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Abstract

Nuclear magnetic resonance (NMR) spectroscopy provides us with
many means to study biological macromolecules in solution. Proteins
in particular are the most intriguing targets for NMR studies. Protein
functions are usually ascribed to specific three-dimensional structures
but more recently tails, long loops and non-structural polypeptides
have also been shown to be biologically active. Examples include
prions, α-synuclein, amylin and the NEF HIV-protein. However,
conformational preferences in coil-like molecules are difficult to
study by traditional methods. Residual dipolar couplings (RDCs)
have opened up new opportunities; however their analysis is not
trivial.  Here  we  show  how  to  interpret  RDCs  from  these  weakly
structured molecules.

The most notable residual dipolar couplings arise from steric
obstruction effects. In dilute liquid crystalline media as well as in
anisotropic gels polypeptides encounter nematogens. The shape of a
polypeptide conformation limits the encounter with the nematogen.
The most elongated conformations may come closest whereas the
most compact remain furthest away. As a result there is slightly more
room in the solution for the extended than for the compact
conformations. This conformation-dependent concentration effect
leads to a bias in the measured data. The measured values are not
arithmetic averages but essentially weighted averages over
conformations. The overall effect can be calculated for random flight
chains and simulated for more realistic molecular models.

Earlier there was an implicit thought that weakly structured or non-
structural molecules would not yield to any observable residual
dipolar couplings. However, in the pioneering study by Shortle and
Ackerman RDCs were clearly observed. We repeated the study for
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urea-denatured protein at high temperature and also observed
indisputably RDCs. This was very convincing to us but we could not
possibly accept the proposed reason for the non-zero RDCs, namely
that there would be some residual structure left in the protein that to
our understanding was fully denatured. We proceeded to gain
understanding via simulations and elementary experiments. In
measurements we used simple homopolymers with only two labelled
residues and we simulated the data to learn more about the origin of
RDCs. We realized that RDCs depend on the position of the residue
as well as on the length of the polypeptide. Investigations resulted in
a theoretical model for RDCs from coil-like molecules. Later we
extended the studies by molecular dynamics. Somewhat surprisingly
the effects are small for non-structured molecules whereas the bias
may  be  large  for  a  small  compact  protein.  All  in  all  the  work  gave
clear and unambiguous results on how to interpret RDCs as structural
and dynamic parameters of weakly structured proteins.



6

Acknowledgements

The  present  study  was  carried  out  in  the  NMR  Laboratory  at  the
Institute of Biotechnology. I wish to thank research director Mart
Saarma for providing excellent working facilities. Warmest thanks to
my supervisor Professor Arto Annila, University of Helsinki. I am
deeply grateful for his support, encouragement and guidance through
all these years. I wish also thank Docent Perttu Permi, head of the
NMR Laboratory for his support. Sincere thanks to Peter Würtz,
Helena Tossavainen, Atro Tossavainen, Hannu Maaheimo, Martti
Louhivuori, Xavier Salvatella and Barbara Richter for support, help
and discussions. I wish to thank my colleagues, past and present, with
whom I have had the pleasure to work with: Olli, Tero, Hideo,
Maarit, Ilkka, Kimmo, Juho, Ville, Susanna, Aino and Anne. I could
not have done my work without your help. You all have made my
time in the lab enjoyable.

I am grateful for Professor Erkki Kolehmainen and Docent Tuomo
Glumoff, for critically reviewing my thesis work. I also wish to thank
Kaija Söderlund, Mark Johnson and Fredrik Karlsson from the
Graduate School of Informational and Structural Biology for funding
and support. Special thanks go to my family, my father and mother.
My warm thanks go to all my relatives and friends, who had support
me in my work.

Especially I want to thank Paula, who has been my help and friend.
You truly lightened my working days by your warm and positive
character. You have listened kindly my monologues about
everything, impressed me by your working skills, educated me in
many ways and of course enlightened secrets of floorball to me.

Cambridge, November 2006   Kai Fredriksson



7

Contents
Abstract 4

Acknowledgements 6

Contents 7

Original publications 8

Abbreviations 9

1 Introduction 10

2 Aims of the study 13

3 Theory 16

3.1 Nuclear magnetic resonance spectroscopy 16

3.2 Residual dipolar couplings 20

3.3 Liquid crystals 23

3.4 Structural information 25

3.5 Measuring RDCs from unstructured molecules 29

3.6 Interpretation of RDC dynamics 30

4 MATERIALS AND METHODS 32

4.1 Sample preparations 32

4.2 Preparation of anisotropic samples 34

4.3 NMR measurements and data analysis 36

4.4 Alignment simulations 37

5 RESULTS AND DISCUSSION 39

5.1 Origin of bias in RDC data 40

5.2 Octarepeat 42

5.3 Database bias 44

6 CONCLUSION 46

7 REFERENCES 47



8

Original publications

This thesis is based on the following original publications, which are
referred to in the text by the accompanying Roman numerals.

I Louhivuori, M., Pääkkönen, K., Fredriksson, K., Permi, P.,
Lounila, J. and Annila, A. On the origin of residual dipolar
couplings from denatured proteins. J. Am. Chem. Soc. (2003)
125, 15647-50.

II Louhivuori, M., Fredriksson, K., Pääkkönen, K., Permi, P.
and Annila, A. Alignment of chain-like molecules. J. Biomol.
NMR (2004) 29, 517-24.

III Fredriksson, K., Louhivuori, M., Permi, P. and Annila, A. On
the interpretation of residual dipolar couplings as reporters of
molecular dynamics. J. Am. Chem. Soc. (2004) 126, 12646-
50.



9

Abbreviations

AGA aspartylglucosaminidase
AGU aspartylglucosaminuria
CD circular dichroism
CTAB cetyl trimethyl ammonium bromide
DHPC dihexanoylphosphatidylcholine
DMPC dimyristoylphosphatidylcholine
DNA deoxyribonucleic acid
EM electron microscopy
FID free induction decay
FT Fourier transform
HIV human immunodeficiency virus
HMNOESY homonuclear Overhauser enhancement spectroscopy
HPLC high performance liquid chromatography
HSQC heteronuclear single-quantum coherence
J scalar or indirect coupling constant
LC liquid chromatography
MD molecular dynamic
NAMD nanoscale molecular dynamics
NEF negative factor
NMR nuclear magnetic resonance
NOE nuclear Overhauser enhancements
PDB protein data bank
RDC residual dipolar coupling
RNA ribonucleic acid
SAXS small angle X-ray scattering



10

1 Introduction

Proteins are involved practically in all biological processes. Proteins
execute practically all functions including signalling, targeting and
recognition. Also fundamental biological operations such as
transcription and translation are catalyzed by a number of proteins.
Even if the peptide-bond formation itself is catalyzed by RNA much
of the ribosomal protein synthesis is largely orchestrated by proteins.
The consensus, since the paper on structure-activity relationship by
Linus Pauling (Pauling, 1939), has been that the specific three-
dimensional structure of a protein governs its function. Therefore
studies of protein structures by many methods have been and still are
of primary interest in attempts to unravel intricacies of nature. Most
notably, X-ray crystallography and NMR spectroscopy deliver atomic
resolution structures whereas CD, SAXS and EM provide
information about secondary structure. More recently the research
emphasis  in  structural  biology  has  been  strongly  shifting  from  mere
structure determination to studies of structural changes coupled to
activity. Even partially unstructured proteins and peptides have
received attention (Wright and Dyson, 1999). However, it is not easy
to obtain relevant data from these weakly structured molecules. For
example using X-ray crystallography it is almost impossible to
collect data out of flexible and loop –like regions of the protein. The
recent advances in nuclear magnetic resonance (NMR) spectroscopy
have provided promising solutions to this problem.

NMR measurements in dilute aqueous liquid crystalline media reveal
the mutual directions of chemical bonds in terms of residual dipolar
couplings (RDC). The method, initially experimented with small
molecules (Saupe and Englert, 1963), is by today developed to a
widely used NMR method of folded proteins. Residual dipolar
couplings arise from anisotropic molecular tumbling induced by
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liquid crystal (LC) particles or axial matrixes (Sanders and
Schwonek, 1992; Ottiger and Bax, 1998; Tycko et al., 2000). In
protein structure determination RDCs have been used since the mid
90’s (Tolman et al., 1995; Tjandra et al., 1997; Bax and Tjandra,
1997). Structures have been refined by RDC and in particular the
resolution of loops has improved. It has been shown that the accuracy
of determining liquid structure can be improved whenever it is
possible to include RDCs in the calculations (Aitio et al., 1999). Even
complete models have been constructed using RDCs (Wu et al.,
2003). Domain-domain dynamics and interactions have also been
studied using RDCs (Grishaev et al., 2005). The RDC method can
easily provide valuable data concerning ligand binding and protein-
protein interactions.

In addition to the studies of well-structured proteins, RDC
measurements from liquid crystalline or axial matrix gel samples,
provide information of weakly structured or non-structural molecules.
This is important since certain tail regions and loops of proteins are
found  to  be  biologically  active.  The  RDC  method  has  also  been
pioneered for denatured proteins (Shortle and Ackerman, 2001;
Mohana-Borges et al., 2004). Natively unfolded proteins and peptides
play a key role in many biological functions and they are also
involved in diseases. Previously it has been very difficult to get
almost any detailed information about conformational preferences
from these parts of the molecules. The RDC method allows us to get
more information from these systems and hopefully also gives us
vital information about the events that trigger e.g. amylogenesis.
However, even if the analysis of RDCs in structural terms is quite
straightforward, for folded proteins the interpretation of data
collected from dynamic regions requires cautious treatment. It is
important to realize that the medium “selects” conformations from
the ensemble for the detection. The signal is not a plain average over
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all conformations in the NMR tube. We have to deconvolute the data
to obtain unbiased results. The interpretation of RDC data, as shown
in this thesis, from weakly structured molecules has also an impact on
the interpretation of data from folded proteins.

Motions within proteins, i.e. dynamics, are important for biological
functions. Obviously enzymatic activity requires movements.
Dynamics is also related to diseases. For example the Finnish version
of  aspartylglucosaminuria  (AGU),  called  AGUF,  is  a  disease  where
the point mutation, T44G, causes the L15R amino acid substitution in
the signal sequence of the human lysosomal aspartylglucosaminidase
(AGA) enzyme (Ikonen et al., 1991). The amino acid substitution
probably affects translocation of AGA polypeptides by altering a
critical hydrophobic core structure of the signal sequence (Saarela et
al., 2004). The molecular structure keeps changing and some
molecules are more dynamic than others. Also, when two or more
molecules interact there are also dynamic changes taking place. In
general, the dynamic parts including flexible tails and loops are those
parts that are biologically active in proteins. Therefore, in spite of
technical difficulties, they should receive our attention.

Residual dipolar couplings have also been used to study protein
dynamics (Sibille et al., 2001). In recent years many studies have
shown that it is possible to analyze protein dynamics by using RDCs
(Al-Hashimi et al., 2002; Bouvignies et al., 2005). In proteins there
are often multi domain structures and RDCs are useful to get more
information  about  the  orientation  and  dynamics  of  these  domains
(Fischer et al., 1999). It is also possible to measure molecules in
different alignment media and investigate the motion of the
molecules (Peti et al., 2002). However, just as in the interpretation of
RDC data from flexible parts, it is not obvious what motions are
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actually captured by RDCs. In this thesis the principles for
interpreting dynamics data are outlined.

Protein  folding  is  a  fundamental  phenomenon.  It  is  one  of  the  most
studied topics in biology but still our understanding of the process is
incomplete. Protein folding is a process where a linear polypeptide
chain becomes packed into a three-dimensional object. Folding
cannot be understood only by a simple statistical sampling but it must
be somehow guided. RDCs may provide means to identify the sites of
initiation. Levinthal’s paradox expresses the excessive time required
to search for the right three-dimensional structure among the many
different conformational possibilities that one amino acid sequence
has (Levinthal, 1969). When considering a one hundred amino acid
long polypeptide where every residue has two possible conformations
and assuming that the interconversion time for conformations is 10-12

seconds then it would take 1010 years to go through all the
possibilities. Protein folding phenomena have been studied for a long
time now. However in recent years there has been progress that has
given us new ideas of how to advance (Dobson, 2004). The
understanding of this phenomenon is becoming clearer, but also more
has to be done before we can predict the three-dimensional structures
of  the  protein  in  silico.  Using  RDCs  it  is  possible  to  collect  data,
measure different states and folding pathways to test ideas about
folding and to understand more about the phenomena.

2 Aims of the study

The initial objective of the work was to understand how non-zero
RDCs arise from random coil polypeptides. The subsequent objective
was to learn how to interpret residual dipolar coupling data first from
coil-like molecules and then from weakly structured proteins.
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The study emerged from an implicit assumption that prevailed a few
years ago. It was thought that no RDCs would appear from
denaturated proteins. This was proven radically wrong by the
pioneering study of RDCs from protein in urea (Shortle and
Ackerman, 2001). However, they proposed that origin of non-zero
RDCs was a residual structure with a native-like topology. We
discovered that their initial interpretation of the non-zero RDCs as
was wrong (Fig. 1).

FIGURE 1. Here are two figures from our measurements. The upper figure shows
measured NH-couplings along the amino acid sequence of ubiquitin in a highly
denaturing conditions and a schematic representation of the molecule. The lower
one shows the same molecule in a mildly denaturing condition where it contains a
helical section. Those residues for which no data was recorded are omitted for
clarity. X-axis is number of amino acids and y-axis is dipolar couplings in Hertz.

It is complicated to obtain a proper understanding how non-zero
RDCs arise even for small proteins. Therefore we proceeded in steps.
We collected data from simple model peptides, carried out
simulations and developed a theoretical understanding. We also
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realized that the elementary random coil model might not describe
reality sufficiently accurately. Therefore, we have also recently
investigated the effects of conformational preferences. With this basic
knowledge we then hoped to address relevant biological questions.

FIGURE 2. Chemical bonds are subject to various motions. The motion can be
pictured as vector dynamics (left). The overall motion can be divided into two
parts, in local fluctuation (far right) and overall molecule tumbling (in the middle).
In the case of proteins the local fluctuation may contain bond vibrations and
secondary structure fluctuation.

The progress with our initial investigations of random-coil
conformations led also to new objectives. We asked ourselves how
RDC data should be interpreted in terms of dynamics, initially in the
case of random coil peptides and later in the case of weakly
structured molecules. We understood from comparison of the
measured and simulated data of our model peptides that interpretation
of RDC-probed dynamics also requires some caution. RDCs capture
all the internal molecular motion and the “external” overall molecular
tumbling (Fig. 2). Both these motions obviously have effects on the
measurements and the most difficult part is to distinguish between
these two contributions. On the other hand RDCs are very
informative because they capture motions in many timescales (Fig.
3).

= ×
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FIGURE 3. Comparing with other methods RDCs can deliver information in larger
time range and also covering area which were inaccessible until now.

All the mentioned topics contribute to our desire to obtain more
information and better knowledge about protein folding. These
phenomena  as  well  as  misfolding  of  the  protein  are  the  main
problems we hope to get more information about in this and
subsequent studies.

3 Theory

In  this  section  NMR  theory  related  to  residual  dipolar  couplings  as
well as measurement techniques are introduced. Also measurements
of residual dipolar couplings of non-structural molecules are
described and our approach to the interpretation of the experimental
data is given.

3.1 Nuclear magnetic resonance spectroscopy

Modern multidimensional heteronuclear NMR spectroscopy provides
a wealth of information from biological macromolecules. There are
several factors that have contributed to this success story. Sensitivity
has always been an issue. The development of the pulsed-Fourier
transform method was the fundamental breakthrough to increase
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sensitivity (Ernst et al., 1987). Improvements in resolution have also
been an everlasting objective. The development of coherence transfer
and indirect detection opened many possibilities for acquiring
multidimensional data that could be interpreted in contrast to
crowded one-dimensional spectra of complex molecules.

Advances in sample preparation have also been important. The NMR
method first became generally applicable for protein studies when
recombinant DNA technology and protein expression made it
possible to produce samples that are labelled with magnetic nuclei,
most importantly 13C and 15N isotopes. Also, high-field magnet and
instrumentation developments have steadily improved the feasibility
of the method. All in all, the method has matured to the level that in
2005, 886 protein structures were determined using only NMR
spectroscopy.

Nuclear magnetic resonance spectroscopy is based on the detection of
oscillatory net magnetization due to spin active nuclei. A
magnetically active nucleus is much like a compass needle that aligns
along an external magnetic field. It differs from the classical moment
in that the spin is quantized. In the presence of a magnetic field the z-
component of the spin is quantized parallel or antiparallel to the field
when the nuclear spin quantum number I=1/2. In the absence of a
magnetic field the spins have no preferred direction. The two
quantized directions correspond to two states with different energies.
However, the nuclear moments are so small that, the difference
between the up and down populations is not large even in a strong
magnetic field. Radiofrequency pulses that match the energy
difference between the levels cause transitions. The resulting
coherent motion is detected as oscillations that induce an alternating
current in a detection coil. The time domain data containing various
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oscillations is converted to frequency domain data, and vice versa,
using the Fourier transformation (FT).

When using the pulsed-Fourier method usually a sharp rectangular
pulse is applied to excite simultaneously a wide range of frequencies.
Then it becomes possible to detect the response of all the nuclei
simultaneously as a voltage signal f(t) referred to as free induction
decay (FID). Signals with different frequencies are then separated by
Fourier  transformation  which  gives  a  spectrum  as  a  function  of
frequency F(ω). The functions  f(t) and F(ω) contain the same
information and they are called a Fourier-pair.

( ) ( ) ( )∫
∞

−=
0

exp dttitfF ωω

                                                           (1)

( ) ( ) ( )∫
∞

=
0

exp ωωω dtiFtf

Normally, only the real part of the complex FID-signal, which has
absorptive line shapes, is shown. The imaginary part gives the
spectrum in the dispersive mode. Both are needed to phase the data to
give a pure absorptive spectrum.

One-dimensional data suffice in some studies of small molecules, but
certainly for large molecules, such as proteins and peptides,
multidimensional spectra are very useful if not essential. In a two-
dimensional spectrum the detected signal f(t1,t2) during t2 time is
modulated indirectly by another time t1. This can be shown
schematically as

f(t1,t2)à FTà F(ω1,ω2)            (2)
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To obtain a spectrum, the signal is first transformed along t2 to give
f’(t1,ω2) and along t1 to get the two-dimensional spectrum F(ω1,ω2).
If there is an interaction between two nuclei, the frequencies are
correlated and a cross peak is found in the spectrum (Fig. 4).

FIGURE 4. Picture  of  (1H, 15N) HSQC of B1A, a 11 kDa protein domain of a
histone protein. The sample is a courtesy of Tarmo Nuutinen, University of
Joensuu.

Using modern NMR it is possible to govern the information content
in a particular spectrum. The basic rationale for having various
spectra is to limit the information in one spectrum in order to
facilitate its interpretation. If all the information were only in one
spectrum it would be very difficult if not impossible to interpret.
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Customarily data is collected to match signals with their sources, i.e.
to perform the assignment. Conventional structural information
includes distance data in terms of nuclear Overhauser enhancements
(NOE) and dihedral angular data in terms of scalar J-couplings.
RDCs are collected in a way similar to J-couplings.

3.2 Residual dipolar couplings

The spectrometer’s magnetic field has only a very small orientating
effect on the protein molecule. This is because proteins are usually
diamagnetic. Nevertheless, it has been possible to measure this tiny
alignment (Tjandra and Bax, 1997). If a protein has a paramagnetic
centre, then the anisotropy may be large enough to orientate the
molecules  in  magnetic  field  so  that  the  whole  ensemble  aligns  to  a
noticeable extent. For example myoglobin aligns weakly because of
its heme group (Tolman et al., 1997). The same is true for double
helical DNA, since the bases stack along the same direction (Watson
and Crick, 1953) and thus anisotropy in their magnetic susceptibility
contributes to the same direction. The rapid tumbling of diamagnetic
molecules in solution makes it possible to measure high resolution
spectra. On the other hand the potential directional information
contained in the dipolar couplings is lost. In the case of solid-state
spectroscopy the sample is spun to average dipolar couplings to some
extent. Otherwise, the lines would be very broad and would not
separate  from each  other  or  from the  background.  The  use  of  dilute
aqueous liquid crystals has combined the better of two methods by
providing directional information in high-resolution spectra.

There  are  many  different  kinds  of  structural  information  in  NMR-
signals. For example, the α-carbons’ resonance frequencies alone are
reporters of the adjacent dihedrals. The frequencies tell us whether an
amino acid is in an α−helix or in a β−sheet. Magnetic interactions
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between nuclei, direct dipolar couplings and indirect scalar couplings
are also visible in the spectra. For example when two protons are a
few ångströms away from each other, the dipolar coupling is
detectable in an energy transfer experiment between these atoms. The
NOE effect is essentially the rate of heat transfer from one nucleus to
another. The dipolar coupling itself is large, being about the same
size as a chemical shift. However due to its directional dependence
the apparent coupling, as mentioned above, is nearly averaged to zero
in isotropic solutions due to molecular tumbling. The scalar coupling,
which is the most important from biological NMR point of view, is
isotropic but weak extending detectably over three to four bonds for
nuclei.

A nucleus has a dipole moment that couples with the dipole moments
of other adjacent nuclei. This interaction is referred to as the dipole-
dipole coupling. The magnitude of the interaction depends on the
spin species, the internuclear distance, and the orientation with
respect to the external magnetic field B of the vector connecting the
two nuclear spins. The magnitude of the residual dipolar coupling is
given by

2
1cos3

4

2

3
0 −

−= AB

AB

BA

r
RDC αγγ

π
µ h (3)

where  is Planck’s constant divided by 2π and µ0 is the permeability,
A and B are the gyromagnetic ratios of the nuclei and r is the

distance between these nuclei. The order of magnitude of a
heteronuclear dipolar coupling is 10 kHz. The brackets denote
motional averaging, e.g. due to intramolecular motions in the
solution, that leaves only a residual of the full dipolar coupling. The
size of the RDC depends directly on the product of the nuclei
magnetic moments and inversely to the third power on the
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internuclear distance. For one or two bond couplings r is fixed when
the bond vibrations are considered negligible.

In general the residual coupling cannot be observed as a splitting
because the preferential orientation of a diamagnetic protein is too
small. This is unfortunate, because valuable structural information
contained in Equation 3 is lost in the averaging due to the molecular
tumbling. It is however possible to induce molecular alignment by
dissolving the molecule in a dilute liquid crystal. In a liquid crystal
composed of large nematic particles the solute “collides” with these
“walls” thus restricting tumbling. The observed overall effect need
not to be large. An orientation bias of about 1/1000 creates an
observable residual of dipolar couplings. The coupling is the sum of
RDC and scalar coupling and therefore the J-coupling must be
subtracted from measurements to obtain pure RDCs. J-couplings are
measured in solution without liquid crystals, where molecules are
able to tumble freely in the suspension. In this case the dipolar
couplings average to zero and leaves only scalar couplings for
observations.

FIGURE 5. Schematic diagram of a molecule “colliding” with a steric obstruction
(left). A more realistic view of the physical phenomenon underlying the alignment
induced RDCs is to imagine various conformations next to the “wall” (right).
Clearly the total concentration of elongated conformations (red) that fit closer to the
wall are higher than those containing loops (blue).
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In liquid crystals highly-aligned crystal particles restrict molecular
tumbling of the protein solute. Molecular tumbling is not equally
probable in all direction as it depends on shape of the molecule. For
example, a rod like molecule would fit easier between planar particles
when it is parallel to them than being orthogonal. For chain-like
molecules the situation is similar (Fig. 5). For liquid crystals that are
composed of rod-like particles e.g. filamentous phages we may
imagine that they are “pillars” whose density grows as liquid crystal
concentration increases. The solute molecules are tumbling between
the pillars. It is obvious that the elongated molecules will more often
be parallel to the pillars than perpendicular. All in all the solutes
spend slightly more time along the pillars than in any other
orientation. This effect leads to an observable residual dipolar
coupling (RDC).

3.3 Liquid crystals

The required anisotropic environment for measurements of RDCs can
be created by dilute aqueous liquid crystal particles or axial matrixes.
Conventional liquid crystals have been known for a long time, but
dilute ones suitable for biomolecular NMR were discovered only
about a decade ago. The first liquid crystals, which were used for
protein studies, were bicelles (bilayered micelles) (Sanders and
Schwonek, 1992). These are disc-like phospholipid bilayers, which
align in a magnetic field. The most commonly used bicelles are
mixtures of dimyristoylphosphatidylcholine (DMPC) and
dihexanoylphosphatidylcholine (DHPC). DMPC makes most of the
bilayer  and  DHPC detergents  mostly  cover  the  rim of  the  disc.  The
diameter of the disc is about 750 Å (Picard et al., 1999) and the
normal of the disc is orthogonal to the magnetic field.
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Bicelles form below room temperature but an ordered phase nucleates
above  25ºC.  The  ordered  phase  requires  more  than  3%  (w/v)
concentrations. The bicelles can tolerate some variation in pH
(Ottiger and Bax, 1998) depending on the composition. They often
poorly tolerate other solvents like alcohols or detergents. We have
noticed that bicelles tolerate urea up to concentrations of 3 molar. It is
possible to use charged amphiphiles such as CTAB (positive), or
SDS (negative) to create charged bicelles. These amphiphiles also
stabilize the anisotropic phase and give a larger range of temperatures
and pHs (Losonczi and Prestegard, 1998).

Other frequently used liquid crystals consist of bacteria phage
particles (Hansen et al., 1998). Phages are 6.5 nm in diameter and
about 20-200 nanometres long. They align parallel to the magnetic
field. Probably the magnetic anisotropy of phages is the due to their
nucleic acids, which position themselves along the long axes. Phages
form liquid crystals at very low concentrations, even as low as a few
mg/ml. They have negatively charged surfaces (0.5 e/nm2), which are
essential to keep them apart and to form the liquid crystal. Without
this charge they would cling to each other. Below a pH of 6 they lose
so  much charge  that  they  do  not  form crystals.  Phages  tolerate  high
and low temperatures better than bicelles. They can also tolerate urea
better. The surface charge of phages influences both the molecule and
measurements made on it, because the orientation of solutes next to
the charged phages depends, not only the shape of the solute
molecule, but also on Coulomb interaction. If the solute molecule is
also negative it is obvious that the Pf1 phages and the solute will
repel each other. In this case the preferred protein orientation is still
predictable (Zweckstetter and Bax, 2001). If the solute molecule is
positively charged it might bind to the phage particles and the
resulting orientation may be too high for measurements to be made or
tricky to adjust for suitable detection (Ojennus et al., 1999). The
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following factors: pH, pI of the molecule, salt concentration and other
additives may affect the orientation of the solute molecule in the
phage medium. These factors make the prediction and interpretation
of RDC data more difficult.

The most durable, tolerant and inert medium for aligning proteins is
compressed or stretched polyacrylamide gel (Tycko et al., 2000). The
gel is very easy to prepare. It is soft and highly hydrated but still
relatively stiff because of the extensive cross-linking between the
polyacrylamide polymers. One may imagine the deformed gel as
containing non-spherical cavities where the protein solute slightly
aligns. When the gel is stretched along the axis of the NMR tube the
cavities are elongated along the magnetic field. In the compressed gel
the situation is reversed. Polyacrylamide gels tolerate detergents and
some co-solvents. Therefore, they are suitable for studies of
denatured proteins.

3.4 Structural information

The structural information arises from the small induced orientation
effect which is about one part per million. It is however enough
because the full-size dipolar coupling is on the order of 10 000 Hz,
then  a  residual  about  10  Hz  is  sufficient  for  measurements.  The
orientation of the molecule can be described by angles of the bond
vector to the external magnetic field. Using these angular co-
ordinates, the direction of two nuclei with respect to each other can
be specified conveniently. Equations 4 and 5 represent the
orientational part of the dipolar coupling, i.e. the molecular
orientation in the laboratory frame.  Figure 6 schematically shows the
direction of vectors and angles between them
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)(cos2max θPDD AB=                                    (4)
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Here P2 is Legendre’s second polynomial. The equation can be
transformed to the molecular frame. In this principal axis system the
dipolar coupling is
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where, A is the tensor which describes the molecule’s orientation in a
liquid crystal. A|| is the axial component and R is the rhombicity of A.
Commonly it is marked that in the main co-ordinate system the
molecule is orientated parallel with the z-axis and R is the difference
between x and y axes i.e. deviation from cylinder symmetry.

FIGURE 6. The internuclear vector rAB makes fixed angles αx, αy, and αz with the
molecular coordinate system (green). As the molecule tumbles in solution, the
angles of the axes x, y, and z denoted by βx, βy, and βz, with respect to the field B0,
change with time. The angle θ (blue) between magnetic field and internuclear
vector A-B.

The orientation tensors of most globular proteins are small in
magnitude,  but  have  large  rhombicities.  The  orientation  tensor  of

rAB

z

θ
βy

x y

αx

αz

βz

βx

B0

A

B

αy



27

double helical DNA is large and its rhombicity in practice disappears
because DNA is rod-like.

Although the equations 5 and 6 have the same information content, it
is important to realize that for an ensemble of conformations the
laboratory frame is the only common frame. Therefore the analysis of
RDC data is preferably done using Eq. 5.

Weakly structured proteins and peptides have been studied for quite a
short period by RDCs. We think of them as coil-like. This coil-like or
chain structure is built of amino acids and every amino acid
represents one segment of the chain. Polypeptide chains are locally
stiff. This is because consecutive amino acids cannot be in any
conformation as their side chains and carbonyl groups would collide.
This steric obstruction is usually presented by the Ramachandran plot
of allowed backbone angles, phi (φ) and psi (ψ). As a result the chain
is locally stiff. This simplifies the interpretation of RDCs. To a first
approximation a measured RDC value depends only on the direction
of the vector relative to the average course of the polypeptide chain.
The average course in turn is the direction of the whole chain which
is governed by the liquid crystals. Since for a chain the rhombicity of
the molecular orientation tensor is small we are left with a simple
form for equation for a single RDC value

2
1cos3 2

max
−

=
θPQPQ DD                           (7)

Meaningful factors are the size and the sign of the dipolar couplings.
It is notable that the one dipolar coupling value equates two different
conical angles symmetric with respect the magnetic field. The
function is multivalued.
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From the above reasoning we conclude that random coil polypeptides
are essentially chains composed of rods. Thus the RDC data from
chains has some semblance to the data of rod-like molecules.
Intuitively a stiff chain will give larger couplings than a flexible
chain. Furthermore a residue at the middle of the chain has fewer
degrees  of  freedom than  a  residue  at  the  terminus.  Therefore  RDCs
are larger in the middle of the chain than at  the ends.  So we realize
that even a completely denatured protein has a structure, i.e. the
structure of a chain. The chain segments are not totally free; they are
attached to each other. More quantitatively RDCs are measured from
various loci, and for any given locus the distribution of possible
orientations is non-spherical.

It may appear that it is very difficult to obtain enough information to
deduce local conformational preferences that may exist along a
naturally weakly unstructured protein. Fortunately, even in the case
of a fully unstructured polypeptide, the inherent difficulties in the
inverse interpretation problem are largely compensated by the
properties of the polypeptide chain itself. The fact that there are about
three degrees of freedom per polypeptide residue is often quoted to
result in an astronomical number of degrees of freedom for the entire
molecule (Levinthal, 1969). To us, the small number of degrees of
freedom per residue implies that sub molecular fragments are tightly
coupled to each other. The idea of a semi-continuous frame also
includes the concept that any sudden change in the value of a
particular RDC in an adjacent residue is mostly due to changes in
internuclear vector orientation, just as in the case of a folded protein.
The overall shape of the conformational ensemble, perceived at the
locus where an RDC is measured, largely determines the magnitude
of the alignment. The alignments of neighbouring fragments vary
smoothly. Thus variations in RDCs are mainly due to deviations in
the internuclear vector directions and to lesser extent to variation in
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the chain flexibility. Calculations and theoretical analysis of these
considerations are presented in publications I-III.

3.5 Measuring RDCs from unstructured molecules

RDCs measurements of unstructured molecules are carried out much
the same way as the coupling measurements of folded proteins.
However, when spectra are crowded and signals have narrow
dispersion there are benefits to draw from spin-state selection and
choice of coherence transfer routes.

One important methodological improvement is so called spin-state
selection (Ottiger et al., 1998; Meissner et al., 1997; Permi et al.,
2000). The spin-state selection generates in-phase and anti-phase
components. The time-domain signals are subsequently added and
subtracted  to  give  two  subspectra.  In  each  there  is  only  one
component of the doublet line in the Fourier transform (Fig. 7). In
this way the frequency difference between the multiplet components
can be measured accurately even when lines are broad compared to
the splitting. The spectral overlap is reduced, which is important for
the weakly structured molecules.

FIGURE 7. In-phase (left, above) and anti-phase (left, below) components are
created by the spin-state selective filter resulting in two subspectra. The addition
(right, above) and subtraction (right, below) gives multiplet frequencies in separate
spectra to measure the coupling accurately (dashed lines).

ω

ω
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The dipolar part is obtained by subtracting the scalar coupling
contribution measured from reference spectrum taken in isotropic
solution, usually in water (Fig. 8).

FIGURE 8. On the left ΗαCα coupling in water and on the right the same
coupling in bicelles.

The choice of coherence transfer route is also of importance. Often
the  weakly  structured  parts  move  rapidly  so  one  may  afford  to  use
routes that would not be particularly suitable for large proteins. For
example carbonyl carbon also owing to its good chemical shift
dispersion is a suitable choice of indirectly detected nucleus.

3.6 Interpretation of RDC dynamics

The so-called Lipari-Szabo order parameter S2, tells us how rigid or
mobile a molecular locus is. If the value is 1, the site is highly rigid
with no internal motion. Considering a chain-like molecule, the value
of Si

2 for a segment i depends on the degrees of freedom that it has.
Obviously it is the neighbouring segments that limit the motion. In
particular for the terminal segment there is only one neighbour. Thus
the tails are expected to be more mobile. The motions of central
segments are restricted by the nearest neighbours and next nearest
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neighbours and so on. These differences are seen by RDC
measurements, but with certain bias.

For a random coil the alignment due to the steric obstruction will
emphasize, as explained above, the elongated conformations.
Therefore on the absolute scale the coil seems much more rigid than
it actually is. However, the absolute scale is not obtained by RDCs
that  probe  also  the  overall  tumbling  of  the  molecule  in  solution.
Therefore to a first approximation only the relative bias along the
chain matters when one is interested in the internal motions. The
relative data is almost unbiased because the alignment phenomenon
involves the whole molecule. The alignment caused by charged LC-
particles, i.e. filamentous phages can be regarded as a combination of
the aforementioned shape and charged induced alignment. Charges
may be located in one or several sites. Therefore the overall effect is
potentially complicated. However, in a repulsive case it is still largely
dominated by the shape and in the attractive case we estimate on the
basis of simulations that it would take a cluster of several residues at
a terminus to have noticeable effects.

In general, although in many cases the shape effect dominates, the
alignment from various other molecule-media interactions may
influence the apparent order parameters. Once again simulations
together with wealth of data may help to deconvolute the data and to
provide the interpretation for internal motions. When the alignment is
due to a paramagnetic site the absolute scale of the order parameter is
relative to the local frame. The further away the locus of interest is
from the site of alignment the smaller is the apparent order parameter.
In the cases of a random coil  the form of bias is  known (Lipari  and
Szabo, 1982) and can be deconvoluted.
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Dynamics of folded proteins have been studied using RDCs due to
paramagnetic alignment (Tolman, 2002) and due to steric alignment
(Tolman et al., 2001; Meiler et al., 2001; Peti et al., 2002; Tolman,
2002; Briggman and Tolman, 2003). Interpretation of these studies
has been controversial earlier (Tjandra et al., 1997) and we have more
recently questioned the interpretation of steric alignment results.
Admittedly, we thought first that there is no problem involved when
we were writing our third paper; “For folded proteins, the
convolution effects and problems with referencing the absolute scale
are likely to be small” (III). We thought that the case is closed
because we saw only small effects for highly dynamic chain-like
molecules and thought that the effects should be even smaller for
folded proteins. However we did not realize that side chain dynamics
will contribute significantly to shape of a small, round-like protein.
Therefore in such a case it is not adequate to describe the protein
using equation 6 but the whole derivation comes out with equation 5.
The alignment frame fluctuation may otherwise be misinterpreted as
additional internal motion.

4 MATERIALS AND METHODS

4.1 Sample preparations

In the work of publication I and III we used 21–mer polyglutamate
chains. The amino acids were bought from Cambridge Isotope
Laboratories U.S.A. and Larodan in Sweden synthesized the peptide.
The molecule contained two labelled glutamate residues, one in the
middle, i.e. residue number 11, and one at the end, i.e. number 21.
The peptide was dissolved in a 6.5% (w/v) DMPC-DHPC liquid
crystal prepared in D2O to induce the alignment. The peptide
concentration was approximately 1 mM and the pH was 7.5.
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Later we also carried out experiments with a heterohenicosamer
composed of glutamate and five 13C, 15N labelled amino acids:
cysteine, serine, glutamate, aspartic acid and glutamate, which were
in fourth, eighth, eleventh, fifteenth and twenty-first positions,
respectively. The sample was prepared as the original glutamate
homohenicosamer and measured both at pH 2 and 9. The peptides
were  used  to  test  the  basic  results  obtained  from  analytical
calculations and numerical simulations.

To acquire further insights into weakly structured proteins, ubiquitin
was prepared for measurements under denaturated conditions, i.e. at
pH 2 and 8 molar of urea. Also, a sample containing 60%
trifluoroethanol was prepared to stabilize the weakly structured A-
state, see figure 1 (Harding et al., 1991; Stockman et al., 1993).
Ubiquitin was bought from Asla (ASLA BIOTECH Ltd, Riga,
Latvia). To induce the alignment we used 8% polyacrylamid gels that
were stretched by plunging a cast gel cylinder with an original 5.5
mm diameter to an open-ended NMR tube 4.2 mm in diameter. For
the  gels  to  tolerate  the  mechanical  stress  we  used  twice  as  much of
the bis-acryl amide for the cross linking.

We proceeded to investigate the prion protein octarepeat peptide, see
Figure 10, (PHGGGWGQ), which was 15N and 13C labelled using the
intein system (Yamazaki et al., 1998; Otomo et al., 1999). Alanine-
glutamic acid repeats were added at both ends. These tails served to
mimic the presumably random coil segments that are adjacent to the
octarepeat. We thought that these tails would allow an easier
interpretation of the data. Due to the cloning construct additional
serine and arginine residues were added in the N-terminus. The final
construct was SREAEAEAEPHGGGWGQEAEAEAE, where the
octarepeat is emphasized in the middle. The peptide sequence was
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cloned into a pTWIN1-vector, after which the peptide was expressed
as intein fusion protein and was purified by IMPACT-TWIN (New
England Biolabs) system. The peptide was purified by continuous
HPLC.  For  the  alignment  medium  we  used  a  7.0%  (w/v)  DMPC-
DHPC liquid crystal prepared in D2O and doped with 5% CTAB. The
approximately 1.0 mM peptide solution was buffered by 20 mM
TRIS to pH 7.1.

4.2 Preparation of anisotropic samples

We used a bicelle medium, which has been previously described (Bax
and Tjandra, 1997). The ratio between the long and short
phosphatidyl components varied from sample to sample between
2.9:1 and 3.1:1. We also used Cetyl Trimethyl Ammonium Bromide
(CTAB) to stabilize the bicelles in a wider range of temperatures and
pHs. Later, we switched to using pH–stable bicelles that have an
ether linkage 1,2-di-O-hexyl-sn-glycero-3-phosphocholine and 1,2-
di-O-dodecyl-sn-glycero-3-phosphocholine (Cavagnero et al., 1999).
These are also available from Avanti Polar Lipids. We also noticed
that the lipids exhibited long-term instability (Losonczi and
Prestegard, 1998). In particular, the short component apparently aged
presumably due to oxidization. To minimize this problem we
prepared aliquots of suitable amounts and stored them in –20oC. We
also noticed that the bicellar anisotropic phase as such tolerates,
monitored by the deuterium quadrupolar splitting, even up to 3 M
urea. An addition of denatured protein first resulted in the collapse of
the liquid crystalline phase.

Polyacrylamide gels introduced by Tycko and Grzesiek (Tycko et al.,
2000; Sass et al., 2000) were also found by Shortle and Ackerman to
be robust enough to allow measurements in denaturant solutions. We
initially used compressed, but later exclusively stretched gels that
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provide RDCs twice as large (Bax et al., 2003). The diameter of the
cast gel is the most critical parameter to succeed in the preparation of
stretched gels. The compressed gels were prepared in Shigemi tubes
simply by pressing the cast gel with a piston. We found this
problematic because it is difficult to regulate the compression and to
keep it steady over long periods of time. When using the stretched
gels  we  experimented  with  the  effect  of  diameter  by  casting  gel
cylinders with varying diameters from 4.5 mm to 6.5 mm. We ended
up using 4.8 mm to 5.5 mm gels that were plunged in open-ended
NMR tubes from Cortec with an inner diameter of 4.2 mm. The gel
diameter  was  high  when  the  concentration  of  gel  was  low  and  vice
versa. To plunge the gel into the tube a small mechanical device with
the published design (Chou et al., 2001) is available from New Era
Enterprises (http://newera-spectro.com/). Nevertheless, we found it
easier to operate our own device where the drive pressure is applied
using a large syringe. The method is simple. First, the cast gel is
dropped into the plastic guide that has a conical restriction to match
the 4.2 mm inner diameter of the NMR tube. Second, a hose
connecting the syringe is attached to the other end of the conical
restriction. Third, a quick punch on the syringe piston and subsequent
release on the pressure will drive the gel nicely into the tube. Small
movements of the syringe piston were used subsequently to easily
adjust the vertical position. Finally, the bottom end of the tube is
sealed using a cap provided by Cortec and the other end is closed
using a Shigemi piston.

The concentration of the gels is a critical factor that influences the
size of RDCs and the quality of spectra. Another variable is the cross
linker bis-acryl. We reasoned that the normal amount of cross linker
used in the electrophoresis gels is too little to provide the required
mechanical strength. Also to have small enough cavities in a
relatively  dilute  medium we doubled  the  amount  of  bis-acryl.  High-

http://newera-spectro.com/).
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concentration gels would have been too stiff to drive nicely inside the
tube. After casting the gel it was left to dry out on its own at 37 °C
overnight. Then the dry gel was placed in an Eppendorf tube
containing the buffered protein solution. The tubes were sealed well
and left lying horizontally at 37 °C for another night or as long as
necessary to swell the gel back to its original size with the protein and
buffer mix. Ionic solutions or detergents may exert a large effect on
the swelling that has to be taken into account in advance when
casting the gel. For example, the A–state of ubiquitin requires TFE to
form. However, alcohol did not absorb into the gel as easily as water
so  we  had  to  dial  up  the  origin  diameter  of  the  gel  to  get  it  swell
enough. Alcohol evaporation is another difficulty. If the
concentration of the TFE is too high or gel is left to age unsealed for
long, it turns bright white and after that it has become useless. Once
the gel is in the tube and both ends of the tube are closed and sealed
the sample is safe.

4.3 NMR measurements and data analysis

NMR spectra for the resonance assignment and RDC determination
were primarily measured with a Varian Inova 600 MHz spectrometer,
but when needed an 800 MHz spectrometer was used. The chemical
shifts and scalar couplings were measured from the isotropic samples
and RDCs from the anisotropic samples. Deuterium quadrupolar
splitting  were  monitored  to  check  the  stability  and  quality  of  the
anisotropic phase. In the case of short peptides signals were assigned
by hand directly from the spectra.

From the glutamate henicosamer and heteropolymer samples several
RDCs were measured to determine the alignments of the Cα centres.
The CαHα,  CαCO, CαCβ,  CαN, HαCβ,  HαN, and HαCO residual
dipolar couplings were measured from two-dimensional proton-
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carbon correlation spectra that were acquired at 30 °C. The couplings
were determined directly from the frequency differences in doublets.
The local Cα-alignments were determined using the PALES program
(Zweckstetter and Bax, 2000).

From the ubiquitin samples only NH RDCs were measured at 24 °C,
as our primary objective was to obtain overall form and deviations
from the simulated random coil RDCs. The ubiquitin A-state
assignments were obtained as usual from 15N and 13C HSQC, HNCO,
HNCACB, CACB(CO)HN (Muhandiram and Kay, 1994; Yamazaki
et al., 1994).

From the octarepeat sample two-dimensional proton-carbon and
proton-nitrogen correlation spectra HαCα, COCα, ΗαCO and
aromatic CH2 RDCs were collected at 30°C. In addition, HMNOESY
was recorded at 25 °C with an 800 MHz NMR spectrometer to obtain
NOE-restraints, using a 250 ms mixing time.

4.4 Alignment simulations

We initially carried out alignment simulations to validate our
analytical calculations. To this end we constructed models of random
flight chains from segments of pseudo-atoms. The inter-segmental
angles were random in these Gaussian chains. No excluded volume
effects were taken into account. RDCs for each conformation in large
families, i.e. tens of thousands conformers, were simulated using the
PALES program. The RDCs were averaged thereafter.

We  also  simulated  valence  chains  where  the  inter-segmental  angles
were restricted to the conical angle of 36 degrees corresponding to
the average stiffness of the polypeptide chain. The peptides were so
short  that  the  excluded  volume  effect  was  negligible.  Owing  to  the
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relatively limited degrees of freedom thousands of conformations
were sufficient to map the small conformational space adequately.
RDCs were simulated as above using the PALES program.

For the subsequent step towards a more realistic description of the
actual polypeptide we began to use all-atom models. The initial
models were generated by the XPLOR-NIH (Schwienters et al.,
2003) and CYANA (Güntert et al., 1997) programs and annealed by
short MD phases. For the annealing we used the Amber
(http://www.ks.uiuc.edu/Research/namd/) program with a force field
of 99 (ff99). We also checked the effect of preferred backbone
dihedrals as suggested by Jha et al. (Jha et al., 2005a). Abhishek Jha
kindly provided us with the database, i.e. a library of di-peptide
backbone dihedrals that was created from the PDB using coil like
NMR structures which were at least four amino acids long. We used
these Φ and Ψ angles to create polymers with a given sequence. The
total  ensembles  we could  afford  to  compute  contained  thousands  of
conformations. The ensemble size is sufficient for short peptides but
for proteins more than 100-residue long, the error bars become too
large to give statistically significant results.

While analytical calculations provide insight and guidelines for the
interpretation, the data analysis is best done using simulations. In this
way we can combine all the data and present an ensemble that
summarizes  results  obtained  for  the  structure  and  dynamics  of  the
protein. The differences between the simulated and measured RDC
data serve to refine the ensemble model.

Our computational method can be outlined as follows. First a set of
unrestrained model conformations is generated with or without a
database bias (Jha et al., 2005b) for the backbone dihedrals. Second,
simulated RDCs are computed for each member with the PALES

http://www.ks.uiuc.edu/Research/namd/
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program. Subsequently, trial restraints are applied with the hope of
minimizing differences between the measured and simulated data.
According to our experience the conformational preferences are
mostly short range. Therefore, the choice of possible restraints is not
overwhelming. Eventual long-range conformational biases are
obviously most interesting but these can only be ascertained when the
local preferences have been properly defined. The result of an
iterative search is a family of conformations that are compatible with
the experimental data. It is a structure-dynamical description of the
native molecule.

The data flow from program to program was managed by Python
scripts (Fig. 9).

FIGURE 9. Schematic  diagram  of  the  data  flow  in  the  search  of  model
conformations.

5 RESULTS AND DISCUSSION

Our  studies,  in  accordance  with  the  work  by  others  (Shortle  and
Ackerman, 2001; Bernado et al., 2005), clearly show that it is
possible to measure RDCs from the coil-like molecules or weakly-
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structured molecules. However, it is only possible to interpret the
data correctly with the aid of calculations and simulations.

5.1 Origin of bias in RDC data

For the structural interpretation of RDC data it is critical that the
nematic  walls  of  the  liquid  crystal  or  other  obstructions  are
considered. This is because the walls “select” from the ensemble of
conformations certain shapes of molecules. This selection happens
because in the liquid crystalline sample elongated conformations will
fit closer to the walls than compact conformations. When this fact is
not considered the data can easily be misunderstood. The
misunderstanding could lead to the conclusion that the flexible
peptides contain native-like structures. This is our main result (I).
Alternatively it may lead to a conclusion that a folded protein
fluctuates more than it actually does (Fig. 9). All in all RDCs are not
solely molecular parameters but include the properties of the LC-
particles.

It  is  important  to  realize  that  RDC measurements  do  not  provide  an
absolute scale for the dynamics. This important result is in contrast
with conventional relaxation rate measurements (Palmer, 2001). The
absolute scale of internal dynamics cannot be measured because the
rotation of the whole molecule is always involved in the
measurements. It is not possible to separate the overall molecular
tumbling and the intrinsic dynamics (Fig. 10). Even if only relative
dynamics are available it is possible to attempt calibrations with
relaxation measurements. It turns out that for a flexible peptide the
bias in the dynamics is not large. The tails of peptides and
presumably also loops of the proteins appear to move less than they
actually do. The wall restricts motions. This is why the structure
seems to be stiffer that it really is.
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We did  assume at  the  end  of  the  third  article  (III)  that  the  dynamic
correction would be almost non-existent for folded protein because
the effect was so small already for a random coil. However, our
assumption turned out to be incorrect. At that time we did not
understand that a round-like ball will wobble vigorously as its side
chains wiggle. This will appear as a fluctuation alignment frame that
could erroneously be interpreted as extra motions. The correct
interpretation involves a family of alignment frames for each
conformation all reference with respect to the laboratory frame.

FIGURE 10. Variation in the molecular shape (black vs. grey) and charge
distribution (red vs. orange) cause fluctuating molecular alignment as illustrated for
two example conformations of the B3 domain of protein G. The shape is simplified
by showing the molecular principle axes and the charge distribution is summarized
to a net electric dipole moments.

It is easy to measure NH couplings, but for the interpretation only
one type of coupling is not enough. One coupling relates at best to
one direction. In order to determine the local alignment frame at least
five non-redundant couplings are needed. In fact we should use as
many  couplings  as  possible  to  “complete”  the  Saupe  matrix.  In
practise it is very difficult to extract quantitatively several couplings
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from one rigid site, e.g. the alpha carbon site. One way to address this
problem is to use several different alignment media (Meiler et al.,
2003). The method works fine in the case of a folded protein to
determine its structure. On the basis of simulations we find that in the
case of a small flexible peptide the various different media are
expected to give largely similar results, i.e. redundant data, because
the alignment is dominated by the elongated shape. Also when
studying dynamics of folded protein the many media may in fact
result in more difficulties than removing some.

Ubiquitin was the first protein we used to measured data
corresponding to various conformational states. Indeed it is easy to
see the differences between coil like, helical and folded
conformations and sections in this protein. However, as stated above,
one coupling i.e. NH is not enough for the quantitative interpretation
and therefore we were not able to say very much definite about
ubiquitin’s dynamics and its partially folded structure.

5.2 Octarepeat

We proceeded to investigate the octarepeat region of the prion
protein. The prion protein’s tail includes five so-called octarepeat
regions and every one of those can bind one copper atom. The
purpose  of  these  repeats  is  still  unknown  but  there  have  been  some
studies, such as relaxation measurements, where copper free repeats
were involved and these studies suggested that these octaepreat
regions  are  random  coil-like  structures  (Wright  et  al.,  2001).  We
wanted to see if there is something more than a mere coil-like tail,
perhaps a pre-motif that could easily bind copper ions.

The raw data already implies that octarepeat is not simply a coil like
peptide. HαCα and COCα coupling in a random coil peptide would
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look like a lying longbow but this is not the case with an octarepeat.
Also,  HαCO gave  us  very  different  results  when we compared  it  to
our random-coil simulations. We conclude that the peptide appears
weakly structured according to the RDCs. According to internuclear
distance measurement obtained from NOESY spectrum it seems that
the tryptophan aromatic ring is near the histidine side chain’s
nitrogen protons. We included this as a restraint in the simulation that
then gave us a structure where five of the octarepeat’s amino acids
form a kind of hydrophobic pocket (Fig. 11).

FIGURE 11. The prion protein’s octarepeat region. The model conformation is
created by using six different measured RDCs including those COCα couplings
shown on the top graph . Vertical axis is in Hz and horizontal is number of amino
acid.

This structure forms around a tryptophan’s aromatic ring so that a
histidine and three glycines make most of the ring and the five amino
acids form the pocket. Despite our various efforts with simulations
we could not get an accurate match between our measurements and
simulations.  However,  an  MD  simulation  with  NAMD  gave  us
reason to believe that the molecule is still quite flexible, despite the
non-random coil  RDCs and  the  NOEs.  If  it  does  not  have  only  one
conformation but many it is understandable that the fit does not mach
any one conformation perfectly. We expect that part of the
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discrepancy will stem also from the averaging over the
conformational ensemble that is different for RDCs and NOEs. To
improve on this study it would require methods for ensemble
refinement (Lindorff-Larsen et al., 2005).

5.3 Database bias

It is conceivable that the dihedral angles of a polypeptide chain even
in the random coil form depend on the neighbouring amino acids.
This preference could be included in the simulations to obtain more
precise interpretation RDCs in structural terms. However, the
protocol pioneered by Jha et al. (Jha et al., 2005b) is subject to
concerns. First, the bias of the elongated conformations may largely
mask the database preference. Second, the discrete sampling provided
by the conformational space allowed by a database may not be easy
to fully explore by simulations. Obviously the problem is present in
the random coil approach, however with no systematic bias.

The use of database preferences did gave us different results (Fig
12.), but not more accurate results. The error bars due to the finite
sampling size remained quite large. Obviously as the polypeptides
got longer these errors increased dramatically. An increased number
of amino acids result in more angles which have to be examined and
our computational capacity was exhausted.

In acidic conditions polyglutamate is coil-like but in an alkaline
environment it gets a helical conformation (Idiris et al., 2000). To
observe these two different conditions and possibly see differences
between them, we made measurements in both conditions and then
predicted RDCs using PALES only, first using structures generated
MD and then using the start conformations that Jha calculated from
his database.
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FIGURE 12. HαCα couplings from 21 –heteropolymer. From the left; measured
polyglutamate in pH 9 as a random coil (blue), in pH 2 as a helical conformation
(red), simulated with MD (green), without MD (yellow) and far right the database
value (purple). All the simulations were intended to produce coil-like
conformations. Vertical axis is in Hz and horizontal is number of amino acid.

None of these methods matched our measurements particularly well
as can be seen in Figure 12. However, the database method gave the
best fit for the measured coil-like form. Comparing the coil-like, the
blue one, and the helical one, second from left, it is not obvious that
these conformations differ from each other sufficiently to really
distinguish between them. However, according to our simulations the
difference between these two states is more noticeable when there are
more data points, i.e. several RDCs for making the comparison. More
RDCs can be recorded, but it is difficult to obtain the small ones
quantitatively that would be required to really benefit from them.
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6 CONCLUSION

In this study we have shown that residual dipolar couplings give
valuable information about conformational preferences in weakly
structured peptides and proteins. The main result is that the
interpretation requires in-depth analysis because the various
conformations do not contribute equally to the raw data. The analysis
is best carried out using molecular alignment simulations.

The bias in structural data is large for peptides devoid of specific
conformations but small and often unimportant for folded proteins.
On the  other  hand  the  bias  in  the  dynamic  data  is  small  for  flexible
peptides but it can be large for proteins, particularly for small
globular proteins. These problems can be detected and corrected.

Using RDCs to measure the structure and dynamics of coil-like or
weakly structured molecules is a new method and often the only one
available. It will provide an atomic resolution view of the various
motions that are averaged over the conformational ensemble. The
information content can be interpreted in terms of molecular
structures and the dynamics of the molecules. Our study also gives
novel  tools  to  study  dynamics  at  the  surfaces  of  native  proteins  and
changes that are introduced when proteins interact with one and other
or when ligands bind to their receptors. Furthermore, the new method
qualifies for studies of interesting phenomena such as protein folding
or misfolding and aggregation. These last two phenomena are quite
poorly  understood  and  difficult  to  measure.  It  is  well  known  that
misfolding and aggregation cause certain fatal illnesses. Therefore it
is crucial to learn more about the underlying molecular mechanisms
of  the  Prion  protein  and  Alzheimer’s  disease,  Type  II  diabetes  and
other ailments. To these ends measurements of residual dipolar
couplings by NMR will be of considerable value.
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