been generated at constant temperature of
300 K and 1 atm pressure. N-H RDCs were computed from the
trajectory as described previously.10 Normalized backbone N-H
bond vectors v) (x,y,z) were extracted every ps, after each snapshot
was aligned with respect to the snapshot at 25 ns, and averages of
the 6 bilinear terms !x2", !y2", !z2", !xy", !xz", and !yz" were calculated
over all 50 000 snapshots. These averages are then used to determine
the alignment tensors for all 10 alignment media by singular value
decomposition (SVD),11 from which the best fitting RDCs are back-
calculated (see Supporting Information for details). The difference
between calculated and experimental RDCs is then expressed in
terms of the Q value for each medium.12 In addition, a cumulative
Q value, Qcum, is calculated as the sum of the Q values over all 10
media.13 Q values are also calculated for a 20 ns MD simulation
(20 000 snapshots) that uses the older AMBER99 force field, the
crystal structure (1ubq9), and the NMR structure (1d3z14). All
residues were included in the analysis, except for the highly flexible
C-terminal residues 72-76, whose RDCs are not well reproduced
by individual structures, and Ile 36 that terminates the central
R-helix, which behaves as an outlier for most media (results
including the C-terminus are given in Supporting Information).
The distribution of individual Qcum values of all 50 000 snapshots

is depicted in Figure 1A (blue histogram) and for the final 20 000
snapshots (red histogram). The corresponding distribution for the
20 000 snapshots of the AMBER99 simulation (green) is shifted
toward larger Q values by a substantial amount (!Qcum ) 0.92

between the histogram means), reflecting poorer agreement between
individual snapshots and experiment for the AMBER99 ensemble.
Ensemble averaging of the RDCs leads to a substantial improvement
of the Qcum values with the 50 ns trajectory producing a value of
2.2 that is lower than the corresponding values of the two 20 ns
MD simulations (Qcum ) 2.4 for AMBER99SB, and Qcum ) 3.5
for AMBER99).
The 50 ns ensemble-averaged RDCs perform better than the

RDCs predicted by any individual snapshot of the ensemble, as
well as those of the X-ray structure (1ubq), which was the starting
structure for the simulation (Figure 1B). Only the NMR structure
(1d3z), which was refined using 2 of the 10 RDC sets, has a Qcum
that is lower by 10% than the 50 ns ensemble. Exclusion of the
RDCs used in the refinement of 1d3z reduces the difference in Qcum

Figure 1. Residual dipolar coupling Qcum factors of ubiquitin for the 50
ns AMBER99SB MD simulation (blue), the final 20 ns of the AMBER99SB
simulation (red), the 20 ns AMBER99 simulation (green), and the NMR
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Approaches to extract dynamical 
information from NMR data

Molecular simulations: it is currently unfeasible to obtain 1ms 
trajectories due to limitations in computer 
speed ... need to use algorithms to 
accelerate MD (AMD) so that agreement with 
NMR is reached.

appliedlongtime-scaleclassicalMDsimulationsofubiquitin.25,27,28

A single AMD trajectory, using the equivalent number of steps
to 8 ns of classical MD, with relatively low acceleration
parameters of (Eboost - Vdih ) 100 kcal mol-1, R ) 60
kcal mol-1) results in essentially identical conformational
sampling to a 150 ns classical MD trajectory (N-HN order
parameters are compared in Figure S1, Supporting Information).
This demonstrates that the AMD approach samples meaningful
conformational space analogous to standard long MDs.

1. Agreement between Experimental and Theoretical
RDCs and Scalar J-Couplings. To assess the most appropriate
level of acceleration, we have analyzed the ability of ensembles
derived at each value of (Eboost - Vdih) to reproduce experimental
RDCs and J-couplings (see Methods). Figure 1 shows the
trajectory averaged cumulative R-factor (Rcum) for RDCs and
scalar J-couplings as a function of the acceleration level, and
clearly identifies the “optimum” level at (Eboost - Vdih) ) 250

kcal/mol for an acceleration parameter R ) 60 kcal/mol.
Ensembles generated with less aggressive acceleration sample
too little conformational space, while more aggressive accelera-
tion samples too much conformational space to reproduce
experimental data.

At the optimal acceleration level, the trajectory-averaged
N-HN RDC cumulative R-factor across all 23 alignment media
is 2.496 (average 0.1085). For individual alignment media
cumulative R-factors vary between 0.090 and 0.129. Figure 2
shows correlations between experimental and theoretical N-HN

RDCs for four representative data sets with R-factors of 0.096,
0.098, 0.100, and 0.111. Residue specific trajectory-averaged
Rcum values are compared to a control set calculated from
standard 5 ns MD simulations (Figure 3). Only residue 54 shows
any increase in the Rcum value. Long time-scale dynamics are
predominantly located in residues 8-11 and the residue specific
Rcum values for these residues show improvement compared to
the control set. Significant improvement is also observed in
residues that show little or no long time-scale dynamics, (e.g.,

(47) Vijay-Kumar, S.; Bugg, C. E.; Cook, W. J. J. Mol. Biol. 1987, 194,
531–544.

Figure 1. Effect of increasing the acceleration level on N-HN order parameters in ubiquitin. (A) Order parameters are shown after performing a free energy
weighting correction, and are averaged over the trajectories. From top to bottom, the boost energy is 0 (standard 5 ns MD control set), 100, 150, 200, 250,
300, 350, 400, and 450 kcal/mol. The acceleration parameter, R, was fixed at a value of 60 kcal/mol. (B) Change in the trajectory-averaged cumulative
R-values for RDCs as a function of the acceleration level. In all cases, the acceleration parameter R ) 60 kcal/mol. The boost energy of 0 represents the
control set of 5 ns standard MD simulations starting from the X-ray crystal structure47 using a different random seed generator. (C) Change in the trajectory-
averaged cumulative R-values for J-couplings as a function of the acceleration level. In all cases the acceleration parameter R ) 60 kcal/mol.

16970 J. AM. CHEM. SOC. 9 VOL. 131, NO. 46, 2009

A R T I C L E S Markwick et al.

P. R. L. Markwick et al (2009) J. Am. Chem. Soc. 131, 16968-16975.
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Approaches to extract dynamical 
information from NMR data

Ensemble restrained molecular simulations

In spite of important advances in the quality of force fields and 
methods of sampling conformational space the agreement with 
experiment is, although there are exceptions, modest.

Restrained molecular simulations can be used to select ensembles 
of conformations that agree with the experimental data better 
than the average structure because they represent the structural 
heterogeneity encoded in the NMR data.



Ensemble restrained molecular simulations

Approaches to extract dynamical 
information from NMR data

MD Molecular Dynamics
R-MD Restrained Molecular Dynamics



Ensemble restrained molecular simulations

Approaches to extract dynamical 
information from NMR data

ER-MD Ensemble-averaged Restrained Molecular Dynamics
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S2 Order parameters

Not all NMR parameters average on the same timescale

Order Parameters

Nuclear Overhauser Efects (NOEs)

Scalar Couplings (3Js)

Cross-correlated relaxation rates (CCRs)



NMR observables that report on the amplitude of 
bond vector dynamics in th sub-ns timescale

N

H

15N R2, 15N R1, 1H-15N NOE

Information on the amplitude 
(S2) and frequency (τe) of the 

librations of the NH bond 
vector

This information can be obtained for both backbone and side 
chain bond vectors, thus making it possible to exhaustively 

characterize the fast (sub-nanosecond) fluctuations of the structure 
of the protein.



Dynamic Ensemble Refinement of Ubiquitin

averaged q-factor for the DER ensemble (48%) from this set of
RDCs is comparable to that derived from the NMR structure11

(47%). However, whereas q-factors for individual conformations
within the DER ensemble cover a broad range from 52–89% (mean
72%) and only show good agreement to the experimental data as an
ensemble, all the individual conformations within the NMR ensem-
ble have low q-factors (47–52%, mean 49%). For this set of RDCs
the crystal structure21 has q ! 77%.

To quantify the heterogeneity introduced by the use of S2 values
as restraints (Fig. 2a) we calculated the root mean square deviations
(r.m.s.d.) of the positions of all heavy atoms in the ubiquitin
molecule (Fig. 2b, c). In addition to the carboxy-terminal region
(residues 72–76), which is known to be highly flexible9, we find that
a large number of residues show marked variability within the
calculated ensemble. These residues include not only those that are
surface exposed, but also a considerable proportion of the atoms in
the core of the protein. We used the generalized Lindemann
criterion23,24 to compare the amplitude of the atomic fluctuations
(r.m.s.d.) with the average distances between atoms, quantified as
the ratio of these two values (the Lindemann D value). A critical

value of D < 0.15 indicates a transition between solid-like (low D)
and liquid-like (high D) behaviour for a wide range of com-
pounds23,24.
If we exclude residues 72–76 from the analysis we find that the

Lindemann D value is 0.14 for the heavy atoms of the backbone and
0.29 for those of the side chains, showing that on average the
molecule can be characterized as having solid-like rigidity in the
backbone with liquid-like side chains attached. Surprisingly, this
conclusion is still valid if one examines only the 90 heavy atoms that
form the internal core of the protein, defined as those within 6 Å of
the centre of mass24 (D ! 0.25 for side-chain atoms and 0.12 for
backbone atoms); by comparison, the remaining 473 heavy atoms
have D ! 0.30 for the side-chain atoms and 0.15 for the backbone
atoms. Finally, the 94 most exterior backbone heavy atoms (.12 Å
from the centre of mass) have mobilities that on average are liquid-
like (D ! 0.17). Thus, our results show that ubiquitin in solution is
not only ‘surface molten’24, but also ‘side-chain molten’ even in the
core of the protein.

Comparison with conventional structure determination
methods
We then compared the heterogeneity of the structures obtained by
DER with that of several ensembles determined by other methods
(Fig. 2b, c). We first examined the published NMR ensemble11 and
an ensemble (the ‘rapper ensemble’) consisting of 50 conformations
that individually are all compatible with the published X-ray
structure factors21, and which we determined using a recently
described procedure25. These two ensembles both show a lower
heterogeneity than the one we determined using S 2 values as
restraints—a result that was anticipated given that they were
determined with the objective of defining an accurate estimate of
the average atomic positions, rather than of the associated
dynamics. Finally, we performed a 6-ns molecular dynamics simu-
lation in explicit solvent to sample the native-state dynamics of
ubiquitin. For bothmain-chain and side-chain atoms themolecular
dynamics simulation gives rise to r.m.s.d. values whose magnitudes
are comparable to those in our ensemble; although, as described
below, the local structures in the two ensembles can differ substan-
tially. Nonetheless, this result demonstrates that molecular
dynamics simulations provide an overall description of the magni-
tude of molecular fluctuations that is consistent with the experi-
mental NMR data.

Figure 2 Variability in structural ensembles of ubiquitin. a, Backbone trace of 15
representative conformations obtained from a clustering procedure. The structures are

coloured from the N terminus (red) to the C terminus (blue) and are traced within an atomic

density map46 representing the 20% amplitude isosurface of the density of atoms in the

polypeptide main chain. The r.m.s.d. values of backbone (Ca) atoms (b) and side-chain
atoms (c) in ubiquitin ensembles were determined by dynamic-ensemble refinement,
NMR11, X-ray diffraction21,25 and molecular dynamics (MD) simulations.

Figure 1 Cross-validation of ubiquitin structures by comparison with independently
determined NMR data. Calculation of residual dipolar couplings (RDCs)11 (a) and side-
chain scalar couplings15 (b). The NMR data were back-calculated from an ensemble of

conformations that was determined using DER as described in the text and in the

Supplementary Information. For clarity, the magnitudes of the residual dipolar couplings

were normalized to those for an amide NH in the same orientation by scaling according to

bond lengths and gyromagnetic ratios10. The data point labels in a describe the atoms
between which the RDCs were measured. In b, 3J NCg and

3J CCg are scalar couplings

between the side-chain g carbon and the backbone amide nitrogen and carbonyl carbon,

respectively.
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The refined ensemble of 128 structures can be used to back-
calculate NMR parameters that were not used as restraints in 

the ensemble restrained simulation (RDCs, 3Js) 

averaged q-factor for the DER ensemble (48%) from this set of
RDCs is comparable to that derived from the NMR structure11

(47%). However, whereas q-factors for individual conformations
within the DER ensemble cover a broad range from 52–89% (mean
72%) and only show good agreement to the experimental data as an
ensemble, all the individual conformations within the NMR ensem-
ble have low q-factors (47–52%, mean 49%). For this set of RDCs
the crystal structure21 has q ! 77%.

To quantify the heterogeneity introduced by the use of S2 values
as restraints (Fig. 2a) we calculated the root mean square deviations
(r.m.s.d.) of the positions of all heavy atoms in the ubiquitin
molecule (Fig. 2b, c). In addition to the carboxy-terminal region
(residues 72–76), which is known to be highly flexible9, we find that
a large number of residues show marked variability within the
calculated ensemble. These residues include not only those that are
surface exposed, but also a considerable proportion of the atoms in
the core of the protein. We used the generalized Lindemann
criterion23,24 to compare the amplitude of the atomic fluctuations
(r.m.s.d.) with the average distances between atoms, quantified as
the ratio of these two values (the Lindemann D value). A critical

value of D < 0.15 indicates a transition between solid-like (low D)
and liquid-like (high D) behaviour for a wide range of com-
pounds23,24.
If we exclude residues 72–76 from the analysis we find that the

Lindemann D value is 0.14 for the heavy atoms of the backbone and
0.29 for those of the side chains, showing that on average the
molecule can be characterized as having solid-like rigidity in the
backbone with liquid-like side chains attached. Surprisingly, this
conclusion is still valid if one examines only the 90 heavy atoms that
form the internal core of the protein, defined as those within 6 Å of
the centre of mass24 (D ! 0.25 for side-chain atoms and 0.12 for
backbone atoms); by comparison, the remaining 473 heavy atoms
have D ! 0.30 for the side-chain atoms and 0.15 for the backbone
atoms. Finally, the 94 most exterior backbone heavy atoms (.12 Å
from the centre of mass) have mobilities that on average are liquid-
like (D ! 0.17). Thus, our results show that ubiquitin in solution is
not only ‘surface molten’24, but also ‘side-chain molten’ even in the
core of the protein.

Comparison with conventional structure determination
methods
We then compared the heterogeneity of the structures obtained by
DER with that of several ensembles determined by other methods
(Fig. 2b, c). We first examined the published NMR ensemble11 and
an ensemble (the ‘rapper ensemble’) consisting of 50 conformations
that individually are all compatible with the published X-ray
structure factors21, and which we determined using a recently
described procedure25. These two ensembles both show a lower
heterogeneity than the one we determined using S 2 values as
restraints—a result that was anticipated given that they were
determined with the objective of defining an accurate estimate of
the average atomic positions, rather than of the associated
dynamics. Finally, we performed a 6-ns molecular dynamics simu-
lation in explicit solvent to sample the native-state dynamics of
ubiquitin. For bothmain-chain and side-chain atoms themolecular
dynamics simulation gives rise to r.m.s.d. values whose magnitudes
are comparable to those in our ensemble; although, as described
below, the local structures in the two ensembles can differ substan-
tially. Nonetheless, this result demonstrates that molecular
dynamics simulations provide an overall description of the magni-
tude of molecular fluctuations that is consistent with the experi-
mental NMR data.

Figure 2 Variability in structural ensembles of ubiquitin. a, Backbone trace of 15
representative conformations obtained from a clustering procedure. The structures are

coloured from the N terminus (red) to the C terminus (blue) and are traced within an atomic

density map46 representing the 20% amplitude isosurface of the density of atoms in the

polypeptide main chain. The r.m.s.d. values of backbone (Ca) atoms (b) and side-chain
atoms (c) in ubiquitin ensembles were determined by dynamic-ensemble refinement,
NMR11, X-ray diffraction21,25 and molecular dynamics (MD) simulations.

Figure 1 Cross-validation of ubiquitin structures by comparison with independently
determined NMR data. Calculation of residual dipolar couplings (RDCs)11 (a) and side-
chain scalar couplings15 (b). The NMR data were back-calculated from an ensemble of

conformations that was determined using DER as described in the text and in the

Supplementary Information. For clarity, the magnitudes of the residual dipolar couplings

were normalized to those for an amide NH in the same orientation by scaling according to

bond lengths and gyromagnetic ratios10. The data point labels in a describe the atoms
between which the RDCs were measured. In b, 3J NCg and

3J CCg are scalar couplings

between the side-chain g carbon and the backbone amide nitrogen and carbonyl carbon,

respectively.
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The DER procedure makes it possible to generate ensembles 
of protein conformations that represent both the structure and 

the fast dynamics of the native state

K. Lindorff-Larsen, R.Best et al. Nature (2005) 433, 128-132. 



Over-restraining → the model is 
too simple to be compatible with all 

experimental data available.

Under-restraining → some of the 
heterogeneity stems from lack of 

information rather than from 
dynamics.

Information from experiments
nOe, 3J, RDC, CS, S2, etc vs. Degrees of freedom 

Coordinates * Replicas

The problem of information content



Bürgi et al. demonstrate that a 
wide range of distance 
distributions is compatible with 
each NOE restraint

Bonvin et al. demonstrate 
that better agreement at high 
replica numbers simply 
reflects the increased 
number of free parameters

NOEs do not perform well in ensemble 
simulations

A. M. J. J. Bonvin et al. J. Mol. Biol. (1995) 250, 80-93. 

R. Burgi et al. J. Biomol. NMR  (2001) 19, 305-320. 



The reference simulation  

The properties of the 
reference ensemble are 
typical of protein native 

states

from X-ray structure 1UBQ
22 ns

charm 22
explicit solvent 



Nrep = 16 (NOE + S2)Nrep = 1 (NOE) Nrep = 8 (NOE)

How do the ensembles look like

Underfitting is solved at the expense of 
overfitting: the information contained in the 
restraints is “diluted ” 

The introduction of the S2 restraint greatly 
alleviates the problem of overfitting

Reference



How do the ensembles look like: average pair-wise 
RMSD

Underfitting is solved at the expense of overfitting: the 
ensembles obtained are artificially heterogeneous. 

The S2 restraint minimizes this error.



In order to know exactly how similar are our ensembles to the 
reference ensemble we have to compare distributions rather 

than averages 

Beyond averages: comparison of the distributions
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The MUMO Approach

Different restraints are averaged over different numbers of replicas.

NOEs are averaged 
using Nrep = 2

S2 are averaged 
using Nrep = 16

This should allow both restraints to function optimally and 
simultaneously Minimize Underfitting and Minimize Overfitting 

(MUMO) 
B. Richter et al. J Biomol NMR (2006) 37, 117-135. 



The Native Ensemble of Ubiquitin 

Observable DER16 MUMO16

RDC (Q-factor) 0.26 0.19

ρ(h3J) 0.70 0.84

RMSD/A 0.40 0.31

This is the best Native Ensemble of Ubiquitin determined to 
date

Application of the MUMO method to ubiquitin using 
experimental data. 

B. Richter et al. J Biomol NMR (2006) 37, 117-135. 



Comparison of the orientation of the NH of Asp32

Improvement when the MUMO method is used 

NOE + S2 (DER) NOE + S2 (MUMO) 

B. Richter et al. J Biomol NMR (2006) 37, 117-135. 



The Native Ensemble of Ubiquitin 

Application of the MUMO method to ubiquitin 

X-ray
static NMR

dynamic NMR

X-ray
static NMR

dynamic NMR

B. Richter et al. J Biomol NMR (2006) 37, 117-135. 



Models of the ubiquitin native state

1UBQ 1D3Z 2NR2

No dynamics Sub-ns dynamics

X-ray static NMR dynamic NMR

What motions occur on the sub-millisecond timescale?

 



sub-ns

ns-µs

µs-s

Approaches to extract dynamical 
information from NMR data



S2 Order parameters

Not all NMR parameters average on the same timescale

Order Parameters

Nuclear Overhauser Efects (NOEs)

Scalar Couplings (3Js)

Cross-correlated relaxation rates (CCRs)



How powerful are RDCs for extracting the fluctuations ?

1 Generate a native ensemble using unrestrained MD (40 ns)

2 Use it to compute synthetic experimental RDCs

3 Use the RDCs as restraints to generate ensembles using a different 
force field

4 Compare the ensembles

5 Optimize method if necessary



De Simone et al. J. Am. Chem. Soc (2009) 131, 3810-3811.

How powerful are RDCs for extracting the fluctuations ?

We obtain extremely accurate distributions of internuclear distances 

The resulting ensembles are representative samples of the Boltzmann 
ensemble

has 76 residues, S is here a 76 ! 76 matrix in which each entry sij

represents the difference between the distributions Pref and Pres of
the distance between the backbone N atoms of residues i and j in
the reference and restrained ensembles, respectively:

where k runs over the bins used to plot the distance distributions
Pref and Pres (see Figure S6). The S matrix provides an accurate
characterization of both the local and global structural similarity
of two protein ensembles. Since each distribution is normalized
to 1, the sij values range from 0 to 2. An sij value of 0 corresponds
to identical distributions, whereas a value of 2 corresponds to
completely nonoverlapping distributions. We used the value sij

) 0.7 to characterize similar distributions (see Figure S6).

The S matrix calculated for the unrestrained and reference
ensembles reveals a significant diversity in the two types of
sampling, with many regions presenting sij > 0.7 (Figure 1a). This
result is not surprising, considering the different parametrizations
of the CHARMM22 and AMBER99SB force fields. When the
restraining term on the RDC values is added to the CHARMM22
force field (Figure 1b), most of the regions that in the comparison
of unrestrained ensembles presented sij > 0.7 are found to have
much lower sij values. This level of accuracy is within statistical
errors, as it is comparable to that found in comparing the two halves
of the reference ensemble itself (Table S2 and Figure S4).

The results presented here indicate that the combination of NMR
restraints with a force field enables the accurate reconstruction of all
2850 distinct distance distributions between pairs of backbone N atoms
of ubiquitin. Since the S matrix is a stringent measure of similarity
between two ensembles,12 we conclude that the restrained ensemble
accurately reconstructs the reference ensemble. In order to verify
whether the free energy of the restrained ensemble also closely
reproduces that of the reference ensemble, we projected the free energy
on the root-mean-square deviation (rmsd) between CR atoms using a
representative structure of the reference ensemble (Figure 2a). The
free-energy landscape of the reference ensemble itself has a minimum
at 0.75 Å (Figure 2a, green line). In contrast, we found a free-energy
minimum at 1.45 Å for the unrestrained CHARMM ensemble (Figure

2a, red line). Thus, the use of restraints enabled an almost complete
recovery of the reference free energy, with a minimum at 0.80 Å
(Figure 2a, black line). Although the free-energy landscapes in Figure
2a were calculated using 36 alignment media, the use of a smaller
number of alignment media (see the Supporting Information) did not
compromise the quality of the reconstructed ensembles (Figure 2b)
and free energies (Figure S5); the best results were obtained in all
cases using eight replicas (Figure 2b and Tables S1 and S2).

In summary, we have presented evidence that the inclusion of
ensemble-averaged NMR restraints into molecular dynamics simu-
lations is a strategy that successfully guides the sampling of
conformational space toward the ensemble of structures populated
by a protein in solution, even if the force field used is not exact.
Although here we have used RDCs as restraints and presented the
case of ubiquitin, a protein that exhibits rather limited fluctuations
in its native state, the method that we have discussed is general
and can be implemented for a wide range of NMR observables,
including nuclear Overhauser effects,21 paramagnetic relaxation
enhancements,22,23 J couplings5 (including those through hydrogen
bonds24), and S2 order parameters.5,12 With a careful choice of the
observables to be restrained, this type of approach should be capable
of providing an accurate representation of the dynamics of proteins
in solution under a variety of different conditions.
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Figure 2. (a) Comparison of the free-energy landscapes of the reference
ensemble (green), the unrestrained ensemble (red) and the eight-replica
RDC-restrained ensemble (black). Free energies were calculated as a
function of the root-mean-square deviation (rmsd) between CR atoms from
a representative structure of the reference ensemble (see also Figure S5)
using the formula !G )-kT log[H(rmsd)], where H(rmsd) is the histogram
of rmsd values sampled during the simulations. (b) Analysis of the quality
(V) of the restrained ensemble as a function of the number of replicas (Nrep)
used. V is defined as the percentage of pairwise distances with sij > 0.7 (see
Table S2). The unrestrained ensemble (U) has the largest value of V, while
the reference ensemble (R) has the lowest value, which is essentially
identical to that of the restrained ensemble with eight replicas and 36
alignment media (M36); the results with six (M6) and two (M2) alignment
media show almost the same quality as those obtained with 36 alignment
media, suggesting that fairly accurate reconstructions are also obtained with
small numbers of alignment media.
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