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Abstract: The effects of internal motions on residual dipolar NMR couplings of proteins partially aligned in
a liquid-crystalline environment are analyzed using a 10 ns molecular dynamics (MD) computer simulation of
ubiquitin. For a set of alignment tensors with different orientations and rhombicities, MD-averaged dipolar
couplings are determined and subsequently interpreted for different scenarios in terms of effective alignment
tensors, average orientations of dipolar vectors, and intramolecular reorientational vector distributions. Analytical
relationships are derived that reflect similarities and differences between motional scaling of dipolar couplings
and scaling of dipolar relaxation data (NMR order parameters). Application of the self-consistent procedure
presented here to dipolar coupling measurements of biomolecules aligned in different liquid-crystalline media
should allow one to extract in a “model-free” way average orientations of dipolar vectors and specific aspects
of their motions.

1. Introduction

Since the first measurements of nuclear dipolar spin-spin
couplings in proteins caused by the partial alignment of the
proteins with respect to the external magnetic field,1-5 these
parameters have become widely used for the determination and
refinement of structures of biomolecules in solution.6-11 While
in most applications residual dipolar couplings (rdc) are
interpreted in the context of a static structure, it has been
suggested from early on that these couplings also probe protein
dynamics.12 In multimodular systems, such as multidomain

proteins and complex sugars, differences in alignment tensors
determined for individual domains were attributed to differential
motions between the domains.13-17

In the context of biomolecular structure determination, dipolar
couplings are used to refine structures by optimizing agreement
between experimental couplings,Dj

exp, and dipolar couplings
predicted from the structural model,Dj

calc. A commonly used
measure for the agreement is theQ value, defined by18

The smallerQ, the better is the agreement between the structural
model and the experimental data. In case of perfect agreement
(Q ) 0), Dj

exp ) Dj
calc for all j (values ofQ larger than 1 are

of little interest, sinceQ ) 1 can always be achieved by setting
Dj

calc ) 0). In our experience,Q values for dipolar couplings
determined directly from X-ray structures and NMR structures
determined without the use of dipolar couplings typically lie
between 0.2 and 0.5.18,19Possible reasons forQ values deviating
from zero are experimental uncertainties, dynamic and exchange
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effects, and errors in the 3D structures, for example due to
crystal packing in X-ray structures. NMR structures that are
refined using dipolar couplings typically exhibitQ values
between 0.05 and 0.3, depending also on the quality of the
experimental data.19,20

In this work we investigate the effects of motions onQ values
of backbone dipolar couplings using a 10 ns molecular dynamics
(MD) simulation of ubiquitin and discuss several different
scenarios for the structural and dynamic interpretation of dipolar
couplings that explicitly take dynamics contributions into
account. A practical procedure for including certain aspects of
dynamics is the division of each dipolar coupling value by the
corresponding Lipari-Szabo order parameter,SLS, obtained from
NMR relaxation experiments.21 This procedure is valid only to
a first-order approximation.22 The quality of this approximation
is quantitatively assessed here using the MD simulation as a
reference from which averaged dipolar couplings as well asSLS

order parameters are computed and compared with each other.
The inverse problem is then addressed to directly extract
information on biomolecular structure and motions from dipolar
couplings measured in multiple liquid-crystalline environments
that give rise to different alignments. The proposed treatment
is based on the assumptions that the structure and intramolecular
motion are not significantly altered by the liquid-crystalline
environment and that the alignment process is not affected by
intramolecular motions. The treatment allows the determination
of residual dipolar coupling order parameters,Srdc, that probe
motion up to the millisecond range and thus are complementary
to the relaxation-derived Lipari-Szabo order parametersSLS.
We do not discuss here larger scale dynamics of (partially)
unfolded proteins or interdomain dynamics of multidomain
proteins. In the following section, the theoretical background
of motional averaging effects on dipolar couplings is developed.
In subsequent sections the theory is applied to the MD trajectory.

2. Motional Averaging of Dipolar Couplings

The residual dipolar couplings, which give rise to resonance
splittings, result from the secular part of the magnetic dipole-
dipole interactions between nuclear spins of molecules that are
partially aligned in an anisotropic liquid. The dipolar splitting
〈D〉 (in units of hertz) between directly bonded heteronuclei X
and H can be expressed in the laboratory frame as

where P2(cos ø) ) (3 cos2 ø - 1)/2, ø is the angle of the
internuclear vector to the externalB0 field, µ0/4π ) 10-7 V‚s/
A‚m, γX, γH are the gyromagnetic ratios, andrXH is the distance
between the two spins. The angular brackets denote an ensemble
average over orientationsø and distancesrXH or, assuming that
the system is ergodic, a time average over a single molecule.
In eq 2, it is assumed that radial and angular averaging are
statistically separable, as is the case for directly bonded N-H
and C-H atom pairs. Furthermore, the radial part〈rXH

-3〉 can
often be considered to be identical for nuclear X-H pairs of
the same kind.

For an internally static molecule, the dipolar couplings can
alternatively be expressed in a molecular fixed frame in terms
of a traceless reduced alignment tensorD (in units of hertz),

with eigenvaluesDxx, Dyy, andDzz, where|Dzz| g |Dyy| g |Dxx|.22

In the eigenframe of this tensor, the dipolar coupling between
two nuclei connected by an internuclear vector with orientation
Ω ) (θ,æ), whereθ,æ denote the polar angles in the eigenframe
of D, is given byDstat:22

whereDa ) Dzz/2 is the axial component andR ) 2/3(Dxx -
Dyy)/Dzz is the rhombicity ofD with 0 e R e 2/3. If D is
symmetric,Dzz corresponds to the principal axis value along
the symmetry axis ofD. For a given alignment tensorD, Dzz is
the largest coupling possible for the considered type of X-H
spin pairs.

In the presence of intramolecular molecular dynamics, the
experimental dipolar coupling corresponds to a conformational
average, denoted by angular brackets, relative to the alignment
tensor frame:

Equation 4 assumes that intramolecular motion does not interfere
with the alignment process, i.e., that the alignment process is
not significantly affected by internal motions. In the case of an
alignment process due to steric effects,23 this condition is
fulfilled for motions that do not much alter the shape of the
molecule. For small-amplitude, short-range motions, which can
have a local or a concerted character,24 eq 4 is expected to be
more accurate than for larger amplitude motions of loops and
termini, for example.

It is useful to express eq 4 in terms of normalized second-
order spherical harmonic functionsY2M(θ,æ):15

where Y20(θ,æ) ) x5/(16π)(3 cos2 θ - 1), Y2(2(θ,æ) )
x15/(32π) e(2iæ sin2 θ.25 In what follows, Y2(1(θ,æ) )
-x15/(8π) e(iæ cosθ sin θ will also be used.

In analogy to eq 3,Dstatcan be defined for reference purposes
as the dipolar coupling expected from a static internuclear vector
pointing along the average orientation (θav,æav) ) (〈θ〉,〈æ〉):

The effect of intramolecular reorientational motion on the dipolar
coupling can be expressed by thedipolar scaling factor, λrdc:

In the absence of motion,λrdc ) 1, and in the presence of
motion, -∞ < λrdc < ∞.
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x4π
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A benefit of eq 5 is that it can be easily transformed into a
new reference frame related to the old reference frame by a
three-dimensional rotationR(R,â,γ) using the well-known
transformation properties of the spherical harmonicsY2M(θ,æ)
under a three-dimensional rotation specified by the Euler angles
R, â, andγ:25

Provided that the average protein structure and the dynamics
do not vary with different alignment media, it follows that the
dipolar coupling〈D〉 measured in a new alignment framei with
axial componentDzz

(i) and rhombicityR(i) that is related to the
old frame by the rotationR(R(i),â(i),γ(i)) can be expressed as

Note that eq 9 is linear in the five motionally averaged spherical
harmonics〈Y2M′(θ,æ)〉. If the couplings〈D(i)〉 belonging to a
certain dipolar interaction are measured for five (or more) known
alignments tensors{Dzz

(i), R(i), R(i), â(i), γ(i)}, the five quantities
〈Y2M′〉, M′ ) -2, -1, 0, 1, 2 belonging to this dipolar interaction
can be determined by solving the linear system of equations of
eq 9 using, for example, singular-value decomposition or
Moore-Penrose inversion.26 The average vector orientation
(θav,æav) can be approximated by the effective orientation
(θeff,æeff) that is found by minimizing the sum

To discuss the effects of symmetry in the motional distribu-
tions of an internuclear vector, it is useful to describe the
distribution in a frame with thezaxis pointing along the average
orientation of the vector. In this new frame the instantaneous
orientation of a vector is denoted by (θ′,æ′). If 〈e(iæ′〉 ) 〈e(2iæ′〉
) 0, as is the case for axially symmetric reorientational motion,
it follows 〈Y2M′〉 ) 0 except for〈Y20〉. To calculate the dipolar
coupling, a coordinate transformation into the alignment frame
is necessary, which is achieved by the rotationR′(R′ ) 0, â′ )
-θav, γ′ ) -æav).

The extent ofnonaxial symmetryof the motion can be
quantified by themotional asymmetry parameterη fulfilling 0
e η e 1:

where the generalizedS2 order parameter has been introduced,
which plays a key role in the “model-free” interpretation of
heteronuclear NMR spin relaxation data by Lipari and Szabo,21

The S2 order parameter extracted from spin relaxation data is
sensitive to motions faster than the overall tumbling correlation
time and is denoted here asSLS

2 . In contrast, anS2 order
parameter can be determined from residual dipolar couplings
using eqs 9 and 12, which probes the much wider submillisecond
time scale range and which is denoted asSrdc

2 . Therefore,SLS
2 is

an upper limit forSrdc
2 , Srdc

2 e SLS
2 . Note that when using the 10

ns MD trajectory for calculatingSLS
2 andSrdc

2 , the two param-
eters probe the same time scales and are therefore identical.

For axially symmetric motionwith respect to the average
orientation (θav,æav), for which 〈e(iæ′〉 and 〈e(2iæ′〉 vanish, the
average dipolar coupling〈D〉 can be expressed in a more
compact way. Using eq 9 with〈Y2M′(θ′,æ′)〉 ) 0 for M′ ) (1,
(2 it follows

whereâ′ ) -θav, γ′ ) -æav. Consequently, the dipolar coupling
of an internuclear vector is scaled under axially symmetric
motion as compared to a static vector pointing along the average
direction by

where θ′ is the angle between an instantaneous internuclear
vector and the average vector orientation (θav,æav). Note that
λrdc,sym does not depend on the relative orientation (θav,æav) with
respect to the alignment frame. In the case of axially symmetric
motion, Srdc

2 simplifies to Srdc,sym
2 ) (4π/5)〈Y20(θ′,æ′)〉2 )

〈P2(cosθ′)〉2 and thus

From eq 14 follows that-0.5 e λrdc,sym, Srdc,sym e 1.
Knowledge of λrdc is useful for the determination of an

average 3D protein structure using residual dipolar couplings.
Dstatvalues, which are directly related to (θav,æav) by eq 6, could
then be obtained by dividing experimental couplings〈D〉 by λrdc

according to eq 7. Since in practiceλrdc values are not readily
available, they sometimes are approximated by their respective
SLS values extracted from spin relaxation experiments.18 λrdc )
SLS holds if (i) internal reorientational motion is axially
symmetric and (ii) all relevant motions take place on nanosecond
and subnanosecond time scales. Condition (i) can be tested by

(26) Press, W. H.; Flannery, B. P.; Teukolsky, S. A.; Vetterling, W. T.
Numerical Recipes in C; Cambridge University Press: Cambridge, 1988.
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(2) (â) e-iγM Y2M′(θ,æ)

(8)

〈D(i)〉

Dzz
(i)

) x4π
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( ∑
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2
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5 x3

8
R( ∑
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S
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2

〈Y2M(θ,æ)〉〈Y2M
/ (θ,æ)〉 (12)

〈D〉sym

Dzz
) x4π

5
〈Y20(θ′,æ′)〉(d00

(2)(â′) +

x3
8
R(d02

(2)(â′) e-2iγ′ + d0-2
(2) (â′) e2iγ′))

) 〈12(3 cos2 θ′ - 1)〉(12(3 cos2 â′ - 1) +

3
4
Rsin2 â′ cos 2γ′) (13)

λrdc,sym )
〈D〉sym

Dstat
) 〈P2(cosθ′)〉 (14)

λrdc,sym ) Srdc,sym (15)
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using a molecular dynamics (MD) simulation, which is done
in the following section. Presently, condition (ii) can be assessed
only by comparison with experimental data. If condition (i) is
fulfilled but (ii) is not fulfilled, SLS,sym represents an upper limit,
λrdc,sym ) Srdc,sym e SLS,sym.

In addition, it was assumed here that the alignment tensorD
is a priori known. In practice, however,D is iteratively adjusted
during structure refinement based on residual dipolar couplings.
Thus, the best fitting alignment tensorD implicitly includes
certain motional contributions. In the following, a 10 ns MD
simulation of ubiquitin is used to elucidate the influence of
molecular motion on the interpretation of residual dipolar
couplings.

3. Dipolar Couplings Calculated from MD Trajectory

A MD simulation of native ubiquitin was carried out under
periodic boundary conditions using the program CHARMM
24.27,28 An energy-minimized all-atom representation of the
X-ray structure of ubiquitin29 was embedded in a cubic box with
a side length of 46.65 Å, containing a total of 2909 explicit
water molecules. The simulation was performed at a temperature
of 300 K with an integration time step of 1 fs. Details of this
simulation have been reported elsewhere.30 During a simulation

time of 11 ns, snapshots were stored every 500 fs. From a 10
ns section of the trajectory, covering the range between 1 and
11 ns, 500 snapshots were selected with an increment of 20 ps
for calculating dipolar couplings.

The 500 snapshots were reoriented and translated with respect
to the snapshot at 6 ns by a least-squares superposition of their
backbone atoms belonging to regular secondary structures. An
average structure was constructed from the 500 reoriented
snapshots by averaging over the Cartesian coordinates of all
heavy atoms. The average positions of hydrogen atoms were
determined by adding averaged X-H vectors (X ) N or C
atoms), which were rescaled to their standard lengths (1.02 Å
for N-H and 1.09 Å for C-H), to the position of the
corresponding X atom.

The shape of ubiquitin undergoes only small changes during
the trajectory, as was assessed by computing inertia tensors for
the 500 snapshots. The standard deviations of the moments of
inertia tensor lie between 1% and 2%, which supports the
validity of the assumptions underlying eq 4. It is assumed in
the following that the MD trajectory represents a realistic
description of the internal dynamics of ubiquitin, and thus slower
time scale motions, which are not represented by the 10 ns
simulation, are ignored.

To characterize the effect of dynamics, dipolar couplings were
calculated from the 500 snapshots for a fixed alignment tensor
D with Dzz ) 20 Hz (with respect to15N-1HN couplings),R )
0, R ) â ) γ ) 0. The time dependence of backbone15N-
1HN couplings is depicted in Figure 1 for a selection of five
amino acids that experience variable amounts of motion: Ala
28 (R helix), Ile 44 (â sheet), Lys 11 (loop), Ile 36 (loop), and
Asp 52 (loop). Also given in Figure 1 are the distributions of
the dipolar couplings over the trajectory. Most of the displayed
distributions, which also depend on the size and orientation of
the alignment tensor, show quasi-singularities and are unimodal

(27) Brooks, R. B.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.;
Swaminathan, S.; Karplus, M.J. Comput. Chem.1983, 4, 187-217.

(28) MacKerell, A. D., Jr.; Bashford, D.; Bellott, M.; Dunbrack, R. L.,
Jr.; Evanseck, J. D.; Field, M. J.; Fischer, S.; Gao, J.; Guo, H.; Ha, S.;
Joseph-McCarthy, D.; Kuchnir, L.; Kuczera, K.; Lau, F. T. K.; Mattos, C.;
Michnick, S.; Ngo, T.; Nguyen, D. T.; Prodhom, B.; Reiher, W. E., III;
Roux, B.; Schlenkrich, M.; Smith, J. C.; Stote, R.; Straub, J.; Watanabe,
M.; Wiórkiewicz-Kuczera, J.; Yin, D.; Karplus, M.J. Phys. Chem. B1998,
102, 3586-3616.

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

(30) Lienin, S. F.; Bremi, T.; Brutscher, B.; Bru¨schweiler, R.; Ernst, R.
R. J. Am. Chem. Soc.1998, 120, 9870-9879.

Figure 1. Time dependence of15N-1HN residual dipolar coupling values for selected amino acids of ubiquitin extracted from a 10 ns molecular
dynamics (MD) simulation. Ala 28 belongs to theR helix, Ile 44 to aâ strand, and Lys 11, Ile 36, Asp 52 to loop regions. In the middle, the
distributions of the couplings are plotted vertically, with the horizontal arrows indicating average dipolar coupling values that would be observed
experimentally. The dots plotted on the surface of the spheres (right) correspond to the N-HN orientations sampled during the MD trajectory (500
snapshots).
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except for Asp 52, where larger scale backbone modulations
lead to a bimodal distribution.

4. Influence of Motion on Q Values

In practice, experimental dipolar couplings are commonly
refined toward a single static structure. It is investigated here
what level of agreement can be expected between experimental
couplings and couplings calculated from the average structure
in the presence of molecular motion occurring during the 10 ns
MD trajectory of ubiquitin.

For the following analyses, sets of dipolar couplings belonging
to 11 alignment tensors with different orientations and rhom-
bicities were constructed from the 500 snapshots taken from
the trajectory (see Table 1). Here and in the following, it is
assumed that changes in the alignment tensor leave intramo-
lecular motions unaffected. For three alignment tensors with
Dzz ) 20 Hz (for N-HN dipolar couplings) andR values set to
0, 1/3, and 2/3, respectively, dipolar couplings were computed
for N-HN, CR-HR, and HN-HR spin pairs. In addition, eight
more alignment tensors withR ) 0 and Dzz ) 20 Hz were
defined by reorienting the original tensor using rotation matrixes
R(R,â,γ) with the following Euler angles to sample a repre-
sentative distribution of tensor orientations:

For these eight alignment tensors, only N-HN couplings were
computed.

On the basis of the MD simulation of ubiquitin, the effect of
motion onQ was analyzed for three scenarios, I, II, and III,
that involve different treatments of the data:

I. In this scenario, for a given alignment tensor, dipolar
couplings were averaged over the 500 MD snapshots and
compared with the dipolar couplings calculated from the average

structure described in the previous section using the same
alignment tensor.

II. In this scenario, for a given alignment tensor, dipolar
couplings were averaged over the 500 MD snapshots and
compared with the dipolar couplings calculated from the average
structure using an optimized alignment tensor that was varied
in size and orientation to minimizeQ.

III. In this scenario, for a given alignment tensor, dipolar
couplings were averaged over the 500 MD snapshots and
subsequently divided by their respectiveSLS order parameters
calculated from the same snapshots. These rescaled dipolar
couplings were then compared with the dipolar couplings
calculated from the average structure using an optimized
alignment tensor that was varied in size and orientation to
minimize Q.

Scenario I corresponds to a situation where the “true”
alignment tensor is known from external sources, for example
theoretical calculations23,31 or paramagnetic alignment. In this
case,Q values become largest and motional effects are strongest,
since they are not included in the form of a scaled alignment
tensor. For scenario II, which is equivalent to overall scaling
of all dipolar couplings combined with reorientation of the
alignment tensor, readjustment of the alignment tensor can
partially absorb internal motional effects. For example, if
intramolecular motion reduces all dipolar couplings by 10%
(compared to the couplings of the average structure), a new
alignment tensor for the average structure that is 10% smaller
would still yield Q ) 0. This approach is equivalent to scaling
of all couplings by a uniformλrdc value. Since the amplitudes
of intramolecular motion generally vary between different
protein sites, there will be no uniform scaling of dipolar
couplings. Instead, individual motional scaling of dipolar
couplings must be explicitly taken into account, which is the
approach followed in scenario III. In the absence of any other
information, a commonly used guess for the scaling factors are
theSLS order parameters of eq 12 obtained from spin relaxation
measurements. As was shown in section 2 (eq 15), the scaling
by SLS values is adequate if all intramolecular motions are axially
symmetric and take place on nanosecond and subnanosecond
time scales that are accessed by spin relaxation experiments.

All three scenarios were analyzed for all 11 alignment tensors,
and the results are compiled in Tables 1-3. For scenarios II
and III, which involve fitting of the alignment tenors, the
program DipoCoup19 was used, performing a Moore-Penrose
inversion, also known as singular-value decomposition,26,32

previously used for the analysis of NMR relaxation data for
anisotropic tumbling.33 Since the results significantly differ
between protein backbone parts with a well-defined secondary
structure and loop regions,Q values were calculated for these
different parts as well as for the whole protein backbone. Amino
acids that belong to either a helix or aâ sheet have residue
numbers 2-7, 12-17, 23-34, 41-45, 49-50, and 65-72.

For scenario I, theQ values vary between 0.04 and 0.26 (see
Table 1). They clearly depend on the type of vectors: N-HN

vectors showQ values that are larger than those of CR-HR

vectors, which in turn haveQ values that are larger than those
of HN-HR vectors. This is not surprising since the HN-HR

distances are longer than the one-bond distances, and thus a
displacement of the HN or HR atom causes only a minor change

(31) Ferrarini, A.; Moro, G. J.; Nordio, P. L.Mol. Phys.1992, 77, 1-15.
(32) Losonczi, J. A.; Andrec, M.; Fischer, M. W. F.; Prestegard, J. H.J.

Magn. Res.1999, 138, 334-342.
(33) Brüschweiler, R.; Liao, X.; Wright, P. E.Science1995, 268, 886-

889.

Table 1. Back-Calculated Alignment Tensors andQ Values for
Ubiquitin According to Scenario I (No Scaling)

nucleia
(D̃zz/
Dzz)b Rc

Rd

(deg)
âe

(deg)
γ f

(deg) Qall
g Qsec

h Qloop
i

true 1.00 0.00 0 0 0 0.00 0.00 0.00
N HN 1.00 0.00 0 0 0 0.15 0.08 0.24
CR HR 1.00 0.00 0 0 0 0.10 0.08 0.12
HN HR 1.00 0.00 0 0 0 0.07 0.04 0.09

true 1.00 0.33 0 0 0 0.00 0.00 0.00
N HN 1.00 0.33 0 0 0 0.16 0.08 0.22
CR HR 1.00 0.33 0 0 0 0.09 0.07 0.11
HN HR 1.00 0.33 0 0 0 0.07 0.04 0.09

true 1.00 0.67 0 0 0 0.00 0.00 0.00
N HN 1.00 0.67 0 0 0 0.16 0.09 0.23
CR HR 1.00 0.67 0 0 0 0.10 0.08 0.11
HN HR 1.00 0.67 0 0 0 0.07 0.04 0.09
N HN 1.00 0.00 0 0 0 0.15 0.08 0.24

1.00 0.00 0 45 0 0.14 0.07 0.19
1.00 0.00 0 45 90 0.12 0.09 0.15
1.00 0.00 0 45 180 0.10 0.07 0.13
1.00 0.00 0 45 270 0.14 0.08 0.18
1.00 0.00 0 90 0 0.12 0.06 0.24
1.00 0.00 0 90 45 0.09 0.07 0.14
1.00 0.00 0 90 90 0.14 0.06 0.20
1.00 0.00 0 90 135 0.16 0.08 0.26

a Pairs of nuclei for which dipolar couplings are computed.b Ratio
of the best fitting and the predefined tensor size (Dzz) 20 Hz for N-HN

couplings).c Rhombicities andd,e,forientations of the predefined and
back-calculated tensors.g,h,i Qall, Qsec, andQloop are theQ values (eq 1)
for the whole protein, the secondary structural elements, and the loops,
respectively.

(R,â,γ) ) {(0°,45°,0°), (0°,45°,90°), (0°,45°,180°),
(0°,45°,270°), (0°,90°,0°), (0°,90°,45°), (0°,90°,90°),

(0°,90°,135°)}
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in the vector orientation. TheQ values depend on the orientation
of the alignment tensor but they are nearly independent ofR.
Significant differences inQ are observed between regular
secondary structures and loop regions.

The results of scenario II, which are summarized in Table 2,
demonstrate the effect onQ values if the alignment tensor is
allowed to vary. As compared to Table 1, theQ values drop by
about 30%. The motional effects are contained in modified
alignment tensorsD. The directions of the principal axes change
typically by less than 1°, and the rhombicity changes by 0.04
or less. The largest effects are seen in the newD̃zzvalues, which
are scaled relative to the originalDzzvalues by factors between
0.89 and 0.95. Table 2 contains also averageSLS andSrdc order
parameters calculated from the 500 snapshots according to eq
12. TheSLS andSrdc values vary between 0.91 and 0.95, which
is comparable to the scaling factor variationsD̃zz/Dzz. The Q
values depend on the details of the motional distributions and
average orientations of the internuclear vectors relative to the
alignment tensors. TheQ values vary for the chosen alignment

tensors by as much as a factor of 2. In Figure 2, the differences
in back-calculated and “true” N-HN dipolar couplings are
plotted as a function of the residue number for the nine
alignment tensors with different orientations defined in the lower
part of Table 2. For individual N-HN couplings, the motional
influences characteristically depend on the directions sampled
by the N-HN vector relative to the alignment tensor. In the
absence of rhombicity,R) 0, motion has the strongest influence
for the average directionsθav ) 0°,(90°,180°, for which
P2(cosθ) has maximal curvature. The differences between back-
calculated and “true” couplings, which are distributed around
zero, are largest for the loop regions that do not belong to regular
secondary structure. N-HN vectors of these regions have
calculatedS2 order parameters lower than 0.8 (see Supporting
Information). For some but not all of these vectors, the
orientational distributions have not converged during the 10 ns
MD trajectory, which can also be seen for some of the examples
shown in Figure 1. Figure 2 illustrates that the effect of dynamics
on the observable dipolar coupling value depends on the
orientation of the alignment tensor. The alignment tensor defines
the projection along which motion is observable. The possibility
to reconstruct characteristic motional features from dipolar
couplings collected for different alignment tensors is discussed
below.

For scenario III (Table 3), where the average dipolar couplings
are individually divided by theirSLS, Srdc values, the fitted
alignment tensors almost identically reproduce the “true”
alignment tensors with changes inR smaller than 0.03 andD̃zz

values lying within 1% ofDzz. All Q values are further decreased
as compared to the values in scenario II, with the largest
reductions found for the mobile loop regions, whereQ drops
between 0.02 and 0.10. Figure 3 demonstrates the improved
agreement for the individual N-HN pairs as compared to the
case in Figure 2. However, theQ values can still significantly
differ from zero (see Table 3): for N-HN dipolar couplings
they vary between 0.04 and 0.07. This behavior is indicative of
non-axially symmetric reorientational local motions of these
internuclear vectors. Thus, the order parameterSLS, Srdc does
not always accurately represent the motional scalingλrdc of
dipolar couplings during the MD simulation. The residual
discrepancies shown in Figure 3 are smallest for N-HN vectors
belonging to regular secondary structures, where dynamics is
smaller and more closely matches axial symmetry than in the
loop regions, where more complicated motion occurs that is
generally more asymmetric. Analogous analyses carried out for
alignment tensors with increasing rhombicitiesR indicate that
changes inR can also have non-negligible effects on dipolar
couplings.

Figure 2. Differences between dipolar N-HN couplings averaged over the 500 MD snapshots of ubiquitin and the back-calculated couplings
determined for the (static) N-HN vectors of the average structure as a function of residue number. The alignment tensor was optimized according
to scenario II (see text). The calculation was done for each of the nine axially symmetric alignment tensors (R ) 0) given in Table 2. The light gray
bars on top of this figure (and also of Figures 3 and 6) indicates theâ strands and the dark bar theR helix.

Table 2. Back-Calculated Alignment Tensors andQ Values for
Ubiquitin According to Scenario II (Uniform Scaling)

nucleia
(D̃zz/
Dzz)b Rc

Rd

(deg)
âe

(deg)
γf

(deg) Qall
g Qsec

h Qloop
i SLS

j

true 1.00 0.00 0 0 0 0.00 0.00 0.00
N HN 0.90 0.04 0 0 0 0.10 0.05 0.17 0.91
CR HR 0.92 0.01 0 1 0 0.06 0.04 0.07 0.94
HN HR 0.95 0.01 0 -1 0 0.04 0.03 0.05 0.95

true 1.00 0.33 0 0 0 0.00 0.00 0.00
N HN 0.89 0.33 0 0 -2 0.11 0.06 0.15 0.91
CR HR 0.92 0.35 0 1 0 0.05 0.04 0.06 0.94
HN HR 0.95 0.33 0 -1 0 0.04 0.03 0.05 0.95

true 1.00 0.67 0 0 0 0.00 0.00 0.00
N HN 0.91 0.64 1 0 1 0.08 0.04 0.14 0.91
CR HR 0.95 0.65 0 89 0 0.06 0.03 0.07 0.94
HN HR 0.97 0.65 0 0 0 0.04 0.02 0.07 0.95
N HN 0.90 0.04 0 0 0 0.10 0.05 0.17 0.91

0.91 0.03 0 45 0 0.09 0.05 0.13 0.91
0.90 0.02 0 45 91 0.06 0.05 0.07 0.91
0.92 0.01 0 45 180 0.06 0.03 0.08 0.91
0.91 0.01 0 45 270 0.09 0.06 0.11 0.91
0.91 0.02 0 90 1 0.08 0.04 0.16 0.91
0.93 0.01 0 90 45 0.05 0.03 0.09 0.91
0.90 0.02 0 90 90 0.10 0.06 0.13 0.91
0.89 0.02 0 90 135 0.11 0.05 0.18 0.91

a Pairs of nuclei for which dipolar couplings are computed.b Ratio
of the best fitting and the predefined tensor size (Dzz) 20 Hz for N-HN

couplings).c Rhombicities andd,e,forientations of the predefined and
back-calculated tensors.g,h,i Qall, Qsec, andQloop are theQ values (eq 1)
for the whole protein, the seconday structural elements, and the loops,
respectively.j SLS is the average order parameter for these vectors
calculated from the MD trajectory according to eq 12.
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5. Reconstructing Motional Distributions from Multiple
Alignment Data

From the previous analysis, it becomes clear that static and
motional contributions to a dipolar coupling measured for a
single alignment cannot readily be separated. The questions are
addressed here of how this task can be accomplished by
combining dipolar couplings measured for different alignment
tensors and what aspects of the motional distributions of the
internuclear vectors can be reconstructed.

For this purpose, five N-HN pairs were selected in ubiquitin
that show differential motional properties: Ala 28 (R helix) and
Ile 44 (â sheet), which are part of regular secondary structures,
and Lys 11, Ile 36, and Asp 52, which belong to the more mobile
loop regions. The distinct motional behavior of these residues
in the MD trajectory is reflected in theiræ,ψ dihedral angle
fluctuations. The right column in Figure 4 shows theæ,ψ
distributions for the 500 MD snapshots: Ala 28 and Ile 44 show
quite narrowæ,ψ distributions characteristic ofR helix andâ
sheet structures, while Lys 11 and Ile 36 exhibit significantly
wider distributions, in particular in theiræ dihedral angle. Asp

52 exhibits a less regular behavior, indicative of a multimodal
distribution. Dipolar couplings are sensitive to reorientations
related to fluctuations of nearby dihedral angles as well as to
longer range motions related to fluctuations of dihedral angles
that are farther away.

In the left and middle panels of Figure 4, the orientations of
the above-mentioned N-HN vectors are displayed for the 500
MD snapshots indicated as dots as a function of the polar angles
(θ,æ). The orientational distributions of the 500 snapshots are
in all cases elongated (approximately elliptical for Ala 28 and
Ile 44); i.e., they do not exhibit axial symmetry. The large filled
circle in the center of each panel represents the orientation of
the N-HN vector in the average structure. The superimposed
solid lines represent N-HN vector orientations that are consistent
with the dipolar couplings averaged over the 500 snapshots for
the nine different alignment tensors withR ) 0 described in
the previous section (see Tables 2 and 3). Thus, any static N-HN

vector that points along a (θ,æ) direction belonging to a certain
line could accurately reproduce the (scaled) dipolar coupling
averaged over the trajectory for the alignment tensor associated
with this line.

The panels in the left column correspond to scenario II, with
the fitted alignment tensors given in the lower part of Table 2,
while the panels in the middle column correspond to scenario
III, where the couplings were divided by their individualSLS

order parameter. If all nine lines intersect at a single point, then
a static N-HN vector pointing along the intersection can
simultaneously reproduce all MD-averaged couplings for the
nine alignments. For the regular secondary structural residues
Ala 28 and Ile 44, this behavior is approximately found for
scenario II (left column of Figure 4), while it is not fulfilled
for the three other residues, Lys 11, Ile 36, and Asp 52. For the
latter residues, MD-averaged dipolar couplings measured for
multiple alignments cannot be quantitatively reproduced by a
static structural model.

Individual SLS scaling of dipolar couplings (scenario III,
middle column of Figure 4) improves the situation, in particular
for Ala 28 and Ile 44, which belong to regular secondary
structures although the reorientational distributions of these
vectors are not axially symmetric. For these vectors, the
intersections coincide with the dipolar coupling predicted from
the average structure (filled circle). Thus, the MD-averaged
dipolar couplings obtained in multiple alignment media scaled
by their respectiveSLS values allow for these residues the
reconstruction of highly accurate average orientations. For a
set of dipolar coupling measurements performed for a suf-
ficiently large number of different alignments (five or more), it
is conceivable to use an effective dipolar scaling factorλrdc,eff

as a fitting parameter. Sinceλrdc,eff covers besides the relaxation-

Figure 3. Differences between scaled dipolar N-HN couplings averaged over the 500 MD snapshots of ubiquitin and the back-calculated couplings
determined for the (static) N-HN vectors of the average structure as a function of residue number. The dipolar couplings determined by averaging
over the MD snapshots were scaled with their Lipari-Szabo order parameterSLS according to scenario III. The calculation was done for each of
the nine axially symmetric alignment tensors (R ) 0) given in Table 3.

Table 3. Back-Calculated Alignment Tensors andQ Values for
Ubiquitin According to Scenario III (Individual Scaling)

nucleia
(D̃zz/
Dzz)b Rc

Rd

(deg)
âe

(deg)
γf

(deg) Qall
g Qsec

h Qloop
i

true 1.00 0.00 0 0 0 0.00 0.00 0.00
N HN 0.99 0.03 0 0 0 0.07 0.04 0.11
CR HR 1.00 0.00 0 0 0 0.02 0.02 0.02
HN HR 1.00 0.01 0 -1 0 0.03 0.02 0.04

true 1.00 0.33 0 0 0 0.00 0.00 0.00
N HN 1.00 0.35 0 1 2 0.08 0.05 0.11
CR HR 1.00 0.34 0 0 0 0.03 0.03 0.03
HN HR 1.00 0.34 0 1 0 0.03 0.02 0.04

true 1.00 0.67 0 0 0 0.00 0.00 0.00
N HN 1.01 0.65 0 0 0 0.04 0.02 0.07
CR HR 1.01 0.66 0 0 0 0.04 0.02 0.04
HN HR 1.01 0.66 -1 0 0 0.04 0.02 0.07
N HN 0.99 0.03 0 0 0 0.07 0.04 0.11

1.00 0.00 0 45 1 0.07 0.03 0.10
1.00 0.01 0 46 90 0.05 0.03 0.07
1.00 0.03 0 45 180 0.06 0.03 0.08
1.00 0.01 0 45 270 0.06 0.04 0.07
0.99 0.01 0 90 1 0.04 0.02 0.08
1.01 0.01 0 90 45 0.04 0.02 0.06
1.01 0.01 0 90 90 0.06 0.04 0.08
0.99 0.01 0 90 135 0.05 0.03 0.08

a Pairs of nuclei for which dipolar couplings are computed.b Ratio
of the best fitting and the predefined tensor size (Dzz) 20 Hz for N-HN

couplings).c Rhombicities andd,e,forientations of the predefined and
back-calculated tensors.g,h,i Qall, Qsec, andQloop are theQ values (eq 1)
for the whole protein, the secondary structural elements, and the loops,
respectively.
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active motional time scales also slower time scales, comparison
of λrdc,eff with experimentally determinedSLS parameters should
allow one to gain important insight into intramolecular motions
occurring between nanosecond and millisecond time scales. It
is expected that generallyλrdc,eff e SLS.

In contrast, for the mobile residues Lys 11, Ile 36, and Asp
52, none of the scenarios yields satisfactory results for the
average orientations (left and middle columns of Figure 4). For
scenario III (middle column), scaling bySLS somewhat narrows
down the range of possible average orientations, but obviously
simple scaling remains insufficient for a quantitative determi-
nation of the average orientations because of the mathematical
inequivalence ofSLS andλrdc for non-axially symmetric orien-
tational distributions (cf. eqs 7, 9, and 12). Since according to
eqs 7 and 9λrdc directly depends on the average orientation of
the dipolar vector, extraction of the average orientation and of
the motional averaging effects becomes more complicated.

Model-Free Extraction of 〈Y2M〉 and (θeff,æeff) Quantities.
The following two-step procedure is proposed using experi-
mental dipolar couplings andSLS order parameters:

1. Absolute alignment tensorsD for multiple liquid-crystalline
media are determined from experimental dipolar couplings using
SLS order parameters obtained from relaxation experiments for
residues belonging to well-defined secondary structures.

2. The average orientation of a dipolar vector belonging to a
more mobile region is extracted by fitting the averaged spherical
harmonics〈Y2M〉, M ) -2, -1, 0, 1, 2, to the dipolar couplings
collected in all available alignment media using eq 9 withD of
1 and by determining the orientations (θeff,æeff) by a least-squares
fit according to eq 10.

The averaged spherical harmonics〈Y2M〉 quantities provide a
“model-free” representation of motional effects on dipolar
couplings in analogy toSLS

2 order parameters in spin relaxation
studies.21 In fact, the〈Y2M〉 quantities contain information about

Figure 4. Determination of average N-HN directions from dipolar couplings measured for nine different alignment tensors exemplified for residues
Ala 28, Ile 44, Lys 11, Ile 36, and Asp 52. The dots in the panels in the left and the middle columns correspond to the orientations of the N-HN

vectors of 500 snapshots in the selected angular ranges. The full distributions are displayed on the spheres of Figure 1. The solid lines represent
all static orientations that reproduce the MD-averaged couplings for the corresponding alignment tensors. The left panel corresponds to scenario II
(no individual scaling of couplings), while the middle panel corresponds to scenario III (each coupling is scaled by its Lipari-Szabo order parameter
SLS). The panels in the right column show theæ,ψ dihedral angle distributions for these residues.
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motional asymmetry, which has become lost inSLS
2 . The above

procedure was applied to the MD-averaged dipolar couplings,
with results shown in Figures 5 and 6. Comparison between
average N-HN directions (θav,æav) computed from the MD
trajectory and estimates (θeff,æeff) determined by solving the
overdetermined linear system of equations (eq 9), including the
residual dipolar couplings determined for all nine alignment
media, followed by the minimization of the sum of eq 10, yields
differences that are less than 2° for residues in secondary
structural elements (Figure 5). Although the deviation can be
larger for loop regions (up to 5°), the (θeff,æeff) values provide,
on average, a much better and more reliable estimate for
(θav,æav) than the (θ,æ) values that are consistent with a single
dipolar coupling value. From the extracted〈Y2M〉 quantitiesSrdc

2

values were determined according to eq 12. As expected, they
turn out to be identical with theSLS

2 values determined directly
from the trajectory.

Furthermore, asymmetry parametersη, which reflect the
amount of asymmetry in reorientational motion (eq 11), were
determined from the extracted〈Y2M〉 quantities, and they are
shown in Figure 6 as a function of the amino acid number. The
largest asymmetry is found in ubiquitin for residues in mobile
loop regions withη values exceeding 10% (see Figure 6), while
in secondary structural elements the asymmetry is typically well
below 5%.

6. Conclusion

Intramolecular motions affect residual dipolar couplings in
the form of a scaling by a factorλrdc, which generally also
depends on the average orientation of the internuclear vector
with respect to the alignment frame. Using a MD simulation as
a reference, motional averaging effects of dipolar couplings have
been described in detail, and a solution to the inverse problem
has been presented that used theoretical dipolar couplings,

assuming an optimal set of different alignment tensors. The
proposed self-consistent analysis of dipolar couplings should
allow the extraction of accurate structural information in terms
of average orientations also when applied to experimental data.

Alignment tensors that are fitted to dipolar couplings tend to
absorb a significant amount of intramolecular motional effects.
If no information onSLS order parameters is available, refine-
ment of a static structural model should be “stopped” atQ values
of about 0.05 for secondary structural parts and of about 0.1
for more mobile loop regions. IfSLS values are available,
refinement to smallerQ values is conceivable, provided that
no slower time scale motions are present.

Information on such slower time scale motions that are not
reflected in spin relaxation data can be obtained from dipolar
couplings measured in different liquid-crystalline media. The
results presented here suggest that the combined use of dipolar
coupling data sets measured in five or more different environ-
ments allows the accurate reconstruction of average positions
and the retrieval of unique information on motional averaging
of spherical harmonic functions of rank 2,〈Y2M〉, that is not
readily accessible bySLS

2 order parameters obtained from spin
relaxation measurements. Besides the longer time scales probed
by dipolar couplings, also direct information about motional
asymmetry of individual internuclear vectors, expressed by the
parameterη, is available. For rapid axially symmetric reorien-
tational motion of an internuclear vector,λrdc becomes equal to
Srdc. The〈Y2M〉 quantities have a “model-free” character similar
to the model-free order parametersSLS

2 extracted from NMR
spin relaxation experiments.21 In analogy to the NMR relaxation
field, interpretation of the〈Y2M〉 quantities in terms of concrete
motional models, such as the 3D GAF model,30 is possible as
a subsequent step of data interpretation.

The basic assumption made here is that the liquid-crystalline
environment does not affect biomolecular structure and dynam-
ics. This assumption can be experimentally tested to some extent
by verifying that chemical shifts, line widths, and homo- and
heteronuclear relaxation parameters do not significantly change
with the liquid-crystalline environment. In the case that the
average protein structure varies for different alignment media,
such variations would be reflected also in the〈Y2M〉 quantities.

At present, the requirement of five different liquid-crystalline
environments may seem demanding. Moreover, the different
alignment tensors should significantly differ with respect to each
other in order to minimize the influence of experimental
uncertainties in the residual dipolar couplings. Rapid progress
in the development and understanding of aligning tools,
however, makes it likely that soon a sufficient number of
different alignment media will become available that lead to
different alignment tensors.4,5,34-52 Application of the presented
protocol to experimental data is currently under way.

After submission of this work, a paper by Tolman et al.53

appeared, in which the effects of protein motions on dipolar

Figure 5. Comparison between average N-HN directions (θav,æav)
determined from the MD trajectory and estimates (θeff,æeff) determined
by solving the linear system of equations (eq 9) followed by the
minimization of the sum of eq 10. The figure shows that the estimate
is generally within 2° of the exact average.

Figure 6. Motional asymmetry parameterη defined in eq 11 for N-HN vectors as a function of the residue number. In regular secondary structure,
η varies between 1% and 6%, while in more mobile loop regions the asymmetry can exceed 10%.
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couplings measured for a single alignment tensor in ubiquitin
were discussed. It differs from the one presented here in the
following way. In the paper by Tolman et al., experimental
dipolar couplings of different vectors in the peptide plane
measured for one alignment medium were interpreted using
analytical motional models, whereas in the present work MD-
generated dipolar couplings of a single vector measured in
multiple alignments were interpreted in a “model-free” way.
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