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Abstract

Residual dipolar couplings (RDCs) provide excellent probes for the exploration of dynamics in biomolecules on biologically
relevant time-scales. Applying geometric motional models in combination with high-resolution structures to fit experimental RDCs
allows the extraction of local dynamic amplitudes of peptide planes in proteins using only a limited number of data points. Here we
compare the behaviour of three simple and intuitive dynamic modes: the Gaussian axial fluctuation model (1D-GAF), the two-site
jump model, and a model supposing axially symmetric motion about a mean orientation. The requirement of a structural model
makes this kind of methodology potentially very sensitive to structural imprecision. Numerical simulations of RDC dynamic aver-
aging under different regimes show that the anisotropic motional models are more geometrically stringent than the axially symmetric
model making it more difficult to alias structural noise as artificial dynamic amplitudes. Indeed, it appears that the model extracts
accurate motional amplitudes even in the presence of significant structural error. We also show that a two-site jump model, also
assuming the aCi�1–

aCi as rotation axis, can only be distinguished from the previously developed GAF model beyond ampli-
tude/jumps of around 40�. The importance of appropriate estimation of the molecular alignment tensor for determination of local
motional amplitudes is also illustrated here. We demonstrate a systematic scaling of extracted dynamic amplitudes if a static struc-
ture is assumed when determining the alignment tensor from dynamically averaged RDCs. As an example an artificial increase of
0.14 (0.85 compared to the expected 0.71) is observed in the extracted S2 if a pervasive 20� GAF motion is present that is ignored in
the tensor determination. Finally we apply a combined approach using the most appropriate motional model, to complete the anal-
ysis of dynamic motions from protein G.
� 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Recently intense interest has focussed on the use of
dilute liquid crystals to weakly align proteins and there-
by induce a small degree of anisotropy into the orienta-
tional sampling experienced by the molecule of interest
[1,2]. Residual dipolar couplings measured in this way
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provide highly precise information defining the orienta-
tion of internuclear bonds relative to a molecule-fixed
frame, a characteristic that makes these parameters par-
ticularly powerful for biomolecular structure determina-
tion [3–5]. These measurements also report on averages
over relatively long time-scales (up to the millisecond
range) as well as over the entire population ensemble.
The dynamic information contained in these averages
is therefore highly complementary to motions detected
from NMR spin relaxation studies and potentially of
great interest for the identification of specific motional
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models. This importance was recognised since the earli-
est work on weak alignment of proteins, and has stimu-
lated the development of numerous methodological
approaches to the extraction of dynamic information
from dipolar couplings [6–11].

Two model-free interpretations of the dynamic aver-
aging of RDCs have been recently published [12,13]
and applied to the protein ubiquitin [14,15]. In these ap-
proaches, the directionality of dynamical averaging can
be derived if RDCs measured in more than five align-
ment systems are available. We have recently investi-
gated the possibility of assuming a simple geometric
model for local anisotropic motions to interpret confor-
mational averaging of residual dipolar couplings, there-
by reducing the number of independent measurements
required for the characterisation of local motions. Back-
bone dynamics are certainly complex processes, suggest-
ing that no single geometric model will be universal.
Nevertheless anisotropic motions, in the form of Gauss-
ian axial fluctuations (GAF), around the average posi-
tion have been shown from molecular dynamics
simulations and spin relaxation measurements to be both
valid and useful in characterising fundamental backbone
motions in proteins [16–20]. We introduced an analytical
expression incorporating the averaging of RDC under
the influence of GAF motions in terms of peptide plane
orientation and motional amplitude (r). Assuming the
former is known (from a high-resolution structural mod-
el for example) N–NH reorientation amplitudes can be
described using the single parameter r. We have recently
presented the application of this approach to the study of
average anisotropic peptide plane dynamics in secondary
structural elements from six different proteins from sin-
gle alignment media, detecting average r values of
around 15� [21]. This analysis provided statistically sig-
nificant improvement compared to static, or axially sym-
metric descriptions, thereby validating the approach. In
the case of Lysozyme, for which a high-resolution crystal
structure is available, we were also able to detect signifi-
cantly different average dynamic amplitudes in loop and
secondary structural regions.

In a further study we extended this approach to the
modelling of local motions with the GAF model, using
data frommore than one alignmentmedium [22]. The suc-
cess of this technique relies on the fact that anisotropic
dynamics average differently depending on the orienta-
tion of the peptide plane, allowing a more accurate char-
acterisation of the dynamic modes with increasing
number of alignment media. The major disadvantage of
the approach compared to the model-free analyses de-
scribed earlier is that the model-dependent method re-
quires high-resolution structural information in order to
define the orientation of the local averaging in each pep-
tide plane frame. It is therefore of utmost importance that
care is taken to avoid aliasing of local structural noise (de-
fined as the difference between the known structural
model and the actual conformation in solution) into fic-
tional motional amplitudes. Here we use numerical simu-
lations performed in the presence of three different
alignment tensors to test statistical methods developed
to minimise this possibility. In particular we compare
the GAFmotional model to motion assuming cylindrical
symmetry and to a simple two-site jump about the aC–aC
axis. This latter model turns out to be analytically indis-
tinguishable from the 1D-GAF motion up to a certain
amplitude of motion. Interestingly we find that the
GAF model exhibits more robust behaviour with respect
to structural noise than the cylindrically symmetric mod-
el, implying thatmotional parameters extracted using this
model can be treated with more confidence. Application
of these models is illustrated using data from five align-
ment media from protein G [23].
2. Theory

2.1. Dynamic averaging of RDCs: a common treatment

The average dipolar coupling between two spins can
be expressed as follows:

hDjkðh;/Þi ¼ bjk Aa
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where the angular brackets indicate the averaging over
all sampled conformations. Aa and Ar are the axial
and rhombic components of the alignment tensor, and
the constant bjk is given by
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Eq. (1) can be recast using averaged spherical harmonics
[24],
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Following the logic presented by Meiler et al. [12] we can
then write the average of these spherical harmonics in a
frame defined by the geometry of the peptide plane,
using the rotational properties of spherical harmonics.
If we apply an Euler rotation R (a,b,c), the averaged
spherical harmonics are transformed as follows:

Rða; b; cÞY 2;Mðh;/Þ ¼
Xþ2

M 0¼�2

e�iaM 0
dM 0;M ð2ÞðbÞ e�icMY 2;M 0 ðh;/Þ;

ð3Þ
where dð2Þ

M 0;M are the Wigner rotation matrices. Eq. (2)
can then be written:
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Notice that the Euler rotation R (a,b,c) here defines the
transformation from the alignment tensor frame to the
peptide plane frame. As a consequence, all peptide
planes will have a different set of Euler angles, allowing
us to treat all sites equivalently.

Eq. (4) allows extraction of five averaged spherical
harmonics if RDCs in five or more alignment media
have been measured [12]. Here we describe the different
motional regimes using analytical expressions, and con-
sequently reduce the number of unknowns. Three differ-
ent internal dynamic motional modes have been used to
introduce dynamics on the N–HN residual dipolar cou-
pling definition: axially symmetric motion, one dimen-
sion GAF, and two-site jump model.

2.2. Axially symmetric motional model

The axially symmetric model is a simple and intuitive
motional model broadly used in NMR. Dynamics of a
vector under this motional model are characterized by
a symmetric distribution of this vector around the aver-
age position. Dynamic averaging under this regime is
known, its analytical description is presented here for
completeness.

Euler angles definition used to describe this model
place z axis of the frame as the direction of the average
position of the vector under study. Analytically this can
be expressed as,

he�i/i ¼ he�2i/i ¼ 0; ð5Þ

consequently,
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Eq. (4) is then simplified to,

hDjkðh;/Þi ¼
ffiffiffiffiffiffiffiffi
16p
5

r
bjkhY 2;0ðh;/Þi

"
Aad

ð2Þ
0;0ðbÞ

þ
ffiffiffi
3

8

r
Ar dð2Þ

0;2ðbÞe�i2cþ dð2Þ
0;�2ðbÞeþi2c

� �#
; ð7Þ

which becomes
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where b = �hstatic and c = �/static with hstatic and /static

are the polar angles that define the geometry of the sym-
metry axis of the movement, which is equivalent to the
internuclear vector. As a consequence static RDC,
Djk,static, is linearly scaled,

hDjkðh;/Þi ¼ S:Djk;staticðhstatic;/staticÞ; ð9Þ

where S is the scaling factor that depends on the ampli-
tude of the motion but not on the position of the vector
with respect to the alignment tensor. S can be compared
to order parameters, S2, derived from NMR relaxation
studies [25,26]. In a general way S2 can be expressed
using spherical harmonics,

S2 ¼ 4p
5
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under axially symmetric motion this is transformed
into

S2 ¼ 4p
5
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2.3. Gaussian axial fluctuation motional model—GAF

The GAF motional model describes motional aver-
aging as a distribution of conformations centred
around a known orientation, with the (i � 1, i) peptide
plane undergoing reorientations about the aCi�1–

aCi

axis. This model has been found to accurately de-
scribe backbone motions in molecular dynamic simu-
lations and has been applied for the interpretation of
relaxation rates, and a description of this model for
interpretation of dynamically averaged RDCs that as-
sumes a perpendicular axis of rotation with respect to
the N–NH vector (ortho-GAF) has recently been pre-
sented [21]. This is presented more fully here for
completeness.

Under the influence of GAF motion where the y

axis of the peptide plane frame is placed along the
dynamically active aCi�1–

aCi vector (/ = 0), and
using averaging of the trigonometric functions under
GAF,

hcosðmhÞi ¼
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; ð12Þ
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Eq. (4) is transformed into,
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where

d1 ¼ aþ c; d2 ¼ a� c; s1 ¼ 1þ 3e�2r2 ;

s2 ¼ 1� e�2r2 : ð15Þ

An analytical expression for S2 has been derived under a
GAF motional model with an amplitude of r [16],

S2 ¼ 1� 3

4
ð1� e�4r2Þ: ð16Þ
2.4. Two-site jump model

This motional model describes the situation where
the site of interest experiences jumps between two well-
defined, energetically degenerate, conformational states.
In an equivalent way to the previously described ortho-
GAF it is convenient to describe the jumps as rotations
around axis aCi�1–

aCi with an amplitude of 2h. The
orthogonal approximation has again been used in order
to simplify the analytical development.

In the peptide plane frame the angular density under
a two-site jump motional model can be written,

pðxÞ ¼ 1

2
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Spherical harmonics are then averaged,
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where h represents the half angular amplitude of the
jump. The equation of a dynamically averaged RDC un-
der this motional regime becomes,
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with
d1 ¼ aþ c; d2 ¼ a� c;

s01 ¼ 2ð3cos2h� 1Þ; s02 ¼ 2sin2h: ð20Þ

Notice that the form of Eq. (19) developed for two-site
jump model is equivalent to that developed for ortho-
GAF (14) where only terms s01 and s02 differ. The gener-
alised order parameter of a site experiencing a two-site
jump of 2h amplitude can be expressed as:

S2 ¼ 3cos22hþ 1

4
: ð21Þ
3. Methods

3.1. Overview of the simulation approach

In order to assess the behaviour of the different mo-
tional models in the presence of structural error we have
adopted the following simulation protocol: A structural
model comprising 500 amino acids has been constructed
with perfect local geometry for each peptide plane, and
random secondary and tertiary fold. This ensures that ori-
entational space is sufficiently well sampled to allow rea-
sonable conclusions to be drawn from analysis of each
scenario applied to the 500 peptide planes. Before adding
structural noise to the protein, data are simulated from
this conformation in the presence or absence of the differ-
ent dynamic modes for three different alignment tensors.
This simulates the scenario where the conformation accu-
rately represents the average conformation in solution.
Thermal noise is also present in these simulations.

We then address the effects of structural noise by
changing the conformation of the model in a systematic
way such that each plane is subject to structural error of
the same amplitude. The reason we have simulated data
from a large number of randomly distributed peptide
planes is not to simulate a real protein experiencing
the same structural error and local dynamics throughout
the sequence, an unlikely concept, but rather to analyse
the expected effects of structural noise on extracted dy-
namic amplitudes for all potential orientations of a gi-
ven plane with respect to the tensors. Examining 500
planes with different orientations under the same condi-
tions should allow a clear picture of the expected behav-
iour for an arbitrarily oriented plane. As far as tensor
determination is concerned for this case, we make the
assumption that neither structural noise or dynamics
are significantly affecting the rest of the molecule. We
are therefore looking at differential effects here, and thus
need only invoke the tensor that was used to simulate
the data. This allows us to isolate the effect we are inter-
ested in: each simulation of 500 planes then characterises
the behaviour of a plane of arbitrary orientation with a
defined motion in the presence of a particular degree of
structural noise.
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This approach is relevant in the case of crystal struc-
tures of proteins where, for example the expected con-
formational differences between solution and crystal
may be much more pronounced in loop regions than
in secondary structural elements, and will therefore be
heterogeneously distributed along the sequence. The fact
that uncertainty in the alignment tensor determination
will also have an effect on the extracted amplitudes if
pervasive motion is present (a different scenario than
the one described above) is also addressed in the final
part of our manuscript.

3.2. Fitting of RDCs to protein structures

Parameters describing local amplitude motions have
been extracted for sites using the dynamic models de-
scribed above. N–HN RDCs measured in several align-
ment systems are combined to extract individual
amplitudes minimising a merit function:

v2r ðfS; r; hgÞ ¼
X
m

Dexp
r;m � Dcalc

r;m

D E
dr;m

0
@

1
A

2

; ð22Þ

where hDcalc
r;m i corresponds to the dynamically averaged

RDC (in one of the previously described modes) for res-
idue r in alignment media m. dr,m is the uncertainty of
the experimental RDC. An experimental error of
1.0 Hz was used for RDCs measured in protein G and
for analysis of numerically simulated RDCs. A value
of 1.02 Å was used for the N–HN distance as in previous
studies [21].

3.3. Statistical criteria for dynamic model selection

Internal motional parameters were extracted fitting
RDCs to structures using the three different dynamic-av-
eraged definitions of dipolar couplings described above.
Dynamic parameters were only accepted if they passed
different statistical tests based on Monte-Carlo simula-
tions. Three different tests were performed for each site
independently of the number of the RDCs available.
The Uncertainty Test consists of an estimation of the
uncertainty of dynamic parameter extracted from the
fit (defined as the standard deviation of the resulting
set of calculated amplitude parameters). The fitting pro-
cedure was repeated 1000 times with synthetic RDCs
using a normal distribution of amplitude equivalent to
the experimental error of back-calculated RDC centred
on the value derived from the best-fit of the experimental
data. In order to accept a fit, this uncertainty should be
smaller than an empirically calibrated threshold value.

The v2 test was performed by comparing the best-fit
v2r value (Eq. (22)), to the distribution resulting from
the Monte-Carlo simulations described above (v2r should
be within the 95% best v2r from the Monte-Carlo simula-
tions). If either the Uncertainty Test or the v2 test are not
fulfilled, the F test is then applied in order to select the fit
if the dynamic model satisfies the data better than a sta-
tic model, using a 90% confidence level. The F test was
applied explicitly, such that fictitious data-sets were sim-
ulated from the static model (resulting from the fit in the
absence of dynamics), again with random noise added to
the back-calculated RDCs, and these datasets were fit to
both the dynamic and the static models. This allows an
estimation of the probability that the increase in the
quality of the fit when introducing an additional param-
eter (measured by the reduction in v2r ) is due to random
fluctuation.

3.4. Numerical simulations

Robustness and reliability of dynamic parameters ex-
tracted using this methodology were tested using numer-
ical simulations with respect to the nature of the
averaging and the presence of different degrees of struc-
tural error. A virtual 500 amino-acid protein was cre-
ated from randomly selected values for / and w
dihedral angles, using a standard geometrical definition
for peptide planes. This random conformation ensures a
good orientational sampling of the resulting peptide
planes. For this �structure,� synthetic dynamically aver-
aged RDCs were calculated with different motional
amplitudes and regimes with respect to three different
alignment tensors, all of them sharing magnitude
descriptors (Aa = 20.0 · 10�4 and Ar = 13.0 · 10�4) but
oriented differently, with Euler angles (0�, 0�, 0�);
(60�, 60�, 60�); and (�60�,�60�,�60�). These angles en-
sure that the static RDCs from the different tensors
are not strongly correlated. For 1D-GAF-averaged
RDCs, r motional amplitudes of 20�, 30�, and 40� were
used in simulations as explained previously [21]. Compa-
rable dynamic amplitudes for axially symmetric mo-
tional modes were obtained by scaling static RDCs by
S values of 0.843, 0.707, and 0.597, respectively (equiv-
alent to h = 18.9�, 26.2�, and 31.22� half-angles, respec-
tively). Random noise selected from a Gaussian
distribution centred at 0.0 and with a standard deviation
of 0.5 Hz was added to the resulting RDCs in order to
introduce experimental uncertainty.

For the study of structural noise effects, N–HN aver-
aged couplings with the same motional amplitude result-
ing from alignment due to the three different tensors
were fitted locally using the different dynamic models de-
scribed in Eqs. (9), (14), and (19). Structures with succes-
sively increasing amounts of structural noise were built
from the original conformation, by rotating every
N–HN vector (0�, 3�, 5�, and 10�) with respect to a ran-
domly selected vector perpendicular to it. Extracted
parameters describing internal motion were selected
according to the same statistical tests presented above
and compared with the values used to generate the aver-
aged RDCs from numerical simulation.
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The simulated dynamically averaged data were also
fitted to the original structure, with 0� degrees of struc-
tural noise using the incorrect motional model. This
tests the ability to distinguish between axially symmetric
and anisotropic motional models.

3.5. Analysis of experimental data from protein G

For an absolute estimation of amplitude motions in
the case of experimental data a precise determination
of the alignment tensor magnitude is mandatory. More-
over, definition of the alignment tensor is needed for the
description of peptide plane position in the tensor frame
(a, b, and c) in Eqs. (14) and (19) for GAF and two-site
jump models, respectively. In this case C 0–aC RDCs
were used to fit alignment tensors to the 1.1 Å resolution
structure of protein G (1igd [27]) using the program
MODULE [28].

Model selection for the experimental data from pro-
tein G applies the above-mentioned tests, and takes
the best-fitting model as the most appropriate.
4. Results and discussion

4.1. Comparison of two-site jump model with GAF

The derivation and description of RDC averaging un-
der the two-site jump dynamic model (Eq. (19)) strongly
resembles the description of the ortho-GAF averaged
RDC (Eq. (14)). This similarity derives from the
assumption, common to both models, that the reorienta-
tion occurs about the aCi�1–

aCi axis, although the dy-
namic behaviour of the N–HN vector under these
dynamic regimes is quite different, in the GAF case a
continuum of conformations is sampled, whereas under
the two-site jump, the vector samples two discrete con-
formations. In Fig. 1 numerical values for s1, s01, s2,
Fig. 1. s1 (A) and s2 (B) terms from Eqs. (14) and (19), corresponding to the
respect to the internal dynamics parameter r or h.
and s02 terms in Eqs. (15) and (20) for different angular
r and h amplitudes for GAF and two-site jump models
are shown. The models are evidently equivalent with re-
spect to the target function until r and h are above 40�,
leading to equivalent derived v2r for the two models.
Here the GAF model is cited when the models are equiv-
alent, although for angles below 40� the two-site jump is
equally valid. This of course means that all analysis pre-
sented here for the 1D-GAF model is also valid for the
two-site jump model up to an amplitude of 40�.

4.2. Differentiation between axially symmetric and

anisotropic motional models

The ability to distinguish between different motional
models has been explored using numerical simulation
(Table 1). Not surprisingly, when dynamically averaged
RDCs under a given regime are modelled using the same
model, derived order parameters are in excellent agree-
ment with those used to generate data, presenting low
values of v2r . Note that the numerical simulations apply
a true GAF motion of the peptide plane about the
aCi�1–

aCi axis, while the analytical model here is a sim-
plification that supposes orthogonality of the N–NH
vector relative to the motional axis (in fact this vector
is oriented at roughly 80� to the aCi�1–

aCi axis). This
approximation has a small, but systematic effect, slightly
reducing the extracted amplitude (0.73 ± 0.02 instead of
0.71 and 0.39 ± 0.02 instead of 0.36). In general the
quality of the fitting is significantly worse when an incor-
rect motional model is used, indicating that a compari-
son of v2r for the axially symmetric and anisotropic
models should yield the most appropriate regime.

4.3. Effects of structural noise

The potential for incorrectly identifying local dynam-
ics due to structural imprecision has also been explored
GAF model, solid lines, and two-site jump model, dashed lines, with



Table 1
Average order parameters derived from fitting of dynamically averaged RDCs to axially symmetric and GAF motional models

Simulated model/amplitude Ortho-GAF model Axially symmetric model

ÆS2æa Æv2æb ÆS2æa Æv2æb

1D-GAF r = 20�, S2 = 0.71 0.73 ± 0.03 1.4 0.72 ± 0.07 6.0
1D-GAF r = 40�, S2 = 0.36 0.39 ± 0.02 4.9 0.31 ± 0.09 85.8
Ax.Sym. S = 0.843, S2 = 0.71 0.78 ± 0.06 9.7 0.71 ± 0.03 0.5
Ax.Sym. S = 0.597, S2 = 0.36 0.50 ± 0.08 59.8 0.36 ± 0.03 0.5

a Averaged order parameters over all selected sites.
b Averaged v2 function over all selected sites.
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using numerical simulation. Motional parameters ob-
tained from GAF and axially symmetric motional mod-
els in the presence of increasing degrees of structural
noise are shown in Table 2.

Average GAF amplitudes (r) derived from noisy
structures are very close to the simulation values, at least
for structural noise levels less than 10�. At this higher le-
vel of structural noise, small amplitude motions can be
increased slightly (average of 27� compared to 20�),
but we note that only 13% of the 500 sites are accepted.
Of these only 2% (10/500) satisfy the v2 criterion, the
rest being accepted via the F test, and these 10 sites have
amplitudes in the range (21 ± 4)�. For larger motions
the extracted amplitude closely resembles the simulated
amplitude, even at the highest level of structural noise,
indicating that this approach is quite robust with respect
to this source of error. Importantly, application of sta-
tistical testing for model selection decreases the standard
deviation significantly by removing the sites that are
more sensitive to aliasing in the presence of structural
noise. Thus in the presence of 10� structural noise stan-
dard deviations become 4.0�, 2.5�, and 1.6� smaller for
20�, 30�, and 40� amplitude of motion after model selec-
tion. For a given degree of structural noise, when the
simulated dynamic amplitude increases, the number of
residues that is retained using the selection criteria in-
Table 2
Effects of structural noise in derived motional amplitudes using ortho-GAF

0� Struct. noise 3� Struct. noise

rsimul
a Ærallæb Ærselæc %d Ærallæb Ærselæc %d

20� 18.9 ± 1.5 19.0 ± 1.2 98 19.2 ± 3.6 19.9 ± 2.9 66
30� 28.3 ± 2.1 28.3 ± 1.6 98 28.6 ± 3.3 28.7 ± 2.4 93
40� 37.5 ± 2.5 37.6 ± 2.1 99 37.8 ± 3.5 37.8 ± 2.5 96

Ssimul
e ÆSallæb ÆSselæc %d ÆSallæb ÆSselæc %d

0.84 0.84 ± 0.02 0.84 ± 0.02 100 0.83 ± 0.07 0.82 ± 0.06 65
0.71 0.71 ± 0.02 0.71 ± 0.02 100 0.70 ± 0.07 0.70 ± 0.06 95
0.60 0.60 ± 0.02 0.60 ± 0.02 100 0.59 ± 0.06 0.59 ± 0.06 98

a 1D-GAF amplitude used for numerical averaging.
b Average and standard deviation over 500 extracted dynamical paramet
c Average and standard deviation over those sites that pass the model ac
d Percentage of residues that pass the model acceptance criteria.
e Order parameter used to create dynamically averaged RDCs under the
creases. This is because the larger amplitude averaging
dominates the effects of structural error, and the mini-
mum of the target function is better defined.

The same kind of analysis was performed with RDCs
simulated using axially symmetric motion, again sum-
marised in Table 2. There is again a systematic decrease
in the standard deviation of the derived parameter S

after model selection, and the same tendency is observed
in terms of percentage of residues selected. However, the
underestimation of the average S values (overestimation
of motional amplitude) when structural imperfection in-
creases is more pronounced, and equally significant for
large amplitude motions.

Fig. 2 shows derived dynamic parameters from aniso-
tropic and axially symmetric models, expressed in terms
of the respective order parameters, S2 for simulated
dynamics equivalent to S2 of 0.71 and 0.36. As men-
tioned above, average ortho-GAF-derived order param-
eters, hS2

O-GAFi, are slightly overestimated in the absence
of structural noise, due to the fact that the N–HN vector
is not actually perpendicular to the rotation axis. As
structural noise increases the extracted amplitude falls,
but remains closer to simulated values than the axially
symmetric order parameters hS2

axiali, that are more
rapidly affected by the presence of structural noise.
Notably the standard deviation of GAF-derived order
and axially symmetric motional models

5� Struct. noise 10� Struct. noise

Ærallæb Ærselæc %d Ærallæb Ærselæc %d

19.2 ± 5.5 21.4 ± 4.7 33 20.8 ± 9.2 27.1 ± 5.7 13
28.7 ± 4.3 29.2 ± 3.0 80 29.9 ± 7.6 32.5 ± 5.1 43
38.0 ± 3.9 38.1 ± 3.3 95 39.1 ± 6.7 39.9 ± 5.1 79

ÆSallæb ÆSselæc %d ÆSallæb ÆSselæc %d

0.82 ± 0.11 0.79 ± 0.11 32 0.77 ± 0.17 0.62 ± 0.17 16
0.69 ± 0.10 0.69 ± 0.08 83 0.66 ± 0.16 0.60 ± 0.14 42
0.59 ± 0.09 0.59 ± 0.08 94 0.56 ± 0.14 0.54 ± 0.11 74

ers corresponding to all sites of the virtual protein.
ceptance criteria explained in Section 3.

axially symmetric regime.



Fig. 2. Effects of structural noise in order parameters derived from
1D-GAF and axially symmetric motional models. (A) Solid lines:
Averaged order parameters over all 500 sites that fulfilled filtering
criteria applying the ortho-GAF motional model to model data
simulated with S2 = 0.71 (top line) and S2 = 0.36 (bottom line) 1D-
GAF motional amplitudes. Dashed lines: Averaged order parameters
over all sites that fulfilled filtering criteria applying the axially
symmetric motional model to model data simulated with S2 = 0.71
(top line) and S2 = 0.36 (bottom line) axially symmetric motional
amplitudes. (B) Average of the Monte-Carlo derived standard devi-
ations over the same sites. Solid lines: Ortho-GAF motional model
with S2 = 0.71 (bottom line) and S2 = 0.36 (top line). Dashed lines:
Axially symmetric motional model with S2 = 0.71 (bottom line) and
S2 = 0.36 (top line).

Communication / Journal of Magnetic Resonance 173 (2005) 328–338 335
parameters are systematically smaller, indicating that
the degree of uncertainty one should expect in the pres-
ence of a high levels of structural noise is lower for this
model. This suggests that amplitudes extracted using the
axially symmetric motional model are less robust with
respect to structural noise than those derived from the
anisotropic model, due, no doubt to the directionality
of the anisotropic dynamic averaging that can be less
easily aliased by the presence of randomly directed local
structural error.

We note that 10� of structural noise is quite high, this
can be shown if we look at the quality of the fit of static
data from the perfect structure against the structures
with pervasive 0�, 3�, 5�, and 10� noise (data not shown).
Even in the absence of systematic noise or dynamics 10�
noise levels throughout the protein clearly give worse
correlations than those often found between crystal
structures and solution state RDC, again underlining
the fact that these levels of noise cannot be present
throughout the protein in the general case, while at 5�,
the correlation is no better than commonly observed
correlations.

We have described three quite different motional
averaging models here, selected for their inherent sim-
plicity and intuitive nature. These characteristics by no
means ensure their validity, however, and it is clear that
more complex modes of motion will almost certainly be
present in proteins. It may be that the most appropriate
analysis of the ability of these models to extract dynamic
information from RDCs would be to determine mo-
tional amplitudes from a molecular dynamics simulation
[12], and to compare the extracted amplitudes with those
actually occurring.

4.4. Estimation of the alignment tensor

The importance of accurate estimation of the align-
ment tensor can be demonstrated relatively simply using
this simulation system. RDCs averaged by GAF mo-
tions of pervasive amplitude 20� were numerically simu-
lated in the presence of the three independent alignment
tensors from throughout the peptide chain. Four 20
amino acid sections undergoing 1D-GAF motions of
amplitude 40� were interspersed in this sequence. Not
surprisingly extraction of accurate amplitudes is
achieved throughout the protein if the correct, non-aver-
aged eigenvalues are used to describe the tensors. How-
ever, if the tensors are derived by fitting to the structure
assuming no motion, and amplitudes are determined
from the data with respect to these scaled tensors, an
average shift of 0.14 (0.85 compared to the expected
0.71) is observed in the extracted S2 in the regions
undergoing 20� motions. Interestingly in the regions
where the larger amplitude is present, values that are
closer to the simulated values are extracted, but in this
case the quality of the fitting is generally very poor
(Fig. 3).

4.5. Fitting of different models in protein G

The three different dynamic models have been applied
to complete the recently published study of backbone
conformational sampling in protein G where RDCs
measured in five different alignment media were used
in this study to fit ortho-GAF amplitudes [23]. Here,
all available N–HN RDCs were fitted using the three
motional models described above. The profile of derived
S2 from the best-fitting models is shown in Fig. 4. No
sites exist where the two-site jump model is required.
As previously observed, an excellent correlation between
S2 derived from RDC and NMR relaxation analysis [29]
is found for protein G [22], although in this case a num-
ber of additional sites could be fitted using the axially



Fig. 3. The effects of extracting motional amplitudes (S2) using incorrect alignment tensor parameters. In this case the alignment tensor parameters
were optimised relative to the structure using dynamically averaged N–NH RDC data. A simulated GAF amplitude of 20� was imposed throughout
the molecule, with four regions of 20 amino acids containing 40� GAF motion. The alignment tensor determined using this data is described by
Aa = 18.00, Ar = 11.76 · 10�4, while the perfect tensor has Aa = 20.00, Ar = 13.00 · 10�4. The extracted ortho-GAF amplitudes are therefore
significantly higher than the simulated dynamics amplitudes (shown by the dashed lines). The local v2 function is plotted at the bottom of the figure.

Fig. 4. Order parameter profiles for protein G derived from relaxation, solid lines, and RDCs measured in five alignment media, dashed lines.
Symbols correspond to the selected motional model, open circles for axially symmetric, and filled circles for GAF model.
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symmetric motional model. Again in the a-helix the
RDC-derived S2 are similar to the relaxation ones, sug-
gesting a high integrity of this region up to the ms time-
scale, although several sites present larger additional
motions compared to the relaxation-derived motion,
suggesting dynamic activity on the time-scale probed
only by RDCs. Both anisotropic and axially symmetric
models are present along the backbone. The ortho-
GAF model dominates, representing 28/40 of the sites.
No evident correlation is found between selected model
or dynamic amplitude and topology, although the a-he-
lix presents mainly GAF-like motions. Interestingly, in
those sites where significantly different amplitudes exist,
the GAF model is preferable, with lower v2r values (e.g.,
residues K9, L17, and T22). An exception to this behav-
iour is residue G46 that is much better described when
using an axially symmetric dynamic model. G46 is
highly flexible and observes the largest dynamic ampli-
tude in the ps-ns time-scale [29] S2 = 0.47 ± 0.01. Under
these circumstances a more dynamically active axis than
is supposed in the two anisotropic motional models
could be expected, and an axially symmetric motion
could better account for this.
5. Conclusions

Residual dipolar couplings represent a unique obser-
vable to probe dynamics up to the millisecond time-
scale. In previous articles we have applied the GAF
motional model for the extraction of backbone dynam-
ics from N–NH RDCs. In this article we have tested two
additional motional models: the commonly used axially
symmetric and a simple two-site jump model. Analytical
development of this latter model under the ortho
approximation (assuming the N–HN vector to be per-
pendicular to aC–aC axis) highlights the fact that it is
impossible to distinguish between these averaging pro-
cesses unless the amplitude of the motion/jump is larger
than 40�.

The approach discussed here requires a structural
model in order to extract dynamics from RDCs. This
requirement renders the approach particularly sensitive
to the precision of this structural model. To minimise
the possibility of aliasing structural noise to fictitious
motional amplitudes we have designed a filtering proto-
col ensuring the robustness of the methodology based
on statistical testing and the precision of the extracted
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dynamic parameter. Here we have performed extensive
numerical simulations to analyse the behaviour of the
approach in the presence of structural noise, specifically
exploring the possibility of aliasing structural noise into
fictitious backbone dynamic amplitudes. These simula-
tions clearly demonstrate that the anisotropic motional
model extracts accurate motional amplitudes even in
the presence of significant structural error. The model
is geometrically more demanding than the axially sym-
metric model, and as a consequence there is much less
likelihood that structural noise can be wrongly inter-
preted as dynamics. Indeed, systematic overestimation
of dynamics and lack of precision is observed when fit-
ted with axially symmetric model in highly noisy struc-
tures. Finally it is clear that the methodology
proposed here is limited by the angular sampling avail-
able to the N–NH vector, and that more robust local dy-
namic modelling would be available, and data from
fewer alignment media would be required, if multiple
different couplings could be modelled simultaneously
from each peptide plane. We are currently working to-
ward this goal.
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