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Residual dipolar couplings (RDCs) 
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Guide

What are Residual Dipolar Couplings (RDCs) and how are they measured

RDCs as a tool to study protein dynamics

Self Consistent RDC-based model-free analysis (SCRM)

RDC-refined ensembles as tools to study biology



*

Dipolar couplings are interactions between the magnetic 
moments of neighbouring nuclear spins

Dipolar coupling in 
laboratory frame :

DPQ = 0.5 DNH
zz (3cos2θ−1)   with  DNH

zz = -µ0γNγHħ/(8π2rNH
3)                                                   

What are dipolar couplings?
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Tjandra & Bax,  1997, Science

Dipolar couplings in solution state NMR

• Solution state NMR: dipolar coupling are averaged out in 
isotropic solution

• Solid state: dipolar couplings are in the order of 10 kHz …
100-200kHz

• Goal: reintroduce dipolar couplings in solution state NMR 
while keeping the spectral resolution
• Approach: use liquid crystalline or other anisotropic media to 

introduce a preferred orientation of the proteins, so that the 
angular orientations are not equally populated
• Result: residual dipolar couplings



Anisotropic media for RDC measurement:
electrostatic and steric gels

Pores in the
gel sample

isotropic
(reference)

anisotropic

dry gel

rehydrated
gels



Data from Nils Lakomek, NIH, Bethesda

How to measure RDCs?

Measure an HSQC-type experiment for the 
oriented (anisotropic) sample and for an isotropic 
reference spectrum

D = Janisotropic – Jisotropic = (J+D) - J
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Tolman, 2009, Nature

RDC-based order parameters

orthogonal sets of RDCs encode S2RDC in disorder
or disagreement between RDCs

Approach: To use multiple sets of RDCs to calculate 
S2RDC to characterise the amplitude of motion

S2       0.5            0.7             0.9



Lakomek, N. A., Walter, K. F. A., et al. 2008, J. Biomol. NMR

RDCs to study supra-τc-motion
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Lakomek, N. A., Walter, K. F. A., et al. 2008, J. Biomol. NMR

SCRM: Self-consistent RDC-based 
model-free analysis



Lakomek, N. A., Walter, K. F. A., et al. 2008, J. Biomol. NMR

SCRM: S2
RDC (NH) detect supra-τc-motion

 NH RDCs 
from 23 
different 
alignment 
conditions

Seconda:
5th/6th SV = 

6.81



Lange et al., 2008 , Science
Salmond et al., 2009, ANIE

Other methods give similar results to SCRM

RDC ensemble 
refinement 
(Vendruscolo, de 
Groot, Salvatella)

SCRM (Griesinger)

SF-GAF (Blackledge)

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

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

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

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

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

MD)
[12] revealed a similar profile and similar

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

RDC

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

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

three S2
RDC values were found to be significantly higher than

S2
Rel (assuming an uncertainty of 0.03 for S2

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

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

m qi;!i# $
' (

, and a

scaling of S2
RDC was applied to fulfill S2

RDC % S2
Rel.[28,14]

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

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

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

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

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

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

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

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

Figure 2. Comparison of N"HN order parameters determined from
SF GAF (blue) and SCRM (black) values. The SCRM values were
scaled to be equal to or lower than the relaxation data set.[14]

Angewandte
Chemie

4155Angew. Chem. Int. Ed. 2009, 48, 4154 –4157 ! 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

As an independent validation of our ensemble,
we have also applied a self-consistent RDC-based
model-free (SCRM) analysis (33) to the set of 36
NH RDC experiments. This method is an
enhanced implementation of the previously
published model-free method (21, 24, 25) that
largely alleviates structural bias (33). The SCRM
analysis quantifies dynamics as the degree of
orientational restriction of the amide NH bond in
the molecular frame in terms of a generalized
order parameter S2(NH), which is zero for
complete isotropic disorder and one for a fixed
orientation of the respective NH bond. For
comparison, generalized order parameters were
also computed from the EROS ensemble. A
correlation coefficient r = 0.74 between S2SCRM
and S2EROS is found (Fig. 3A). This agreement
between two independent approaches shows that
the dynamics observed in the EROS ensemble
are indeed strongly determined by the experi-

mental RDC data. This conclusion is supported
by rigorous cross-validation implemented in
EROS by systematically leaving out all RDCs
between backbone amide N and carbonyl C, as
well as all scalar couplings, from refinement. The
ensemble-averaged free RDC R-factor of 18.5%
is considerably lower than for other solution
ensembles (>24%; table S2). Combining all x-
ray structures into an “ensemble” (35), we
obtained a similarly low R-factor of 18.3%. As
compared with the R-factor of 25 ± 4% for
individual x-ray conformers, this result confirms
that the conformational heterogeneity (as found
in the EROS ensemble and in the x-ray data)
considerably improves the description of the
experimental solution NMR data. In addition,
the correlation between order parameters
derived from the x-ray “ensemble,” particularly
when relaxed in short (10-ps) molecular dy-
namics simulations at 300 K [Fig. 3B; (33)],

and the RDC-derived order parameters S2
EROS

and S2
SCRM suggests that the interconversion be-

tween the different ubiquitin conformations in
the x-ray ensemble strongly contributes to the
solution dynamics.

To assess howmuch of the solution dynamics
is slower than tc, we compare S2EROS and S2

SCRM

with order parameters derived from NMR re-
laxation measurements. The picosecond-to-
nanosecond time scale dynamics of the ubiquitin
backbone were probed previously by NMR
relaxation techniques, yielding a set of S2LS order
parameters as derived from a Lipari-Szabo
analysis (7, 36). Figure 3C compares order
parameters S2EROS from the ensemble presented
in Fig. 1A with S2LS order parameters. For most
residues, additional mobility is seen, thus quan-
tifying the supra-tc motion in the EROS en-
semble, shown as color code in Fig. 1A. For
EROS, absolute order parameters were derived
from the RDC-refined ensemble and corrected
for limited ensemble size and libration effects.
For SCRM analysis, the absolute scale was
determined relative to S2

LS order parameters,
with S2

LS as an upper bound for S2
SCRM, within

the error bars [see supporting online material
(SOM) text S1, section 1.2, and SOM text S4
for details]. Although the RDCs do not provide
the absolute amplitude of the dynamics, the
overall scale of the independently determined
S2
EROS and S 2

SCRM is nearly identical.
Solution fluctuations allow for interface

contact formation. As noted above, the supra-
tc motion accesses all the conformations that
are observed in complex structures. To ratio-
nalize this unexpected result, we overlaid all
interface-contacts (gray spheres) of the differ-
ent binding partners found in the x-ray struc-
tures with a single structure of ubiquitin whose
coloring represents the solution dynamics as
given by S2

EROS(NH) (Fig. 4A). Notably, helix
a1, for which no contacts are observed, shows
only little motion in solution (blue), whereas
high flexibility (orange-red) is observed in re-
gions that form many different protein-protein
interfaces. A quantitative analysis of the num-
ber of interface contacts per residue (Fig. 4C)
shows an unexpectedly high similarity to the
conceptually unrelated order parameters
S2
EROS(NH), which corroborates this initial

observation.
Two prominent exceptions from the observed

high flexibility in the binding regions are residues
Ile44 and His68 [I44 and H68 (37)] (two of the
three “x” symbols in Fig. 4C). Both are known
from mutation studies to be central hotspot (38)
residues of a binding motif (Fig. 4B) that is in-
volved in recognition of many different binding
partners (26, 39). Recently, the first crystal struc-
ture with a new recognition motif centered at hot-
spot D58 (one of the three “x” symbols in Fig. 4C)
has been found (40). Our results show that, in so-
lution, this residue is as rigid as I44/F45 and H68.

At first sight, the observed fluctuations appear
incompatible with the proposed conformational
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Fig. 3. Comparison of NH order parameters of ubiquitin. (A and D) The order parameters of the
presented EROS ensemble (red) are compared with SCRM order parameters (blue) derived from the NH
part of the RDC data used for EROS. The SCRM order parameters shown in dark blue reflect the most
probable overall scaling with respect to the Lipari-Szabo–derived order parameters SLS2 . The most
conservative scaling of SCRM order parameters to SLS2 is shown in light blue. (B and E) Order
parameters intrinsic to the ensemble of 46 crystallographic structures (black). The dashed curve is
obtained when the 46 structures are relaxed at 300 K by short molecular dynamics simulations of 10
ps. (C and F) Generalized order parameters obtained from NMR relaxation data (green) for the sub-tc
dynamics of ubiquitin via Lipari-Szabo model-free analysis (36). Green circles mark the data points
taken from the most recent and accurate measurement (36), whereas remaining data points are taken
from previously published data (46). The latter (46) were rescaled such that they align with the newer
results (36). The EROS order parameters were scaled by 0.93 to account for limited ensemble size and
underestimation of the librational contribution (SOM text S4). Error bars (1s) for the EROS ensemble
(light-red) comprise intrinsic sampling and force-field errors as well as propagated experimental
errors. The uncertainty in the libration correction was estimated as ±4% and is represented in gray. A
solid line is shown for residues where sufficient RDC data were available to determine a robust value
with SCRM analysis; for the other positions, EROS order parameters are shown as a dashed line. [(D) to
(F)] Scatterplots for a direct comparison of the two sets of order parameters shown to the left of the
respective plot.
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Lange et al., 2008 , Science

PCA modes taken from X-ray structures

Δ: 46 X-ray structures of ubiquitin with 
recognition proteins
o: Solution ensemble

Solution dynamics of ubiquitin: The structures of ubiquitin 
in recognition protein complexes are accessed by the 

EROS ensemble



Ubiquitin is known to form many different complexes, thus conformational 
selection may play a role in accommodating this large number of ligands



Fischer, 1894, Ber Dt Chem Ges 
Koshland, 1958, PNAS 

Monod et al., 1963, JMB 

For most molecules it is believed that there are contributions from both induced 
fit and conformational selection

model characteristics

lock and key two rigid molecules fitting together

induced fit two soft molecules adapting to each other

conformational 
selection

two soft molecules exploring different 
conformations that fit together



Slides from Nils Lakomek, Bethesda *

Conformational SelectionInduced Fit

Molecular Recognition mechanisms



Lange et al., 2008 , Science

PCA modes taken from X-ray structuresInduced Fit

Can induced fit alone explain molecular 
recognition in ubiquitin?

Δ: 46 X-ray structures of ubiquitin with 
recognition proteins
o: Solution ensemble



Lange et al., 2008 , Science

PCA modes taken from X-ray structuresInduced Fit

Can induced fit alone explain molecular 
recognition in ubiquitin?

Δ: 46 X-ray structures of ubiquitin with 
recognition proteins
o: Solution ensemble

NO



Lange et al., 2008 , Science

PCA modes taken from X-ray structuresConformational Selection

Is conformational selection a possible mechanism 
for molecular recognition in ubiquitin?

Δ: 46 X-ray structures of ubiquitin with 
recognition proteins
o: Solution ensemble



Lange et al., 2008 , Science

PCA modes taken from X-ray structuresConformational Selection

Is conformational selection a possible mechanism 
for molecular recognition in ubiquitin?

Δ: 46 X-ray structures of ubiquitin with 
recognition proteins
o: Solution ensemble

YES



Conformational selection in the RDC ensemble
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Observing allostery in ensembles restrained with 
RDCs

RDCs contain structural information Tjandra and Bax 1995

RDCs encode the dynamics of the structure - Meiler et al. 2001

This paves the way to observe correlated motions in proteins



Correlated motions in proteins

Correlated motions have been proposed as a common mechanism for the 
changes in states of proteins

Correlated motions are difficult to detect experimentally

Correlations can be monitored in Cartesian or internal (dihedral) 
coordinates



McCammon et al., Nature 1977
Clore & Schwieters, Biochemistry 2004

Bouvignies et al., PNAS 2005
Da-Wei et al., JACS 2009

Intra residue correlation                         Crankshaft correlation

i28

i4

i5



Bouvignies et al., PNAS 2005

β-lever motion between strands is modulated by the hydrogen bond network
Critically the hydrogen bonds are conserved

strand 2 strand 1



Correlations between two strands



Long range correlations
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Movies of Correlations extracted from Xray and RDC ensemblesMovies of Correlations extracted from Xray and RDC ensembles

Xray RDC



Movies of Correlations extracted from Xray and RDC ensemblesMovies of Correlations extracted from Xray and RDC ensembles

Xray RDC



Eridu was the earliest city in southern Mesopotamia, founded ca 5000 BC

Observing residual structure in ensembles of 
unfolded proteins

Ensemble Refinement of Intrinsically Disordered & 
Unfolded Proteins (ERIDU)



Intrinsically disordered proteins

Partially or completely unstructured

Up to 30 % of the human genome

Involved in many diseases

Some of them fold upon binding, others don't



Salvatella et al., 2008 J Biomol NMR
Esteban-Martín S. et al., 2010 JACS

RDCs for proteins with shape changes

All conformers have the 
same avg orientation

New approach: The avg orientation is 
calculated explicitly

(Esteban-Martín S. et al., 2010 JACS)

Folded ubiquitin Denatured ubiquitin



Jha et al., 2005 PNAS

Starting point: Statistical Coil Models

Protein sequence 

MQIFVKTLTGKTITLEVE
PSDTIENVKAKIQDKEGI
PPDQQRLIFAGKQLEDG
RTLSDYNIQKESTLHLVL
RLRGG

Large (103 -104) 
number of structures

Lookup of the Ramachandran statistics for residue X 
(based on loop regions from PDB)



Jha et al., 2005 PNAS
Meier S. et al., 2007 JACS

Ensemble refinement of SCM models
t = t0            t = t0 + Δt         t = t0 + 2Δt

Expt. RDCs

n = 1000



Esteban-Martín S. et al., 2010 JACS

Global ensemble properties

All molecules undergo structural changes

After refinement

Before refinement



Esteban-Martín S. et al., 2010 JACS
Meier S. et al., 2007 JACS

Such mid-range interactions had 
already been detected using trans-

hydrogen bond scalar couplings 

Cα-Cα distances
Fraction of conformers with

Cα-Cα less than 10 Å
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Transient tertiary contacts



Summary

RDCs contain structural and dynamic information

Order parameters can be extracted from multiple sets of RDCs

Binding mechanisms can be studied in detail

Information transfer across proteins can be detected

For IDPs RDC refinement allows the determination of tertiary contacts and 
structural propensities



THINGS THAT I HAVE NOT TALKED ABOUT BUT ARE 
HAPPENING

Reconstruction of 
population weights from 

RDCs
Sidechain dynamics and

 correlated motions

Dynamics of 
multidomain 

systems

Dynamics and correlated
motions in nucleic acids
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NMR observables

d

θ

NOE / PRE

J coupling

distance restraint

angular restraint
between bond

vectors



NMR observables

θθ

θ

RDC

Cross-correlated
relaxation rate

angular restraint
with external frame

angular restraint
between bond

vectors



Vijay-Kumar et al., JMB 1987
Cornilescu et al., JACS1998
Richter et al., JBNMR 2007

Lange & Lakomek et al., Science 2008

Ubiquitin static & dynamic ensembles



How do ubiquitin ensembles compare?

Description of the ensemblesDescription of the ensemblesDescription of the ensemblesDescription of the ensemblesDescription of the ensemblesDescription of the ensembles

X-ray NMRNMRNMRNMR
Calculation method 1ubq 1d3z MUMO S2 EROS this work

Number of structures 1 10 144 116 640
Nature of the ensemble static static dynamic dynamic dynamic

Timescale sampled n.a. n.a. ps-ns ps-ms ps-ms

Validation using NMR observablesValidation using NMR observablesValidation using NMR observablesValidation using NMR observablesValidation using NMR observablesValidation using NMR observables

QHNCO 0.29 0.21 0.33 0.23 0.23

QNCO 0.22 0.18 0.28 0.18 0.18

RMS 3Jbb (Hz) 0.42 0.38 0.56 0.45 0.36
RMS 3JNC (Hz) 0.15 0.23 0.12 0.13 0.09

RMSD CCRNH,NH (Hz) 1.05 0.57 1.36 0.50 0.46
RMSD CCRNH,CaHa (Hz) 2.10 1.76 2.12 1.66 1.61

Structural analysisStructural analysisStructural analysisStructural analysisStructural analysisStructural analysis
RMSD to 1ubq (Å) n.a. 0.38 0.47 0.55 0.39
RMSD to 1d3z (Å) 0.38 n.a. 0.41 0.48 0.33



 Lakomek & al. 2006, J. Biomol. NMR

Multiple alignment media



Ulmer et al., 2003, JACS

Dynamics from disorder

orientations of the principal tensor frame in positively charged
gel and in bicelles are quite similar (Figure 1a), but the tensor
rhombicity of 0.66 is much larger in the gel than in bicelles
(0.23). Overall, the relatively small values for the scalar products
in Table 1 indicate that the five media offer valuable, comple-
mentary alignment information.41
GB3 Structure Refinement. Procedures that build hydrogen

atoms to crystal structure coordinates and force fields used in
the calculation of NMR structures generally place the backbone
amide proton (HN) on a line that bisects the C!i-Ni+1-CR

i+1
angle, and the HR proton is placed such that the HR-CR vector
makes equal tetrahedral angles of 109.4° with the N-CR and
CR-C! bonds.6 After energy minimization, these positions can
change, depending on the specific geometric constraints used
in the empirical energy function. For example, a commonly used
parameter set in XPLOR moves HNi+1 such that it falls in the
CR

i-C!i-!i+1 plane. One of the aims of our present study is to
evaluate which of these arrangements is optimal and whether
small but systematic deviations exist. As uncertainties in heavy-
atom positions translate into uncertainties in the HN and HR

standard positions, it is prerequisite for this study that the
positions of the backbone heavy atoms are known accurately.
The availability of a 1.1 Å crystal structure for GB3 comes close
to this requirement. However, when the agreement between
observed and predicted CR-C! and C!-N dipolar couplings is
assessed using this structure, differences that are significantly
larger than the measurement error in the dipolar couplings are
found (Table 2). Residual uncertainties in the crystal structure,

structural differences between the (average) solution and crystal
structure, and internal protein dynamics are possible explanations
for those differences. It is therefore desirable to first refine the
crystal structure coordinates with the CR-C! and C!-N dipolar
couplings. If the HN and HR protons are subsequently placed at
their standard positions, the agreement between observed and
calculated CR-HR and N-H dipolar couplings may be expected
to improve somewhat upon use of the more accurate heavy-
atom positions. Indeed, improvements are obtained for dipolar
couplings observed in all five media (Table 2). Remarkably, if
in turn the CR-HR and N-H dipolar couplings are also included
in the refinement process, a small but statistically significant
improvement in agreement between the experimental CR-C!
and C!-N dipolar couplings and the calculated structure is
observed (Table 2). While the CR-C! and C!-N dipolar
couplings are included in both structure calculations, the addition
of CR-HR and N-H dipolar coupling restraints improves the
backbone structure slightly, as judged by improved agreement
between measured and calculated 1DC!CR and 1DC!N couplings.
This is remarkable because, in general, the addition of inde-
pendent restraints makes it harder to fully satisfy the original
restraints.
Very good agreement between measured and predicted dipolar

couplings is observed for 46 out of 55 residues (Table 2),
allowing identification of a nine-residue subset of residues that
does not fit quite as well (albeit still reasonably well compared
to what is typically found for other proteins). This subset
includes K10-T11, E24-A26, V39-G41, and the C-terminal
residue and was eliminated from the analysis below. For turn
residues K10, T11, and V39-G41, the differences between
observed and predicted couplings cannot be fully satisfied during
the structure refinement, an indicator of pronounced internal
dynamics.51 15N relaxation studies also indicate increased
internal dynamics for these regions.52 Residues E24-A26 are
located in GB3’s R-helix and therefore are unlikely to be
perturbed by large amplitude internal dynamics. However,
measured backbone couplings for these residues are in consider-
ably poorer agreement with those predicted from the X-ray
structure than the remainder of the protein, presumably caused
by rotameric averaging of several of their side chains, which
has an effect on backbone geometry, but which is frozen out in
the X-ray study, carried out at liquid N2 temperature.
Figure 1 compares the original GB3 crystal structure with

the new structure, refined as described above using a total of
984 CR-C!, C!-N, CR-HR, and N-H dipolar coupling
restraints, together with 34 hydrogen bond restraints, derived
from 3hJNC! couplings.35 The two structures superimpose with a
root-mean-square deviation (rmsd) of 0.32 Å on their CR, C!,
and N atom positions. The small changes in the !-sheet twist
and the orientation of the turn connecting strands 2 and 3,
observed in solution relative to the X-ray structure, are not
surprising. Derrick and Wigley noted in their X-ray study that
in the crystal, strand 2 of one monomer forms an antiparallel
!/! interaction with strand 3 of the adjacent monomer, ef-
fectively forming a continuous plane of !-sheet throughout the
crystal, thereby restraining the twist of the !-sheet.23 Considering
this, the difference between our solution structure and the crystal

(51) Meiler, J.; Prompers, J. J.; Peti, W.; Griesinger, C.; Bruschweiler, R. J.
Am. Chem. Soc. 2001, 123, 6098-6107.

(52) Hall, J. B.; Fushman, D. J. Biomol. NMR 2003, in press.

Figure 1. GB3 backbone ribbon diagrams and alignment tensors. (a)
Orientation and magnitude of the alignment tensors obtained in media A-E
(A, bicelle; B, PEG; C, Pf1 phage; D and E, negatively and positively
charged polyacrylamide gels, respectively). The orientation of the principal
alignment tensor frame relative to the GB3 orientation shown in (b) is
depicted by the orthogonal axes systems shown. The length and orientation
of the red, green, and blue axes correspond to the relative magnitude and
sign of the alignment tensor components, Dzz, Dyy, and Dxx, respectively.
Due to the high rhombicity of tensor E (0.66), its Dxx-axis is too short to
be visible. (b,c) Ribbon representation of the GB3 crystal structure (blue),
superimposed on the GB3 solution structure (refined-II; green). The CR,
C!, and N positions of both structures superimpose with a root-mean-square
deviation of 0.32 Å.
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Dynamics of G41 and Upper Limit for Backbone Mobility.
For G41, the dipolar couplings in media A and E define N-H
vector orientations that are not simultaneously compatible with
those observed in media B-D (Figure 2d). The incompatibility
of the N-H vector orientations defined by the five 1DNH dipolar
couplings of G41, which is the most severe of all residues, could
result either from increased or highly anisotropic internal
dynamics51,54 or from a difference in the average structure of
this flexible region in the different alignment media.55 With an
S2 value of 0.5,52 G41 has been identified by 15N relaxation as
the most dynamic backbone amide in GB3. If internal motion
were axially symmetric, the observed dipolar couplings would
simply decrease by a factor S, which could be accounted for by
uniformly increasing all five 1DNH dipolar couplings by a factor
1/S. Indeed, for a scaling by 1.32, a minimal rmsd of 0.35 Hz
is obtained (Figure 3a), which places G41 among the well-
behaved GB3 residues and essentially corrects for its increased
internal dynamics. This scale factor corresponds to a decrease
in S2 by a factor of 1.7 relative to the remainder of the backbone,
in remarkable agreement with the recent 15N relaxation study
by Hall and Fushman.52 However, when all backbone amides
are considered, scaling of the 1DNH couplings by their respective

1/S values gives only a small (ca. 10%) improvement in the
overall fit (Supporting Information Table 4). This indicates that,
with the exception of residue G41, the inability to obtain a
simultaneous fit to all five dipolar couplings appears not to be
dominated by fast internal dynamics.
As pointed out by Meiler et al.,51 variations in S2 along a

protein’s backbone, which can also occur on a time scale slower
than the rotational correlation time, generally make it impossible
to obtain a perfect fit between dipolar couplings, measured in
more than two linearly independent alignment media, and a
single, static representation of the average structure. Here, we
investigate the effect of random variations in S along the
backbone of GB3 to estimate an upper limit for its variation
over the entire range of time scales. Assuming cylindrically
symmetric internal motion of an N-H vector about an average
orientation, the observed dipolar coupling scales, to a very good
approximation, by the generalized order parameter S.59-61
Starting from exact, back-calculated dipolar couplings, Monte
Carlo simulations were carried out in which all five couplings

(60) Lipari, G.; Szabo, A. J. Am. Chem. Soc. 1982, 104, 4546-4559.
(61) Tjandra, N.; Omichinski, J. G.; Gronenborn, A. M.; Clore, G. M.; Bax, A.

Nat. Struct. Biol. 1997, 4, 732-738.

Figure 2. N-H vector orientations compatible with the measured 1DNH dipolar couplings of residue (a) N8, (b) D22, (c) F30, and (d) G41. Each colored
“trajectory” of N-H vector orientations maps a small part of the intersection between a unit sphere and the cone of bond vector orientations, compatible with
the experimentally measured coupling. Different colors correspond to the different aligning media, as marked in panel a and defined in the caption to Figure
1. The widths of the trajectories correspond to the experimental uncertainties in the measured 1DNH coupling (shown in color) and the alignment tensor
(shown in gray). The alignment tensor used for each medium is the same as that used for the refinement of GB3 with inclusion of all CR-C!, C!-N, and
CR-HR couplings.
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