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Abstract: On the basis of the measurement of NH residual dipolar couplings (RDCs) in 11 different alignment
media, an RDC-based order parameter is derived for each residue in the protein ubiquitin. Dipolar couplings
are motionally averaged in the picosecond to millisecond time range and, therefore, reflect motion slower
than the inverse overall tumbling correlation time of the protein. It is found that there is considerable motion
that is slower than the correlation time and could not be detected with previous NMR methodology.
Amplitudes and anisotropies of the motion can be derived from the model-free analysis. The method can
be applied provided that at least five sufficiently different alignment media can be found for the biomolecule
under investigation.

Introduction

Over the past few years, residual dipolar couplings (RDCs)1,2

have emerged as highly useful NMR parameters for the
elucidation and refinement of biomolecular structures in solution.
RDCs complement the traditional NMR parameters such as
NOE and scalar couplings, as well as other new types of
constraints such as cross-correlated relaxation parameters3 and
trans-hydrogen bondJ couplings,4 since they provide long-range
structural restraints.

One of the most important applications of RDCs aims at the
reduction of the number of required NOEs for determining the
3D structure of a protein.5-9 In another use of RDCs, the PDB
database is searched for protein structures that are consistent
with a given set of RDCs.10-13 Using another approach,
structures of protein fragments are identified from the database,
and the 3D backbone structure of the protein is then recon-
structed by properly assembling these fragments.14 Taking it a
step further, it was demonstrated that the backbone structure of
ubiquitin can be determined by aligning sequential peptide
planes solely on the basis of RDCs, that is, without using
database information.15

It was recognized early on that dipolar couplings not only
reflect the average structure but also structural fluctuations

allowing the characterization of conformational flexibility in
proteins.16 For cyanometmyoglobin, which contains eight
helices, Tolman et al.17,18 presented two dynamical models to
reproduce the experimental dipolar couplings.1,18,19The dynami-
cal models were based on structures obtained by X-ray,20

neutron diffraction,21 and NMR.22 The first model describes
motions of the helices as a cooperative wobbling in a cone with
symmetry axis along the helix axes. In the second model, the
helix was treated as a rigid unit that undergoes rotations about
an axis perpendicular to the helix axis. In both models, scaling
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factors S for the dipolar couplings were introduced that
decreased dipolar couplings predicted from a static structure.
The extracted scaling factors varied between 0.45 and 0.7 for
individual helices, corresponding to sizable cone opening angles
(e.g.,R ) 42° for S ) 0.65) if axially symmetric motions are
assumed.

More recently, Tolman et al. presented an approach to extract
dynamics from a set of RDCs measured along the backbone of
ubiquitin.23 They used a single alignment medium and measured
seven different heteronuclear dipolar couplings, including the
spin pairs N-HN, C′i-HN(i+1), C′i-N(i+1), CR-C′, C′-HR,
CR-HR, and CR-Câ within the backbone of each amino acid.
Assuming a fixed geometry of these vectors for each amino
acid moiety in the protein, they derived a general degree of
order valueϑ (GDO) that reflects the motional scaling of the
dipolar couplings for each peptide moiety. The success of the
approach, however, critically depends on the accurate knowledge
of the local bonding geometry of all atoms involved (bond
lengths and bond angles) and on theæ torsion angle.

Recently, we introduced a “model-free” approach to the
dynamic interpretation of RDCs of a single dipolar vector
measured in multiple alignments.24 The approach used a 10 ns
molecular dynamics (MD) simulation of ubiquitin from which
averaged RDCs were computed for backbone NH dipolar vectors
using nine different alignments. A mathematical framework was
developed that describes the extraction of averages of spherical
harmonics of rank 2,〈Y2M(θ,φ)〉, and of effective vector
orientations (θeff,φeff) that correspond in good approximation
to the average orientations (θav,φav) as extracted from the
trajectory. The〈Y2M(θ,φ)〉 quantities reflect motional averaging
without necessitating a concrete motional model, in analogy to
the model-free approach of Lipari and Szabo25,26 used for the
interpretation of NMR spin relaxation data. The〈Y2M(θ,φ)〉 can
be used to calculate anSrdc

2 order parameter that is similar to
the Lipari and SzaboSLS

2 order parameter with the important
difference thatSrdc

2 reflects motions on a time-scale range

between femtoseconds and milliseconds, whileSLS
2 reflects

motions on (sub-) nanosecond time scales.
In the past, motions on time scales of microseconds to

milliseconds were primarily accessed usingT1F measurements.
Off-resonanceT1F experiments further extend the accessible
time-scale range.27,28 The translation ofT1F data into dynamic
models is hampered by the fact that the chemical shift
information of the different conformers does not allow the
derivation of structural models of the interconverting conform-
ers. Therefore, additional dynamic information is highly desir-
able to characterize structural processes on these slow time
scales. In addition, scalarJ couplings also provide detailed
information on slow time-scale motion.29

Here we apply the theoretical approach of Meiler et al.24 to
experimental NH dipolar couplings of ubiquitin. Ubiquitin is
perhaps the protein that is best studied by NMR. Numerous
15N backbone relaxation studies have been reported.30-33 Using
different approaches, it is well established that in ubiquitin only
the residues I23 and N25 exhibit conformational exchange.31,34,35

H-D exchange data are also available for ubiquitin.36,37Residual
dipolar coupling data were published for bicelle media.23,38,39

In this work RDCs of ubiquitin are measured for 11 different
alignment media used to probe intramolecular motions in a
model-free way (see Table 1). The data are interpreted using
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Table 1. Comparison of the Singular Values and the Condition Numbers for the 5-11 Best Alignment Mediaa

number of used alignment conditions 5 6 7 8 9 10 11
DMPC/DHPC 0 1 1 1 1 1 1
DMPC/DHPC/SDS 0 0 0 0 0 0 1
purple membrane fragments 1 1 1 1 1 1 1
CHAPSO/DLPC/SDS 0 1 1 1 1 1 1
CHAPSO/DLPC 1 0 0 0 1 1 1
CHAPSO/DPLC/CTAB 4% 0 0 1 1 1 1 1
CHAPSO/DPLC/CTAB 5% 0 0 0 0 0 1 1
polyacrylamide gel 0 0 0 1 1 1 1
Helfrich phase 1 1 1 1 1 1 1
Pf-1 phages 1 1 1 1 1 1 1
n-dodecyl-penta(ethylene glycol)/n-hexanol 1 1 1 1 1 1 1
condition number 6.362 6.184 6.548 7.039 7.367 7.817 8.267
singular value 1 3.045 3.373 3.759 4.094 4.333 4.617 4.909
singular value 2 1.804 1.898 2.013 2.071 2.203 2.220 2.260
singular value 3 0.618 0.723 0.725 0.775 0.796 0.833 0.844
singular value 4 0.532 0.600 0.600 0.646 0.646 0.675 0.675
singular value 5 0.479 0.546 0.574 0.582 0.588 0.591 0.594

a In all cases with less than 11 alignments, the combination of the alignment media is given that provides the largest fifth singular value. The smallest
singular value of theF̂ matrix is most significant for the propagation of errors into the model-free analysis. Thus, six experimental alignment tensors are
almost as good as 11 for the purposes of this paper.
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the framework described in the theory paper24 yielding effective
NH vector orientations, fluctuation amplitudes expressed in
terms of the RDC-derived order parameterSrdc

2 , and informa-
tion about the asymmetry of intramolecular motions. Adaptations
of the introduced mathematical analysis that proved to be useful
in the context of experimental data are summarized in the
following section and in the flowchart given in Figure 1.

Theoretical Results.The dipolar couplings observed in a
certain anisotropic medium (denoted by indexi) are given by

The angular brackets denote conformational averaging.Di,zz is
the main component, andRi is the rhombicity of the alignment
tensor.θat andφat are the orientations of the vectors in the frame
of the alignment tensor (at). To analyze dipolar couplings in
the context of dynamics it is useful to express eq 1 using
normalized second-order spherical harmonic functions as given
in eq 2 (a more detailed description is given in the Appendix):

where 〈Y2M(θ,φ)〉 are the averaged spherical harmonics for a
given NH vector. The superscript mol in eq 2 describes the
change of the coordinate system from the alignment tensor frame
into the molecular frame. TheFi,M are functions of the three
Euler angles,Ri, âi, andγi, that relate the molecular frame to
the dipolar frame (see Appendix). In the following, we will use
θ andφ where we refer to the molecular frame of the protein.

We have shown in the theory paper in scenario II that fitting
the dipolar couplings to NH vectors contained in secondary
structure elements of one rigid NMR structure40 will yield a
motion averaged alignment tensor characterized byD̃i,zz andR̃i

as well as the anglesR̃i , ẫi, andγ̃i. The orientation (R̃i, ẫi, γ̃i)
and the rhombicity (R̃i) of the scaled tensor are virtually
indistinguishable from those of the true tensor, and the motion
is reflected only in a scaling of the principal value according to
D̃i,zz) Soverall ‚ Di,zz(Soverall ) λoverall in scenario II in the theory
paper). The rhombicity and the orientation of the scaled versus
the true tensor were independent of the exact value of the overall
scaling, as well as the structure used for fitting the tensor,
provided that the column vectorsFBi derived from theF̂ matrix
are sufficiently linearly independent from each other. We can
thus rewrite eq 2 on the basis of the experimentally scaled
alignment tensor using scaled spherical harmonics〈Ỹ2M(θ,φ)〉:

Model-Free Approach. The inversion of theF̂ matrix in
eq 3 yields the averages of the spherical harmonics. Because

we enforce 〈Y22(θ,æ)〉*
!
) 〈Y2-2(θ,æ)〉 and 〈Y21(θ,æ)〉*

!
)

-〈Y2-1(θ,æ)〉 in eq 3, five independent variables remain for the
calculation. Therefore, we need at least five alignments that must
be realized experimentally to calculate the〈Y2M(θ,φ)〉 values.
However, from eq 3 we only obtain〈Y2M(θ,φ)〉/Soverall )
〈Ỹ2M(θ,φ)〉 and not the desired〈Y2M(θ,φ)〉 values. We therefore
need to determineSoverall as will be described in the course of
the paper. The〈Y2M(θ,φ)〉 values yield a model-free analysis of
the motion and make a detailed picture of the motion available
than is provided bySLS

2 , the Lipari-Szabo order parameter.

To achieve this more detailed picture we rotate each
individual NH vector into a frame with primed axesx′,y′,z′ such
that 〈Ỹ20(θ′,φ′)〉 is maximized:

Maximizing 〈Ỹ20(θ′,φ′)〉 puts the newz′ axis into the center of
the distribution for the given NH vector and thus definesθeff

(1)

and φeff
(1). As shown in the Appendix, the〈Ỹ21(θ′,φ′)〉 and

〈Ỹ2-1(θ′,φ′)〉 values vanish. The〈Ỹ22(θ′,φ′)〉 and 〈Ỹ2-2(θ′,φ′)〉
averages then reflect the asymmetry of the motion. To derive
parameters that are easier to grasp, we define a relative
amplitudeη of anisotropy of the motion defined in eq 5 that is
equivalent to the definition ofη in the theoretical paper (eq
11). This η parameter is independent of the overall scaling
Soverall:

(40) Cornilescu, G.; Marquardt, J. L.; Ottiger, M.; Bax, A.PDB Database, 1999,
1D3Z.

Figure 1. Overview of the most important steps to extract structural and
model-free dynamical information from dipolar couplings.Di

exp is the
experimental dipolar couplings measured ini different alignment media;
D̃i,zz is the largest principal component of the alignment tensor extracted
from the experimental data using a rigid model (NMR, X-ray, or trajectory);
Fi,M are elements ofF̂ matrix including all the alignment tensor information
and the Wigner rotation elements for the translation from the individual
alignment frames to the molecular frame;〈Ỹ2M〉 are the spherical harmonic
functions derived from the experimental dipolar couplings;θeff

(1,2,3)
φeff

(1,2,3)

are the effective orientations of the NH vectors derived using three different
approaches. The first approach is used for the model-free analysis.
〈Ỹ20(θ′,φ′)〉 is the isotropic part of the motion;η andφh′ are the amplitude
and the orientation of the anisotropic motion, respectively.Soverall is the
overall scaling factor that reflects the overall scaling of the back calculated
alignment tensors due to motion;Saxial is the residue specific order parameter
describing the axially symmetric motion;Srdc is the dipolar order parameter.
Details can additionally be found in the text of the manuscript.
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∑
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The ratio of the imaginary and the real part of〈Ỹ22(θ′,φ′)〉 and
〈Ỹ2-2(θ′,φ′)〉 defines the orientation of the anisotropic motion.

It should be noted that due to theφ dependence of theY22(θ,φ)
andY2-2(θ,φ) functions, theφh′ angle has aπ periodicity. It is
obvious from the definition ofφh′ that it is different from the
averageφ′ of a distribution of vector orientations〈φ′〉. The
translation of the five averaged spherical harmonics into the
primed coordinate system amounts to the definition of five new
parameters:〈Ỹ20(θ′,φ′)〉 which reflects the axial order,θeff

(1) and
φeff

(1) which reflect the average orientation of the vector, andη
andφh′ which reflect the amount of anisotropic disorder and the
direction of this anisotropic motion in thex′,y′ plane.

In addition to dissecting the orientational disorder into its
axially symmetric and asymmetric distribution, we can also
calculate a traditional order parameterSrdc

2 that is based
exclusively on dipolar couplings and formulated in analogy to
the well-known Lipari-Szabo order parameter:25

In contrast toSLS
2 , Srdc

2 covers motion up to the NMR time scale
that is defined by the inverse of the differences of chemical
shifts or dipolar couplings of exchanging conformations. It
should be noted that theSrdc

2 values form a distribution with an
average ofSoverall

2 and that they are always smaller than 1.
Consequently, theS̃rdc

2 values derived from the〈Ỹ2M(θ,φ)〉 form
a distribution with an average of 1, and therefore certainS̃rdc

2

will exceed 1 for some of the NH vectors.
Derivation of Average Orientations.In the theoretical paper

we were interested in the calculation of the averaged orientations
of the vectors (θav,φav) defined as the polar angles of an averaged
NH vector over the trajectory. We found that these can be
obtained very accurately from the averages of the spherical
harmonics〈Y2M(θ,φ)〉 and even better from the experimentally
directly accessible〈Y2M(θ,φ)〉/Soverall ) 〈Ỹ2M(θ,φ)〉. There are
several options to derive these effective anglesθeff andφeff which
we call effective instead of average since they are not identical
with the averages.

The first approach for the optimization ofθeff,φeff uses the
average spherical harmonics〈Ỹ2M(θ,φ)〉 obtained by eq 3 and
rotates them into a primed reference frame in which the new
average〈Ỹ20(θ′,φ′)〉 is maximized according to eq 4. This
approach was already explained in the previous paragraph. The
superscript 1 onθeff,φeff in eq 4 indicates that this is just the
first way to derive the information about the effectiveθeff,φeff.
It is obvious that〈Ỹ20(θ,φ)〉 is at a maximum when the average
vector is parallel to thez′-axis. This approach is used to derive
the motional models from the averaged spherical harmonics (eqs
5 and 6).

The second approach is to find two anglesθeff andφeff that
minimize the following expression:

It has the drawback that individual order parameters for each
NH vector are not taken into account.

Therefore, a third approach is used, in which the directly
accessible〈Ỹ2,M(θ,φ)〉 values are scaled assuming axially sym-
metric motion. The scaling factorS̃axial ) Saxial/Soverall is
individually optimized for each NH vector but uniform for all
alignment media. The subscript “axial” is used for this parameter
since the value enforces a uniform scaling of all spherical
harmonic〈Ỹ2,M(θ,φ)〉 values and therefore a uniform scaling of
all experimental dipolar couplings. This is true for axially
symmetric motion as discussed in the theory paper.

Comparison with GDO Approach. The scaling bySaxial is
very similar to the internal generalized degree of order (GDO)
analyzed by Tolman et al.23 based on the measurement of several
dipolar couplings in one alignment medium. The residue specific
internal GDO is defined as the ratio between the local and the
overall alignment tensor (indexo) (see eq 2 in ref 23):

whereSij are the elements of the Saupe matrix. This leads to

whereR is the rhombicity (R ) (Sxx - Syy)/Szz), andSzz is the
axial component of the alignment tensor. If the rhombicityR is
identical toRo, the GDO is reduced toSzz/Szz,o.

In contrast to ourSaxial, the GDO is sensitive to all motions
affecting the amino acid residue, while a rotation of the amino
acids around the average orientation of the NH vector is invisible
in our analysis. However, anisotropy of motion only marginally
affects the GDO. Even if the rhombicity is different for the
overall and the fragment specific Saupe matrixes, the influence
of the rhombicity is minor. The maximum change fromR ) 2/3
to R) 0 for the individual fragment or the reverse would change
the GDO by 15%, while a change ofR by 0.1 invariably leads
to a change of the GDO by less than 1%. Thus, the GDO is
quite insensitive to the motional anisotropy. This is in contrast
from our approach as elaborated in the previous paragraph.

Experimental Section
15N and15N,13C-labeled ubiquitin was purchased from VLI Research,

Inc. (Malvern, PA) and used without further purification. All samples
of ubiquitin between 1.5 and 3 mg were dissolved in 10 mM phosphate-

∑
M)-2

2
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(2)))2 (8)

∑
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ϑ(int) ) x ∑
ij

Sij
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∑
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|1
2
x(4 + 3R2) ‚ Szz|

|1
2x(4 + 3Ro

2) ‚ Szz,o|
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η ) x ∑
M)-2,2
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2
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(6)

Srdc
2 )

4π

5
∑

M)-2

2

〈Y2M(θ,φ)〉〈Y2M
/ (θ,φ)〉 (7)
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buffer pH 6.5 (H2O/D2O 90/10) in a 300µL Shigemi microcell tube.
All experiments were recorded on either Bruker-DRX-600 MHz or
Bruker-DRX-800 MHz spectrometers (Bruker AG, Rheinstetten, Ger-
many) equipped with TXI HCNz-grad probes (measurement temper-
ature was set to 303 K for all experiments). All spectra were processed
using XWINNMR 2.6 (Bruker AG, Karlsruhe, Germany) and FELIX
98.0 or FELIX 2000 (MSI, San Diego, USA).

Liquid Crystal Media. Alignment of the protein was achieved using
the following bicelles:41,42CHAPSO/DLPC (1:5; 5%), CHAPSO/DLPC/
CTAB (10:50:1; 5%), CHAPSO/DLPC/CTAB (10:50:1; 4%), CHAPSO/
DLPC/SDS (10:50:1; 5%).43-45 CHAPSO/DLPC was purchased from
Sigma (St. Louis, MO), SDS was purchased from Merck, (Darmstadt,
Germany), and CTAB was purchased from ACROS (New Jersey, USA)
and used without further purification. Dipolar couplings of ubiquitin
in DHPC/DMPC and DHPC/DMPC/SDS were taken from the litera-
ture.39

In addition to bicelle media, other liquid crystalline media were used
to obtain NH dipolar couplings in ubiquitin. For the measurement using
purple membrane fragments (bacteriorhodopsin)46,47(2 mg/mL), the salt
concentration was increased up to 100 mM NaCl to decrease the
electrostatic interaction between the highly charged bacteriorhodopsin
and ubiquitin. For the same reason, 50 mM NaCl was used with Pf-1
phages (5 mg/mL, 50 mM NaCl, ASLA Ltd., Riga, Latvia).48,49

Alignment was additionally achieved using surfactant lipids ((cetylpy-
ridinumbromide/hexanol) 1:1.33), 25 mM NaBr, 5%) commonly
named Helfrich phases.50,51 NH dipolar couplings in polyacrylamide
gels (7% paa) were taken from the literature.52,53

Using the nonionic liquid crystal medium composed ofn-dodecyl-
penta(ethylene glycol) andn-hexanol,54 dipolar couplings could ad-
ditionally be obtained. The very small line widths comparable to those
of the proton resonances in isotropic solution render this medium ideal
for measuring other heteronuclear backbone dipolar couplings in
proteins.

The determination of the alignment tensor and all other calculations
were performed using the home written software DipoCoup13 and
Mathematica 4.0 (Wolfram Res., Inc., Oxfordshire, U.K.) on PC or
SGI computer systems.

All NH dipolar couplings were measured using the S3E-1H,15N
HSQC55 pulse sequence. In addition, a1H,15N HSQC spectrum without
decoupling duringt1 was recorded.t1max was set to the average15N T2

relaxation time of 160 ms that was estimated by constant time1H,15N
HSQC experiments andT2 time measurements to achieve the best
possible resolution.

MD Simulation. A MD simulation of native ubiquitin was carried
out under periodic boundary conditions using the program CHARMM
24.56 An energy-minimized all-atom representation of the X-ray
structure of ubiquitin57 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.24,32

The experimental dipolar couplings were used to test the MD run.
Comparison of the experimental results with the MD trajectory was
performed by using the 11 different alignment tensors for calculating
theoretical dipolar couplings from the MD trajectory and comparing
them with the experimental dipolar couplings. The RMSD values
between the experimental and the theoretical dipolar couplings show
that large differences occur in the less structured regions such as the
â-turn (Leu8-Lys11) and around the prolines (Pro19, Pro37, Pro38).
The dynamical features of the very flexible C-terminal part have a rather
poor description in the calculated trajectory. However, the agreement
between trajectory and experiment is rather good for the secondary
structure elements. Visualization of the differences between the
experiment and the trajectory can also be derived from the comparison
of the experimentalθeff,φeff values and the trajectory-derivedθav,φav

values (Supporting Information, Figure S1a,b). In the highly dynamic
loop regions the average angle values derived from the trajectory do
not agree with the experimental values. These differences are much
larger than those using the NMR or the X-ray structure to calculate
theθav,φav values. Interestingly, the trajectory describes the N-terminal
part of ubiquitin much better than the C-terminal part. In fact, the
N-terminal secondary structural elements are notably stable and even
retained in media that normally completely unfold proteins.58

Error Analysis. In the following we investigate the errors of our
analysis. Because of the inversion of theF̂ matrix in eq 3, the errors
on the dipolar couplings were translated into errors on the average
spherical harmonics from which all further results were derived. The
error propagation critically depends on the sampling of the five
dimensional vector space spanned by theFBi vectors. In an optimal
situation, five alignment media would provide five orthogonal vectors.
However, as will be found, this ideal situation cannot readily be realized
experimentally. We measured the degree of nonsingularity of theF̂
matrix by calculating its singular values and the ratio between the largest
and the smallest singular value (condition number). Ideally, the
condition number is close to 1; in reality, however, the condition number
is significantly larger than 1.

The error on the experimental dipolar couplings is(0.5 Hz (the
errors in different media slightly depend on the signal-to-noise ratio).
The isotropic couplings are measured using the HSQC-J technique that
allows the measuring of the couplings with higher accuracy. Using all
11 experimental dipolar couplings, an average statistical error of 2.2%
on the spherical harmonics〈Ỹ2M(θ,φ)〉 is found, with the largest error
being 3.7% on one of the spherical harmonics. This yields a statistical
error of the dipolar order parameterS̃rdc that is smaller than 2%, the
largest statistical error being 3.2% on a single spherical harmonic. It
should be noted that this analysis explicitly addresses only the statistical
errors, while potential systematic errors are ignored.

Similar errors are obtained if only five or six alignment media are
included. The optimal combination of six or five alignment media
(Table 1) yields an average statistical error on the dipolar order
parameter of 2.2% and 3.1%, with the largest error on the spherical
harmonics being 4.2% and 6%, respectively. The largest possible error
on the dipolar order parameter is 3.5% and 4.4%. Thus, the optimal

(41) Sanders, C. R.; Schwonek, J. P.Biochemistry1992, 31, 8898-8905.
(42) Sanders, C. R., II; Hare, B. J.; Howard, K. P.; Prestegard, J. H.Prog. Nucl.

Magn. Reson. Spectrosc.1994, 26, 421-444.
(43) Wang, H.; Eberstadt, M.; Olejniczak, T.; Meadows, R. P.; Fesik, S. W.J.

Biomol. NMR1998, 12, 443-446.
(44) Losonczi, J. A.; Prestegard, J. H.J. Biomol. NMR1998, 12, 447-451.
(45) Ottiger, M.; Bax, A.J. Biomol. NMR1998, 12, 361-372.
(46) Sass, J.; Cordier, F.; Hoffmann, A.; Rogowski, M.; Cousin, A.; Omichinski,

J. G.; Lowen, H.; Grzesiek, S.J. Am. Chem. Soc.1999, 121, 2047-2055.
(47) Koenig, B. W.; Hu, J.-S.; Ottiger, M.; Bose, S.; Hendler, R. W.; Bax, A.

J. Am. Chem. Soc.1999, 121, 1385-1386.
(48) Hansen, M. R.; Mueller, L.; Pardi, A.Nat. Sruct. Biol.1998, 5, 1065-

1074.
(49) Clore, G. M.; Starich, M. R.; Gronenborn, A. M.J. Am. Chem. Soc.1998,

120, 10571-10572.
(50) Prosser, S. R.; Losonczi, J. A.; Shiyanovskaya, I. V.J. Am. Chem. Soc.

1998, 120, 11010-11011.
(51) Barrientos, L. G.; Dolan, C.; Gronenborn, A. M.J. Biomol. NMR2000,

16, 329-337.
(52) Sass, J.; Musco, G.; Stahl, S. J.; Wingfield, P. T.; Grzesiek, S.J. Biomol.

NMR 2000, 18, 303-309.
(53) Tycko, R.; Blanco, F. J.; Ishii, Y.J. Am. Chem. Soc.2000, 122, 9340-

9341.
(54) Rückert, M.; Otting, G.J. Am. Chem. Soc.2000, 122, 7793-7797.
(55) Meissner, A.; Duus, J. O.; O. W., S.J. Biomol. NMR1997, 10, 89-94.

(56) MacKerell, A. D. J.; Bashford, D.; Bellott, M.; Dunbrack, R. L. J.; 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. I.; 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.

(57) Vijay-Kumar, S.; Bugg, C. E.; Cook, W. J.J. Mol. Biol. 1987, 194, 531-
544.
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selection of six alignment media leads to similar results as the
combination of all 11 alignment media.

Using the information provided exclusively by the bicelle media,
the error propagation is less favorable. The largest error on the spherical
harmonics is 56.6% (average statistical error 26.7%), and the statistical
average error of the dipolar order parameter is 22.7%. Thus, with the
six optimal or 11 used alignment media, the errors are low enough to
obtain statistically significant conclusions.

Results

Measurement of Different Alignment Tensors.As men-
tioned in the Introduction, the alignment tensors must be
sufficiently different so that the error propagation of the
experimental dipolar couplings does not transform into an
exceedingly large error on the averaged spherical harmonics
〈Y2M(θ,æ)〉, and so that the derivation of theθeff andφeff angles
is faithful. Therefore, a major objective of the experimental work
was to find alignment media that yield a sufficiently small
condition number. The main axes of the alignment tensor with
respect to the molecular frame were experimentally determined
for nearly all alignment media used in this paper. Although the
optimal media found for ubiquitin may not be optimal for other
proteins, similarities of alignment tensors from different align-
ment media will most probably be independent of the protein.
This was already seen for other proteins that are currently
studied in our laboratory. For 11 alignment media, the alignment
tensors in the molecule fixed coordinate system (Supporting
Information, Figure S2) were determined. First, dilute liquid
crystal media made from phosphocholines commonly referred
to as bicelles2,41,42,59were used. The bicelles can be charged by
additives that introduce electrostatic interactions between the
biomacromolecule and the bicelles and thus rotate the orientation
of the tensor. Using CTAB (cetyltrimethylammoniumbromide)
the bicelles are positively charged, while SDS (sodium dodecyl
sulfonate) introduces a negative charge. Unfortunately, the tensor
did not change considerably. As expected, there is also no
difference when changing the mixture of the bicelles from
CHAPSO/DLPC to DHPC/DMPC. This supports the notion that
the shape rather than the charge distribution of the protein
determines the alignment. This can also be derived from the
small effect induced by the charged bicelles. Therefore, it was
more important to find other experimental approaches to obtain
sufficiently different orientations of the alignments. This was
achieved using Pf-1 phage,48 purple membrane (bacteriorhodop-
sin),46,47Helfrich phase surfactant lipids,50,51uncharged, nonionic
n-dodecyl-penta(ethylene glycol)/n-hexanol phase,54 and poly-
acrylamide gel52,53 for alignment. Some of these methods
introduce much more charge onto the liquid crystals and
therefore lead to bigger changes of the alignment tensors. By
comparing the different phases, interesting equivalences of
media for ubiquitin alignment were found. For example, the
uncharged CHPASO/DLPC bicelles and the nonionicn-dodecyl-
penta(ethylene glycol)/n-hexanol phase yielded almost the same
orientation of the alignment tensor in the molecular frame. Thus,
for these two alignment media, the mechanism of alignment
appears to be based on shape and not on the charge of the
protein. This observation is also supported by the sharp lines
of the spectra in these liquid crystal media and is additionally
confirmed by unchanged transverse relaxation times (T2) as
compared to those in isotropic aqueous solution.

In all charged liquid crystal media, the line widths are broader
due to decreasingT2 times and larger interaction with the
orienting media. Both positive and negative charge on the
alignment media induce aT2 effect. For ubiquitin, a larger
variation of the orientation of the alignment tensor was found
when we measured in completely different alignment media
rather than modifying one alignment method, for example, by
addition of charges (CTAB or SDS in bicelle media). For
example, using bicelle media alone provided the following
scaled singular values: 3.889, 1.248, 0.479, 0.103, and 0.026
yielding a condition number of 152.1. All 11 alignment media,
however, yielded the scaled singular values: 4.909, 2.260, 0.844,
0.675, and 0.594 and a condition number of 8.2. Table 1 contains
the set of media with the smallest fifth singular value and the
largest condition number for 5-11 alignment media used. It is
interesting to note that the condition number for the optimal
set of six alignment media is the smallest condition number,
which is also smaller than that found for 11 alignment media.
Because the absolute values of the singular values are respon-
sible for the error propagation, the 11 media are still better than
the six. For ubiquitin, DMPC/DHPC, CHAPSO/DLPC/SDS,
bacteriorhodopsin, Pf-1 phages, then-dodecyl-penta(ethylene
glycol)/n-hexanol phase, and the Helfrich phases yielded the
optimum information. Whether these alignment media will prove
equally useful for other proteins remains to be seen. It should
be noted, however, that although ubiquitin is quite stable and
therefore compatible with many alignment media, it also has
major drawbacks for alignment since it has an almost spherical
shape and little charge due to its pI of 7.6.

In the following analysis we used only those residues for
which dipolar couplings could be obtained in enough different
media that the condition number was smaller than 10 to obtain
statistically relevant data. To decrease the condition number even
further, more alignment media would need to be measured. New
media are found on a regular basis,60 and therefore it is not
unlikely that five or more alignment media can be found also
for other biomolecules.

An alternative would be the measurement of several dipolar
couplings in the peptide plane.61 However, there are drawbacks
to this method as well. Other dipolar couplings beside the NH
dipolar couplings are often less accurately measured due to
smaller gyromagnetic ratios and longer distances, and, therefore,
smaller dipolar coupling constants and their associated inter-
nuclear distances need to be accurately calibrated to exclude
overestimation of motional anisotropies. N-H internuclear
distances are well calibrated and understood.39 The estimation
of internuclear distances is critical. This was found when using
chemical shielding anisotropies and dipolar couplings for
structure calculation.62

Extraction of θeff and φeff and Comparison with Different
Structures of Ubiquitin and the MD Trajectory. As described
in the Introduction,θeff,φeff can be calculated by using eqs 4, 8,
and 9. The best agreement is seen between the effective
orientations (θeff,φeff) and the average vector orientation (θav,φav)
using the NMR structure that was already refined against two

(59) Bax, A.; Tjandra, N.J. Biomol. NMR1997, 10, 289-292.

(60) Desvaux, H.; Gabriel, J.-C. P.; Berthault, P.; Camerel, F.Angew. Chem.
2001, 113, 387-389.

(61) Fushman, D.; Ghose, R.; Cowburn, D.J. Am. Chem. Soc.2000, 122,
10640-10649.Cornilescu, G.; Bax, A.J. Am. Chem. Soc.2000, 122,
10143-10154.

(62) Cornilescu, G.; Bax, A.J. Am. Chem. Soc.2000, 122, 10143-10154.
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sets of dipolar couplings.38,40The NMR structure was also used
for the back calculation of the alignment tensors. The orienta-
tions of the NH vectors derived using eq 4 differ slightly from
those obtained in the three structures (trajectory, X-ray,57 and
NMR40), especially in the very mobile regions: the C-terminal
part, the first loop (Leu8-Lys11) between the twoâ-strands,
around glycine 47 and glycine 53 (Figure 2a,b and Supporting
Information). These are also the residues with the lowest GDO
in the analysis of Tolman et al.23

Absolute Overall Scaling. For all residues for which a
sufficient number of dipolar couplings were available, and thus
the condition number was smaller than 10, we were able to
calculate the averaged spherical harmonics from eq 3. The order
parameter derived from the〈Ỹ2M(θ,φ)〉 values according to eq
7 can produceS̃rdc

2 that can be larger than 1 for residues which
are less mobile than the average residues. This unusual behavior
of the order parameterS̃rdc

2 is due to the principal component of
the alignment tensorsD̃i,zz absorbing the average motion of all
NH vectors in the protein. However, the order parameterSrdc

2

that includes this average motion will be limited to a maximum
of 1. Thus, we obtainSrdc

2 by the scaling ofS̃rdc
2 with a constant

factor whose derivation is described below. For 43 out of 76
residues, the condition number is below 10, and the order
parametersS̃rdc

2 range between 0.108 (Gly 76) and 1.62 (Glu
18) using the magnitude of the alignment tensors as obtained

by direct fitting of the experimental dipolar couplings to the
static NMR structure (Figure 3).

To obtain the nonscaled dipolar order parametersSrdc
2 from

S̃rdc
2 , the value ofSoverall that reflects the overall dynamics

absorbed by the alignment tensors needs to be known. The

sequence averagedx〈Srdc
2 〉 order parameter is theSoverall scal-

ing parameter. This overall scalingSoverall cannot be derived from
the experimental dipolar couplings in a unique way. Because
dipolar couplings display motions over a very large time range,
the expected value is unclear. We present three approaches to
deriveSoverall values for ubiquitin.

The distribution of the nonscaled dipolar order parameters
S̃rdc

2 yields an average of 1 and a maximum of 1.62 corre-
sponding to the largest dipolar order parameter extracted. By
scaling the largest experimental order parameter to 1, the average
of the dipolar order parameter isSoverall ) 0.78.

The second approach relies on the assumption thatSrdc
2 is

smaller than the relaxation-derived Lipari-Szabo order param-
eterSLS

2 , sinceSrdc
2 is also sensitive to motions slower than the

overall tumbling correlation time. The largest experimental
S̃rdc

2 values are found for the helix indicating that this is the
most rigid secondary structural element in ubiquitin. Because
residues 23 and 25 show conformational exchange,35 only
residues 24, 26, 28, 29, and 32 were used for the following
analysis. The averageSLS

2 value was found to be 0.89( 0.02
for the helix residues from relaxation measurements.30-32 A
fixed τc value of 4.05 ns, a15N CSA of -160 ppm, and arNH

distance of 1.02 Å were used. Because the largestS̃rdc
2 is found

for the NH vectors of the helix andSrdc
2 e SLS

2 should be
fulfilled, the most conservative assumption corresponds to the
limiting case of Srdc

2 ) SLS
2 , where Soverall is set such that

S̃rdcSoverall ) Srdc ) SLS for the NH vector with the largestS̃rdc
2 /

SLS
2 ratio (Ile 30). Fulfilling the equation for the residue with

the largest ratio in the helix yields an overall scaling factor of
Soverall ) 0.78, which reproduces the value from the first
approach.

The third approach relies on the calculation of alignment
tensors based on dipolar couplings that are less sensitive to
dynamics. H,H couplings that depend on larger distances are
less scaled by motion than are NH dipolar couplings. This was
also shown by analyzing the MD trajectory whereShLSNH ) 0.9,
ShLSHNHâ ) 0.93, andShLSHNHR ) 0.95 were found. H,H dipolar
couplings can be measured by theJHH-NOESY method.63

Although we showed that the measurement of the H,H dipolar
couplings is highly accurate, the difference between the
experimental dipolar couplingsDHH

exp and the dipolar couplings
calculated from the ubiquitin structureDHH

theo using theDNH

derived alignment tensor was quite large. This was also found

(63) Peti, W.; Griesinger, C.J. Am. Chem. Soc.2000, 122, 3975-3976.

Figure 2. Comparison of the effective orientations of the NH vectorsφ

(a) andθ (b). The black spheres show the experimental model-free derived
orientations calculated using eq 4. The triangles show the orientation of
the NH vectors in the NMR structure, and the squares show the orientations
in the X-ray structure.

Figure 3. Histogram of the distribution of the order parameter S˜ rdc
2 (left).

The distribution varies between 0.18 and 1.62. Scaling of the distribution
by division bySoverall ) 0.78 such that the maximalSrdc

2 is 1 leads to the
distribution ofSrdc

2 (right).
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when using the ensemble of NMR-derived structures of ubiq-
uitin.38,40However, theDHH

exp andDHH
theo could be correlated. The

slope of the correlation was 0.75 indicating that the NH-derived
alignment tensor used for the prediction of the H,H dipolar
couplings was too small and that the H,H vectors experience a
larger alignment tensor (Figure 4). This result depends on the
selection of the dipolar couplings. This factor is 0.6 taking only
HNHâ couplings into account, and 0.78 when only HNHR dipolar
couplings are used. The HNHR dipolar couplings are expected
to be the most reliable couplings since their distance variation
only depends on the backboneæ torsion angle fluctuations.
Additionally, the HNHâ dipolar couplings depend on the side
chainø1 torsion angle.

There is further evidence that the alignment tensor derived
from NH dipolar couplings experiences motion-induced scaling
beyond what is expected fromSLS values. Tolman et al.
compared the alignment tensor derived from RDCs with the
one derived from pseudocontact shifts and found that they differ
by about 20% in cyanometmyoglobin.16

A different explanation63 was checked by a second, more
detailed analysis with the same results.17 The scaling factor of
0.8 is similar to the scaling factor found in our analysis (Soverall

) 0.78).

Comparable results as the ones reported by Prestegard et al.
were obtained on the protein calbindin D9k

64-66 complexed with
different paramagnetic lanthanides including Ce(III), Yb(III),
and Dy(III). The overall scaling of the RDC-derived alignment
tensor was found to be between 5% and 50%67 as compared to
the pseudocontact derived alignment tensor. Simple analytical
models indicate a distance-dependent increase of the pseudo-
contact shift-derived alignment tensor. Thus, if short-range HN

protons are also included, the pseudocontact shift-derived
alignment tensor is systematically reduced. The overall scaling
factor of 0.78 found in the present study fits well with these
findings.

As a consequence of these facts, a substantial part of motion
of ubiquitin occurs on time scales slower than the overall
tumbling correlation timeτc.

As displayed in Figure 5, the dipolar order parameterSrdc is
smaller than the axial dipolar order parameterSaxial; however,
both are smaller than the order parameters from relaxation
studiesSLS (sequence average:〈SLS〉 ) 0.89; 〈Saxial〉 ) 0.85;
〈Srdc〉 ) 0.78 ). In Figure 6, the order parameters are displayed,
using different colors, on the structure of ubiquitin. There are
also a few residues that have largerSrdc

2 thanSLS
2 values. Val 5,

Val 17, and Ile 23 haveSrdc
2 values that are larger than theirSLS

2

values but are still in the error range of theSrdc
2 values.

Nevertheless, Glu 18, Ile 36, and Gln 49 haveSrdc
2 values that

are larger than the correspondingSLS
2 values, including the

error. Interestingly, both Glu 18 and Ile 36 precede a proline
residue (Pro 19 and Pro 37). At present, there is no satisfactory
explanation for this effect. It might be due to an even smaller
Soverall. The axial order parameterSaxial was correlated with the
internal GDO values calculated by J. R. Tolman.23 On average,
the GDOs and theSaxial order parameters have comparable values
(Figure 7).

Saxial only reports on the axial part of the motion; thus, the
inequality Saxial g Srdc should hold. Furthermore, for a rigid
vector,Saxial ) Srdc ) 1 (Appendix). Indeed, we find thatSrdc is
smaller thanSaxial (Saxial g Srdc) (Figure 5). Therefore, it is not

(64) Bax, A.; Tjandra, N.Nat. Struct. Biol.1997, 4, 254-256.
(65) Allegrozzi, M.; Bertini, I.; Janik, M. B. L.; Lee, Y. M.; Lin, G. H.; Luchinat,

C. J. Am. Chem. Soc.2000, 122, 4154-4161.
(66) Bertini, I.; Felli, I. C.; Luchinat, C.J. Biomol. NMR2000, 18, 347-355.
(67) Bertini, I.; Janik, M. B. L.; Liu, G. H.; Luchinat, C.; Rosato, A.J. Magn.

Reson.2001, 148, 23-30.

Figure 4. Linear regression of experimentalDHH
exp and calculatedDHH

calc

proton,proton dipolar couplings. The experimental couplings were measured
using theJHH-NOESY experiment. The calculated couplings were derived
from the ensemble of NMR structures using an alignment tensor (D̃zz, D̃yy,
D̃xx) back-calculated from the same structure and the NH dipolar couplings.
The slope of the correlation is 0.75( 0.05 indicating that the NH dipolar
coupling derived alignment tensor is smaller by this factor than the effective
alignment tensor for the HH dipolar couplings (Dzz

HH, Dyy
HH, Dxx

HH).

Figure 5. Comparison of the three order parameters discussed in the text.
Srdc

2 and Saxial
2 are order parameters derived from the dipolar couplings.

They reflect structural variation up to the milliseconds range.SLS
2 is the

relaxation derived order parameter that describes motions faster than the
reciprocal correlation time (4 ns for ubiquitin at 30°C).
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surprising that the anisotropy of the motion is quite large in
some regions of ubiquitin including the loops and especially in
the very flexible C-terminus. On average, theη value is 0.16,
where amino acids in the nonsecondary structure elements show

quite largeη values of up to 0.66 (Gly 76) (Figure 8). The
averageη value in the secondary structure elements is 0.12.
This is in agreement with the finding thatSaxial

2 is always larger
than theSrdc

2 values. If we correlateSaxial
2 andSrdc

2 , an average
slope of the linear regression of 0.8 is found which again
indicates an average asymmetry of the motion of 20% (Saxial

2 )
0.79‚Srdc

2 + 0.20) (Figure 9). This contrasts greatly with the
results from the 10 ns trajectory of ubiquitin where the
asymmetry was on average 3.8%. However, this might be due
to the different time ranges of motions that are sampled by the
experimental data and the trajectory.

To obtain a more specific picture of the nature of the
anisotropic motions, we performed the model-free analysis based
on the〈Ỹ2M(θ,φ)〉 values extracted from eq 3 where the average
orientationsθeff

(1),φeff
(1) and the amplitude of the axial motions

〈Ỹ20(θ′,φ′)〉 (Figure 10) are derived.
The information on the anisotropy of the motion is then

reflected in theη and φh′ values.φh′ is the direction of the

Figure 6. Stereo plot of ubiquitin where the differentSrdc
2 values are color coded onto the structure with goldSrdc

2 < 0.5, dark orangeSrdc
2 < 0.55, orange

red Srdc
2 < 0.65, greenSrdc

2 < 0.75, and light blueSrdc
2 > 0.75.

Figure 7. Plot of the GDO of Tolman et al. and theSaxial
2 parameters along

the protein sequence. Both order parameters reflect axially symmetric
motion.

Figure 8. Representation of the parameterη along the ubiquitin sequence.
The anisotropy of the orientational distribution derived from the experimental
dipolar couplings and the trajectory is shown. The anisotropy found in the
experiment is much larger than that found in the trajectory. This is especially
true for the loops, bends, andâ-sheet regions.

Figure 9. Correlation betweenSrdc
2 andSaxial

2 . The slope is 0.79 indicating
about 20% anisotropic motion in ubiquitin. This is in agreement withη
displayed in Figure 8 averaged over the protein sequence.
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anisotropic motion in thex′,y′ plane for every residue. Figure
11a shows aφh′ plot for the experimental data and respective
data derived from the trajectory. There is a good correlation of
these values (Figure 11b) despite the considerable error on the
experimentalφh′ values.

The helix is quite immobile and has the highest experimental
〈Ỹ20(θ′,φ′)〉 values with smallη values. This agrees well with
the〈Y20(θ′traj,φ′traj)〉 extracted from the trajectory. Nevertheless,
there is some detectable anisotropy of the motion. The average
angleφh′ over the helix NH vectors is-20° with a distribution
ranging from+20° to -55°. This indicates preferential mobility
of all NH vectors in this direction. Whether these motions are
correlated or uncorrelated cannot be derived from the dipolar
couplings.

The â-sheets have considerably smaller〈Ỹ20(θ′,φ′)〉 andSrdc

than SLS values indicating large motions probably in the
nanosecond to microsecond time scale because largeT1F effects
are absent in ubiquitin. Theâ-sheets exhibit a fair amount of
anisotropic motion according to theη values. Similar to the
helix, a clustering of theφh′ values around-130° in â-sheet 2
(residues 12-17) is found. This clustering ofφh′ values can be
found throughout the protein in otherâ-strands and also in loop
regions. We are currently developing ways to translate these
anisotropic parameters into motional models of secondary
structure elements.

Interestingly, the experimentally derivedφh′ values for the
secondary structure elements and from the trajectory fit remark-
ably well with the exception of Ile 30, Thr 66, and His 68
(Figure 11b). These three residues are structurally particular.
His 68 NH is involved in a weak hydrogen bridge across an
antiparallelâ-sheet; the NH of Thr 66 is not involved in an
internal hydrogen bridge. The NH of Ile 30 is involved in a
hydrogen bond, but this hydrogen bond is exposed to the water
which could be the reason for the deviation between simulation
and experimental finding. Thus, it appears that the direction of
the anisotropic motion of NHs involved in internal hydrogen
bridges is better represented by the molecular dynamics simula-
tion than those of NHs that are not involved in internal hydrogen
bridges. However, the amplitudes of the motions are too small
in the molecular dynamics trajectory possibly due to the limited
duration of the trajectory.

In the following we discuss some specific residues that are
known for interesting dynamical features: The first loop

consisting of the amino acid sequence Thr7-Gly8-Thr9-Gly10-
Lys11-Thr12 connecting twoâ-strands of ubiquitin exhibits
enhanced internal mobility as seen in all dynamical studies so
far.30-32 The dipolar order parameters are also smaller for this
loop (on averageSrdc ) 0.7) than the average dipolar order
parameter of 0.78 found in this analysis.

For those two residues that show slow conformational
exchange based on relaxation experiments,35 large dipolar order
parameters were found. These are Ile 23 (Srdc

2 ) 0.95) and Asn
25 (Srdc

2 ) 0.83). Val 70 that also shows slow conformational
exchange as observed inT1F measurements in supercooled water
has no conspicuous RDC derived order parameter ofSrdc

2 )
0.77.68

Possible Alternative Explanations.The amount of motion
reflected in the dipolar order parameter is approximately twice
that previously derived from relaxation measurements. These
conclusions are based on several assumptions. Different con-
formations of the protein that are naturally present will induce
varying alignment tensors. We assume in our analysis that
averaging over these different alignment tensors leads to an
overall alignment tensor that amounts to a uniform scaling for
all alignment media. This cannot be proven with our measured
data. However, whether the average structure of ubiquitin is
changed in the different alignment media due to interactions
with the alignment media can be checked. To check the integrity
of the ubiquitin structure, we measured15N-T2 times and H,H-
NOESY spectra of ubiquitin in a Helfrich phase, CHAPSO/

(68) Banci, L.42nd ENC; Orlando, FL, 2001.
(69) Skalicky, J. J.; Sukumaran, D. K.; Mills, J. L.; Szyperski, T.J. Am. Chem.

Soc.2000, 122, 3230-3231.

Figure 10. Experimental〈Ỹ20(θ′,φ′)〉 values and the values derived from
the trajectory along the ubiquitin sequence. The〈Ỹ20(θ′,φ′)〉 values of the
central helix in ubiquitin show the largest values. This is in accordance
with the trajectory.

Figure 11. (a) Comparison ofφh′ angles derived from the experimental
dipolar couplings and from the trajectory. The values correlate quite well
in the secondary structure elements except for the residues Ile 30, Thr 66,
and His 68. The correlation plot shown in (b) has a correlation coefficient
of R ) 0.84 excluding the three outliers mentioned before.
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DLPC/CTAB 5% phase, and in isotropic solution. Helfrich
phases were chosen because they induced the largest line
broadening in the ubiquitin spectra. The CHAPSO/DLPC/CTAB
5% phase was chosen to represent the behavior of the bicelles
as one of the most commonly used and most stable phospho-
choline mixture. The NOESY spectra were recorded with mixing
times that were adapted to the effective correlation time of
ubiquitin in water and in the liquid crystal media. After the15N-
T2 time measurement, 2D NOESY spectra with15N-T2 time
adapted mixing times have been quantitatively analyzed. The
NOESY mixing times were set according to ((τm,isotropic/T2,isotropic)
) (τm,aligned/T2,aligned)) since all rates relevant in the NOESY scale
with the correlation time of the molecule, which in turn is
proportional to the reciprocal15N-T2 times. The fact that the
NOEs recorded in the two phases differ at maximum by less
than (6% indicates that the structure of ubiquitin does not
change upon binding in the liquid crystal medium (Helfrich
phase(6%, CHAPSO/DLPC/CTAB phase(4.5%). The errors
on the NOESY cross-peaks in the liquid crystal media are
approximately 5%. The background noise is quite strong due
to the liquid crystal media when compared with spectra recorded
in isotropic solution. Thus, the NOESY cross-peak integrals
between the aligned and the isotropic structure are not signifi-
cant.

The15N-T2 times are smaller in all regular secondary elements
in the aligned phases. This indicates homogeneous interactions
of the protein with the alignment media. For the Helfrich phase
the15N-T2 times of the C-terminal residues become larger than
the isotropic values, which is presently not understood. It could
indicate unfolding of the terminalâ-sheet, which in turn could
increase the time scale of mobility of the C-terminus. However,
we do not see any indication of this from the NOEs in this
region.

Another explanation that the alignment tensor is averaged
due to the side-chain mobility of the protein can be excluded
as this would affect all dipolar couplings in the same way. This
is in disagreement with the proton-proton dipolar couplings.

We also assume that the dynamics of the protein do not
change when we add it to the alignment phase. This was checked
by measuring the15N-T2 times which showed, at least for the
secondary structure elements, similar scaling for all NHs
involved in secondary structure elements.

To study the impact of the static reference structure on the
results, the NH vector orientationsθeff

(1),φeff
(1) were used in our

analysis protocol. Although most of the changes in orientations
were within a range of(10°, the back-calculated alignment
tensors were less favorable for our analysis since the smallest
singular value decreases by 20% which pushes the average
condition number from 7.6 to 9.9. Nevertheless, the main
conclusions hold for the changed alignment tensors: TheS̃rdc

2

values for the initial and the new tensors correlate very well (R
) 0.97), meaning that the differences in motion for the different
parts of the molecule are reproduced. However, theSoverall value
derived from the new orientations would be smaller than 0.78,
clearly indicating that this parameter requires support from other
experimental input. It should also be noted that the new tensors
exhibit a larger condition number, which increases the error of
the analysis. Thus, a condition number of a maximum 10 is
required to perform this part of the analysis.

Summary

We have shown that a model-free analysis of motion derived
from NH dipolar couplings when measured in at least five or
six media is possible (Table 1) due to the differences of the
alignment processes. We have quantified the differences of the
alignment tensors by the condition number and the singular
values of theF̂ matrix. We have found that the average vector
orientations derived from the measurement in the different
alignment media deviate slightly from the previously known
experimental and theoretical structures. In addition, we could
derive average spherical harmonics for the NH vectors that
describe the amplitude as well as the anisotropy of the motion.
Using the spherical harmonics, we have derived a residual
dipolar coupling order parameter that is found to deviate
significantly from the relaxation derived Lipari-Szabo order
parameter especially in theâ-sheets and loops. This indicates
that on the time scale slower than the tumbling correlation time,
but faster than the detection limit ofT1F, considerable motion
occurs. In accordance with this finding, the rather small sequence
averaged〈Srdc〉 ) Soverall ) 0.78 is smaller than the average
Lipari-Szabo order parameter of〈SLS〉 ) 0.9. If we assume
axial wobbling in a cone according to (1/2 cosR(1 + cosR) )
Saxial), the amplitude for the fast motion ofSLS ) 0.9 would
imply an opening half-angle of approximately 22°. The ad-
ditional disorder 〈Srdc〉 derived from the residual dipolar
couplings calls for an additional wobbling in the cone-half-angle
of about 24°.

From the analysis of the individual spherical harmonics, we
observed a considerable amount of anisotropy in the motion.
This effect is predominant inâ-sheets and loops but less
pronounced in helices. We have observed similarities of the
directions of the anisotropic motions in secondary structure
elements and agreement with the MD trajectory in this respect.
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Appendix

The transformation from eq 1 to eq 2 transforms the
orientations in the individual alignment frames given byθi

at,φi
at

into orientations in the molecular frame given byθmol,φmol by
virtue of Wigner rotation matrices.

Di
exp

Di,zz
) x4π

5 (〈Y20(θi
at,φi

at)〉 + x3
8
Ri(〈Y22(θi

at,φi
at)〉 +

〈Y2-2(θi
at,φi

at)〉)) (A1)
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whereDi,zz is the axial value of the dipolar couplings,Ri is the
rhombicity of the alignment, and〈Y2M(θ,φ)〉 are the averaged
spherical harmonics for a given NH vector:

The superscriptat describes the spherical harmonics in each of
the alignment tensor frames. As mentioned in the text, the
superscript mol describes the change of the coordinate system
from the alignment tensor frame into the molecular frame
brought about by the rotation about the three Euler anglesRi,
âi, andγi. This transformation defines the matrixFi,M:

In the textθ andφ always refer to the reference frame of the
molecule.

For the coordinate framex′,y′,z′ in which the〈Ỹ20(θ′,φ′)〉 are
maximized according to eq 4, the anisotropy of the motion is
only reflected in the〈Ỹ22(θ′,φ′)〉 and〈Ỹ2-2(θ′,φ′)〉 averages. The
averaged〈Ỹ21(θ′,φ′)〉 and〈Ỹ2-1(θ′,φ′)〉 values are zero, because
for the maximum condition for〈Ỹ20(θ′,φ′)〉 the derivatives with
respect to any rotation about the primed axes∂〈Ỹ20(θ′,φ′)〉/∂δx′,y′,z′

must vanish. Because an infinitesimal rotation about the primed
axes (δx′,δy′) is identical to the application of the angular
momentum operators:

we find that the〈Ỹ21(θ′,φ′)〉 and〈Ỹ2-1(θ′,φ′)〉 averages are zero.

There is no analytical expression forSaxial as a function of
Srdc andη. However, the empirical correlation (x4π/5 〈Y20〉)‚
(Saxial) ≈ Srdc

2 holds with a correlation coefficient ofR ) 0.89
for our experimental data.

Supporting Information Available: Graphical representa-
tion of the 11 alignment tensors, comparison of (θeff

(1),φeff
(1)) with

(θave
traj,φave

traj) (PDF). This material is available free of charge via
the Internet at http://pubs.acs.org.
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0 ) ∂

∂δx′
〈Ỹ20(θ′,φ′)〉 )

Lx′〈Ỹ20(θ′,φ′)〉
ip

)

〈Ỹ21(θ′,φ′)〉 + 〈Ỹ2-1(θ′,φ′)〉
ip

(A4)

0 ) ∂

∂δy′
〈Ỹ20(θ′,φ′)〉 )

Ly′〈Ỹ20(θ′,φ′)〉
ip

)

(〈Ỹ21(θ′,φ′)〉 - 〈Ỹ2-1(θ′,φ′)〉)
p

(A5)

) x4π

5
( ∑
M)-2

2

e-iMRi
dM0

2 (âi)〈Y2,M(θmol,φmol)〉) +

x4π

5 x3

8
R( ∑

M)-2

2

e-iMRi
dM2

2 (âi)e-2iγi
〈Y2,M(θmol,φmol)〉 +

e-iMRi
dM-2

2 (âi)e2iγi
〈Y2,M(θmol,φmol)〉) (A2)

Y20(θ,φ) ) x 5
16π

(3 cos2 θ - 1);

Y2(1(θ,φ) ) (x15
8π

e(iφ cosθ sin θ;

Y2(2(θ,φ) ) x 15
32π

e(2iφ(sin2 θ)

Fi,M ) x4π
5 (e-iMRi

dM0
2 (âi) +

x3
8
R(e-iMRi

dM2
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+ e-iMRi
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