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ABSTRACT

Protein conformations and dynamics can be studied by nuclear magnetic reso-
nance spectroscopy using dilute liquid crystalline samples. This work clarifies
the interpretation of residual dipolar coupling data yielded by the experiments.
It was discovered that unfolded proteins without any additional structure be-
yond that of a mere polypeptide chain exhibit residual dipolar couplings. Also,
it was found that molecular dynamics induce fluctuations in the molecular align-
ment and doing so affect residual dipolar couplings. The finding clarified the
origins of low order parameter values observed earlier.

The work required the development of new analytical and computational
methods for the prediction of intrinsic residual dipolar coupling profiles for un-
folded proteins. The presented characteristic chain model is able to reproduce
the general trend of experimental residual dipolar couplings for denatured pro-
teins. The details of experimental residual dipolar coupling profiles are beyond
the analytical model, but improvements are proposed to achieve greater accu-
racy. A computational method for rapid prediction of unfolded protein residual
dipolar couplings was also developed.

Protein dynamics were shown to modulate the effective molecular alignment
in a dilute liquid crystalline medium. The effects were investigated from exper-
imental and molecular dynamics generated conformational ensembles of folded
proteins. It was noted that dynamics induced alignment is significant espe-
cially for the interpretation of molecular dynamics in small, globular proteins.
A method of correction was presented.

Residual dipolar couplings offer an attractive possibility for the direct ob-
servation of protein conformational preferences and dynamics. The presented
models and methods of analysis provide significant advances in the interpreta-
tion of residual dipolar coupling data from proteins.

Classification (INSPEC): A3325, A3520, A3620, A8715D, C7320
Keywords: residual dipolar coupling, protein dynamics, nuclear magnetic reso-
nance spectroscopy, dilute liquid crystal
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AIM OF THE STUDY

The aim of the study was to address two perplexing observations by nuclear magnetic
resonance spectroscopy concerning conformations of unfolded proteins and dynamics
of folded proteins. First task was to clarify why unfolded proteins appear to have
structural features when examined by residual dipolar couplings. Second objective
was to understand why folded proteins appear to be highly mobile when studied
with residual dipolar couplings. Both of these protein dynamics related questions
have clear biological implications from protein function to amyloid formation.
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CHAPTER 1

INTRODUCTION

Proteins, those microscopic agents of life, are truly fascinating. Even though DNA
and RNA have attracted the limelight and aroused the interest of most contempo-
raries, it is proteins that in our daily existence make or break the day. Proteins are
large and complex biological macromolecules found in all living organisms. They
usually adopt a protein-specific, semi-rigid spatial configuration known as a fold.
The biological activity of a protein depends on its three-dimensional structure and
dynamics. The interplay between activity and protein structures and dynamics can
be studied using nuclear magnetic resonance (NMR) spectroscopy. It is a powerful
method to acquire structural information at atomic resolution and motional infor-
mation on many time scales. Functional assays are also easily performed during
NMR measurements.

In this study I address two questions in protein NMR spectroscopy that have
been puzzling the research community for the past few years. First, I will clarify
why unfolded proteins appear to have structural features when examined by residual
dipolar couplings (RDCs). Second, I will show why folded proteins appear to be
highly mobile when studied using RDCs.

In 2001 Shortle & Ackerman published interesting data from denatured proteins
that was said to infer the presence of native-like topology in denatured proteins.
The interpretation was based on a common misconception to think that unfolded
proteins—or to be more specific, fully unstructured proteins—would not exhibit
residual dipolar couplings at all. As will be discussed in section 5.1 and shown in
Article I, this is not true. Nonetheless, the misconception gave briefly momentum to
claims of native-like residual structure in unfolded proteins. This misinterpretation
of RDC data to support a potentially momentous idea about protein folding under-
lined the need for the first principles study (Article I) that resulted in intrinsic RDC
profiles of unstructured proteins. In section 5.3 and Articles T & 1T an analytical and
a computational protocol are presented to predict the intrinsic RDC profiles.

In 2001 Tolman et al. and Meiler et al. published intriguing results about
RDC-probed protein dynamics. They proposed that low RDC-based order parame-
ter values report from substantial protein internal motions in the sub-microsecond
time scale. As will be shown in section 5.2 and Article TV there is an alternative
explanation. All proteins undergo continually conformational changes. These con-
formational fluctuations affect the RDC signal measured from a protein solution in
a dilute liquid crystalline medium. The low order parameters may arise from the
changes in a molecule’s alignment due to the conformational fluctuations. This dy-
namics modulated alignment (DMA) can be significant for small globular proteins
in particular with an alignment dominated by electrostatic interactions. However,
DMA has only a small effect on protein structure determination, as will be shown
in Article V.



2 CHAPTER 1. INTRODUCTION

The thesis is organised as follows. I begin by giving a brief overview of the
particular proteins that were used in this study. Then I will describe the dynamic
nature of proteins and its implications to protein NMR spectroscopy and especially
to RDC studies of unfolded and conformationally labile proteins. I will proceed
with a brief glance at NMR spectroscopy and a longer one at residual dipolar cou-
plings. After this the prediction of RDCs for unfolded proteins and the effects of
DMA will be discussed. The underlying principles of the proposed theoretical and
computational models will also be described. I will conclude with remarks on the
presented results. The rigorous and detailed work is presented in the attached four
peer-reviewed articles and one manuscript submitted for peer-review.



CHAPTER 2

PROTEINS

Proteins play a crucial role in every living organism from E. coli! to humans. They
are involved in all biological functions making an organism alive just like cog wheels
make a clockwork tick. There exists hordes of unique proteins with multitudes of
roles and functions e.g. from cell signaling to molecular recycling. Since proteins
have been extensively studied, we have nowadays an excellent understanding of
protein structure and a fair picture of their dynamics. A lot of work has been done
and will be done to relate biological activity to molecular structure and dynamics.

(Creighton, 1984 | Voet & Voet, 2004 | Whitford, 2005)

Structure Proteins are single-branch polymer chains built from amino acids linked
together. In nature there are 20 different proteinogenic? amino acids. Each amino
acid contains a nitrogen, an alpha carbon and a carbonyl that make up the main
chain, or backbone, of a polymer. The nitrogen and hydroxyl carbon of adjacent
amino acids form a semirigid O=C=N—H peptide plane. A unique side-chain starts
from the alpha carbon. The side-chain can be as small as a single hydrogen (glycine)
or as big as eleven heavy atoms in a double aromatic ring weighing ~150 Da (tryp-
tophan).

Many natural polymer chains fold into distinct three-dimensional structures.
Strictly speaking, it is these functional structures that are defined as proteins. The
fold of a protein is the structural framework that supports its functional activity.
The structure of a protein is usually described using a four-tier hierarchy. Start-
ing from the amino acid sequence—or the primary structure—and proceeding to
secondary, tertiary and finally quaternary structure of the protein.

The fold of a protein contains common structural elements referred to as the
secondary structure of the polypeptide. Typical elements are the helical backbone
(alpha helix) and multiple backbone strands running in parallel or anti-parallel (beta
sheet). The tertiary structure, i.e. the overall three-dimensional structure, of a
polypeptide contains several secondary structures. It may also include several sep-
arate structural units, called domains, linked together loosely or tightly, that are
nevertheless part of the same polymer chain. Two or more proteins may also form
larger complexes by binding with each other. A protein complex may be built ei-
ther from only one type of proteins, i.e. a homomer, or from different proteins, i.e
a heteromer. The structure of a protein complex is referred to as the quaternary
structure of the constituent proteins.

LE. coli (lat. abbr.) Escherichia coli are a common intestinal bacteria that are usually harmless
to humans.

2proteinogenic (lat.) Literally protein building, i.e. an amino acid found in proteins and encoded
for in the DNA.
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In this work the following proteins have been used to develop and to verify the
models proposed in Articles I-V that will be discussed in more detail later on in
chapter 5. These particular proteins were chosen mainly because there are abundant
experimental and computational data available for them. Furthermore, troponin C
was chosen as an example of large-scale conformational changes.

2.1 Ubiquitin

! Ubiquitin is a small ~8.5 kD protein found universally
in eukaryotes (Goldstein et al., 1975). Its amino acid
sequence is highly conserved in evolution. Only a few
variations are known besides the common form found also
in human cells (Vijay-Kumar et al., 1987). Ubiquitin
consists of 76 amino acids in a single polypeptide chain
with three a-helices, four (-strands forming a single (-
sheet and a flexible coil-like C-terminus (Figure 1).

Function Ubiquitin is primarily associated with pro-

tein degradation in numerous processes from endocyto-

sis® to apoptosis? (Hershko & Ciechanover, 1998 | Roos-

Mattjus & Sistonen, 2004). A misfolded protein is ini-

Figure 1. Ubiquitin. tially tagged with ubiquitin and then reduced to its con-

(PDB: 1UBQ) stituent amino acids by a proteasome while ubiquitin

is released for new use (Figure 2) (Ardley & Robin-

son, 2004). A malfunction in or an overloading of the

ubiquitin-proteasome system may cause pathological conditions such as cancers

(Nakayama & Nakayama, 2006) or neuro-degenerative disorders (Ardley & Robin-
son, 2004).

4

Data available A wealth of experimental data, both by NMR spectroscopy and
X-ray crystallography, is available on ubiquitin. Ubiquitin has been widely used as a
model protein in NMR method development since it gives excellent spectra. Struc-
tural models with resolutions as high as 1.3 A are also available from the Protein
Data Bank (PDB).

3endocytosis (lat.) Absorption of external material by a cell.
Lapoptosis (lat.) Programmed cell death.
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Figure 2. Ubiquitin facilitated protein degradation. Misfolded proteins are tagged with
ubiquitin, disassembled by a proteasome and re-used in protein synthesis.

2.2 G protein

Heterotrimeric guanosine triphosphate (GTP) binding protein, or G protein®, con-
sists of three subunits named alpha, beta and gamma. The alpha subunit (G,) has
two domains, a GTPase domain and an a-helical domain, and is loosely bound to
the two other subunits. The subunits beta and gamma on the other hand are tightly
bound together and are often referred to as the beta-gamma complex (Gg,).
There exists more than 16 mammalian variants of the alpha subunit, 5 variants
of the beta subunit (Gg) and 14 variants of the gamma (G, ) subunit. Many, but not
all, possible combinations of these are found in nature. In our studies two variants of
the beta subunit were used. The Gy has 56 amino acids in a single polypeptide chain
with four g-strands, that form a single §-sheet, and a solitary a-helix (Figure 3).

5Confusingly, G proteins is also the name of the super-family of regulatory GTP hydrolases
that the heterotrimeric G protein belongs to.
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receptor

X

2 3 B C
hydrolysis ‘
IL m m

Figure 4. G protein cycle. (A) A GDP to GTP exchange in a receptor-bound G protein
dissociates alpha (blue) and beta—gamma (red/black) subunits. (B) GTP is hy-
drolysed back to GDP. (C) Alpha subunit re-associates with the beta—gamma
complex to form once again an intact G protein.

Figure 3. G protein sub-
unit Fs.
(PDB: 1P7E)

Function Membrane-associated G proteins function as
molecular switches in many intracellular signaling cas-
cades (Feldman & Hegele, 2000). Extracellular factors
cause conformational changes in G protein coupled re-
ceptors that enable the binding of G proteins to the
receptors. A receptor-bound G protein exchanges a
guanosine diphosphate (GDP) to a guanosine triphos-
phate after which it is released from the receptor follow-
ing the dissociation of the alpha subunit and the beta—
gamma complex (Figure 4) (Offermanns, 2003). The G,-
GTP and Gg, complexes may then independently acti-
vate downstream effectors initiating signaling cascades
(Daaka, 2004 | Offermanns, 2003). Eventually they will
re-associate after the alpha subunit has hydrolysed the
GTP back to a GDP. G proteins mediate many diverse
functions such as vision, smell and taste and G protein
abnormalities are involved in many diseases and disorders
ranging from cholera and diabetes to cardiomyopathy
and night blindness (Malbon, 2005 | Offermanns, 2003 |
Raju, 2000).
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Data available G proteins have been extensively studied using various methods.
High resolution (1.5 A and better) structures are available for many of the different
subunit variants.

2.3 Troponin

Troponin is a calcium-sensitive protein complex involved
in muscle contraction. It is found in slightly different
variants in both skeletal and cardiac muscles. Troponin
consists of three subunits labeled C, I and T. Troponin
C (TnC) binds calcium ions, troponin I (Tnl) inhibits
actomyosin ATPase and troponin T (TnT) anchors the
complex to tropomyosin—another component of the thin
filaments in myofibrils.

TnC Troponin C is a 18 kDa protein with globular
N- and C-terminal domains connected by a helical linker
(Figure 5). It has four calcium-binding sites with two at
each of the terminal domains. C-terminal binding sites
IIT and IV are occupied by either a Ca?* or a Mg?* under
normal physiological conditions (Robertson et al., 1981).
In cardiac troponin C (¢TnC) binding site I is inactive
leaving only one active N-terminal calcium-binding site compared to the two present
in skeletal troponin C (sTnC). The N-terminus of TnC undergoes a distinct con-
formational state change on calcium binding from a closed state to an open state,
even though in ¢TnC this transition is complete only after Tnl binding (Sorsa et al.,
2004).

Figure 5. Calcium satu-
rated cardiac
troponin C.
(PDB: 1LAO)

KT e e < > < T =T e

= m

Figure 6. In muscle contraction thin and thick filaments of myofibrils slide past each other
shortening the muscle cell. Troponin binds to the thin filament (depicted as
helical strands) in regular intervals.
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Function Troponin has a crucial role in the calcium-ion regulated muscle con-
traction system (Gagné et al., 1995). The binding of Ca®*" to TnC exposes a large
hydrophobic region facilitating Tnl binding to TnC. This disrupts ATPase inhibition
(Weeks & Perry, 1978) and is also the impetus for a cascade of events that move
tropomyosin along the thin filament exposing myosin binding sites (Lehman et al.,
2001 | Xu et al., 1999). This is in turn leads to muscle contraction (Figure 6).

Data available High resolution X-ray and NMR structures of TnC are readily
available in both calcium-saturated and calcium-free states for TnC-Tnl complexes.
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PROTEIN MOTIONS

Proteins are dynamic molecules. Each and every one of the thousands of atoms in
a protein are constantly buffeted by forces exerted by other atoms in the protein as
well as in the medium and jostled into transiently better positions in a never-ending
“atomic dance”.

3.1 Protein dynamics

Even though most native proteins are in a stable folded state, all proteins ex-
hibit internal motions on various time scales and amplitudes. Local fluctuations at
picosecond—nanosecond time scale and global fluctuations at microsecond—millisecond
time scale (Figure 7). This coarse classification is of course only indicative as there
are many superimposed motional modes in proteins.

Local fluctuations Fast internal motions include bond vibrations and librations
as well as peptide plane motions. The infinitesimal local atomic vibrations take
place as fast as picoseconds or faster whereas the larger reorientations associated
with peptide plane movements take place in nanoseconds (Bouvignies et al., 2005 |
Kay et al., 1989 | Lakomek et al., 2006). All these local, fast motions can be assessed
in laboratory frame NMR measurements through relaxation time (T1, T2) (Kay
et al., 1989 | Nirmala & Wagner, 1988 | Palmer, 2001 | Skelton et al., 1993) and
hetero-nuclear nuclear Overhauser enhancement (NOE) (Campbell & Sykes, 1993 |
Clore et al., 1990 | Kay et al., 1989) measurements. Anything beyond the rotational
correlation time 7. of a protein (Kay et al., 1989 | Lipari & Szabo, 1982), on the

[ residual dipolar couplings j n
T1, T2, NOE (_ Tip,T2 ) EXSY )
E
-
I\- QOQ fﬂ |« o
! ! D
ps ns S ms s

Figure 7. Protein motions range from picoseconds to seconds: (A) bond vibrations and
librations, (B) peptide-plane motions, (C) secondary structure fluctuations,
(D) domain motions, and (E) protein folding. RDCs bridge the methodological
cap from 7. to us.



10 CHAPTER 3. PROTEIN MOTIONS

order of 10 ns (Tolman et al., 1997), is too slow to be observed by these techniques
(Lakomek et al., 2006). Local fluctuations are reflected in residual dipolar coupling
data.

Global fluctuations Slow internal motions range from secondary structure mo-
tions in the microseconds to protein domain motions in the milliseconds. For example
hydrogen bond formation and enzymatic reactions occur at these time scales (James,
2003 | Massi et al., 2005). In NMR spectroscopy these motions can be obtained by
rotating frame measurements in particular from relaxation dispersion studies (Akke
& Palmer, 1996 | Kay et al., 1989 | Kopple et al., 1986 | Palmer, 2004 | Palmer et al.,
2001 | Tjandra et al., 1995).

Supra-7, backbone motions The amount of motion in folded proteins between
rotational correlation time and the microsecond-millisecond time range has been a
subject of debate for some years now (cf. Bax & Tjandra, 1997a | Clore & Schwi-
eters, 2004 | Meiler et al., 2001, 2003 | Peti et al., 2002 | Tolman et al., 1997). The
discussion has revolved around two main issues. First, the reported RDC-based
order parameter values (Meiler et al., 2001 | Tolman et al., 2001) are perplexingly
low. Second, recent evidence (Lakomek et al., 2005) of increased mobility in sol-
vent exposed residues relative to core residues has implied nowvel correlated supra-7.
backbone motions.

The dynamic molecular alignment, discussed later on in chapter 5 and in Articles
IV & V, suggests an explanation for the low order parameter values with no need
for additional dynamical modes. This interpretation does not question the presence
of correlated motions. As Lakomek et al. (2005) have pointed out:

. as NH vectors are parallel in F-sheets, [alignment tensor| fluctuations
do not affect our conclusions.

Alignment fluctuations are anisotropic and hence residues are affected unevenly.
There is no saying a priort how DMA affects the reported results. Nonetheless, as
we show in Articles IV & V these effects appear small in the backbone of a folded
protein, which supports the validity of the correlated supra-7, motions.

3.2 Folding and misfolding

The fold of a protein is essential for its ability to interact with other molecules, be
they receptors, regulators, epitopes or ligands. The idea of complementary epitopes,
i.e. that the binding of two molecules necessitates complementary structures, has
been known (Pauling, 1940) for decades. Recently it has been understood (Dyson &
Wright, 2005 | Wright & Dyson, 2002) that not all proteins, and certainly not every
part of a protein, belong to a stable fold. There is a great diversity in the stability
of protein structures presumably contributing to diverse biological activities. Thus
research interests have been shifting from structure determination towards folding,
transient structures and internal-dynamics facilitated binding processes.
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Folding Proteins start to fold as soon as they are formed in ribosomes, even before
they are completely synthesised (Dobson, 2003 | Gay et al., 1995). The whole process
is over in less than a second (Zwanzig et al., 1992). Considering the large number
of degrees of freedom in proteins, folding happens astonishingly fast. The quickness
of this process is often associated with the so called Levinthal’s paradox. It states
that not even the age of the universe would be long enough for a protein to explore
all its possible conformations and find the correct fold unbiased.

Even though it was shown 15 years ago by Zwanzig et al. (1992) that it is indeed
only a virtual paradox if some elementary physical restrictions are applied to the
system—mnot to mention that Levinthal himself concluded already in his original
speech (Levinthal, 1969) that a random search is not an efficient method of finding
a correct fold and therefore is not how it happens in nature—Levinthal’s paradox
is frequently picked up as a genuine problem. Nonetheless, even without unheeded

exaggerations the characterisation of a folding process is a genuine problem (Dobson,
2003 | Finkelstein & Galzitskaya, 2004).

Misfolding Protein misfolding has potentially devastating effects. Such grave
pathological disorders as Creutzfeldt—Jakob disease, scrapie, bovine spongiform en-
cephalopathy® and Alzheimer’s disease are caused by protein misfolding (Prusiner,
1997, 1998 | Thomas et al., 1995). It shows how crucial it is for proteins to adopt
their correct form.

A misfolded protein is usually tagged with ubiquitin to be disassembled in the
ubiquitin-proteasome. Thus our cells do not usually accumulate misfolded pro-
teins in quantities to develop any adverse effects. But in some cases the ubiquitin-
proteasome may e.g. become blocked disrupting the “waste reprocessing” system.

Folding kinetics The principle stages of protein folding are understood (Dobson,
2003 | Finkelstein & Galzitskaya, 2004). The formation of local structure prior to
global structure. / Hydrophobicity as a driving force in global structure formation. /
The emergence of stable folding cores as a vital intermediate that stabilises the
overall structure. / The importance of hydrogen bonds as the “glue” that holds
the pieces together. These are all well known factors in protein folding and yet
the details of any particular folding pathway are still not easily derived from these
general principles (Finkelstein & Galzitskaya, 2004) but rather requires laborious
case-by-case studies.

The folding of a protein is often pictured as a stochastic process of energy-
minimisation whereby the molecule adopts a stable configuration through internal
interactions as well as interactions with the surrounding medium. The energy land-
scape associated with this process is usually depicted as a funnel that guides the
configurations to converge at a focal point marking the folded structure (Figure 8).
Even though it is often implicitly assumed that this energy minimum is a global
one, in reality there is no need for it to be one. The only biological necessity is
that the folded structure is stable enough under biological conditions for the protein

6 Bovine spongiform encephalopathy (BSE) is most commonly known by its pseudonym mad cow
disease.
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to perform its function for a reasonable length of time, or in other words, that the
energy minimum, be it local or global, is deep and steep enough to fulfill this goal.

Unfolded proteins It is easy, and
common enough, to view unfolded pro-
teins as being devoid of any structural
features, flexible “spaghetties” taking
whichever form fortune fancies regard-
less of the inherent properties of the
amino acid sequence. Nonetheless, it is
evident that the atoms of any molecule
prefer certain configurations over others

St FurnehSap—is oo A and that the existence of different kinds
of side-chains in different sequences will
Figure 8. A folding funnel? create a conformational bias that may

or may not be insignificant (Article II).
What is not intuitive is the form of this bias. Is the bias towards native-like
configurations or some other residue-specific natural configurations? Surprisingly,
recent evidence (Lindorff-Larsen et al., 2004 | Ohnishi et al., 2004 | Shortle & Ack-
erman, 2001 | Zagrovic et al., 2002) points out that not only is the bias towards
native-like configurations but that it is also readily observable in the RDCs of dena-
tured proteins. Even though it is shown in section 5.1 and Article I that the mere
presence of RDC signals does not imply residual structure in denatured proteins, it
should be noted that not all claims of native-like residual structure are backed by
RDC data interpretations. The evidence suggests that a folded protein is not just
some bag full of compressed strings ready to burst but more a favourable ordering
of relaxed residues—the natural form of the protein in the environment in question,
in fact.

Transition states Metastable transition states seem to have a key role in protein
folding (Duan & Kollman, 1998 | Finkelstein & Galzitskaya, 2004 | Lindorff-Larsen
et al., 2004 | Pandit et al., 2006). Folding catalysts work e.g. by stabilising the tran-
sition states (Fischer & Schmid, 1990). By doing so they direct the folding process
in the right direction. Transition states can be viewed as logistical-hubs collecting
molecules into the vicinity of the desired target location, i.e. native fold. If there is a
fast, clear path from the transition state to the final state, the transition state acts
as a gateway drawing the molecule from a larger subset of states towards the correct
fold. Studying transition states can be difficult as they are transient, but recent
computer studies (Duan & Kollman, 1998 | Rhee et al., 2004) give hope that precise
knowledge could be gained through computational studies as well. RDC measure-
ments may reveal early conformational preferences that initiate protein folding.



CHAPTER 4

NUCLEAR MAGNETIC RESONANCE

Modern multi-dimensional protein NMR spectroscopy is a powerful spectroscopic
technique (Cavanagh et al., 1996). Every magnetic nucleus precesses in a magnetic
field with a certain, nucleus-specific frequency. In nuclear magnetic resonance spec-
troscopy the magnetic field experienced by a nucleus is composed of the stationary
spectrometer-field and local time-dependent fields. The local fields contain informa-
tion about protein structure and dynamics practically at atomic resolution.

Spectroscopy Multi-dimensional hetero-nuclear spectra give detailed information
of the target molecule enabling the assignment, i.e. identification of signal sources,
and structure determination of proteins as large as several kD. Much of the infor-
mation is contained in interactions, i.e. couplings, between the nuclei.

Magnetic nuclei may be coupled indirectly by through-bond scalar couplings and
directly by through-space dipolar couplings. Both of these couplings may transfer
magnetisation, in general coherence, from one nucleus to another. The transfer can
be controlled by sequences of radio-frequency pulses” and delays. For the scope of
this work it is important to understand the basis of residual dipolar couplings.

4.1 Residual dipolar couplings

Dipolar coupling is a direct magnetic interaction between two nuclear spins. It
depends inversely on the 3¢ power of distance and on the orientation of the inter-
nuclear vector relative to the magnetic field. Owing to the orientational dependence,
dipolar couplings average to zero when a molecule tumbles isotropically in a solution.
In a dilute liquid crystal the rotational diffusion of a solute is slightly anisotropic
due to steric and electrostatic interactions with the liquid crystal particles. Thus a
residual of the dipolar coupling remains for observation.

Residual dipolar couplings are highly versatile parameters. They contain infor-
mation of the relative orientation and the distance between two nuclei as well as
the slight alignment of the protein. RDCs have been used e.g. in structure determi-
nation and refinement (Bouvignies et al., 2006b), for protein model assembly from
peptide fragments (Kontaxis et al., 2005) and domains (Mattinen et al., 2002), for
protein fold recognition (Annila et al., 1999) and to identify conformational exchange
(Padkkonen et al., 2000). RDCs have also been the basis for protein dynamics stud-
ies (Meiler et al., 2001 | Tolman et al., 2001), which is the topic of Article II.

" Radio-frequency pulses are short bursts, typically several microseconds in length, of electro-
magnetic waves oscillating at frequencies on the order of GHz.

13
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Alignment media In a solution protein-molecules are constantly in Brownian
motion. They reorient and diffuse all the time. The free, isotropic rotation of the
molecules causes dipolar couplings to average to zero. By introducing some align-
ment with an anisotropic medium, such as bicelles, bacteriophages or polyacrylamid
gels, directional information is recovered (Bax & Tjandra, 1997b | Tjandra & Bax,
1997).

Dipolar couplings are on the order of kHz, but residual dipolar couplings intro-
duced by these dilute alignment media are preferably on the order of Hz to allow
high-resolution NMR spectroscopy. They are scalable in the limits of the particu-
lar alignment medium. The residual dipolar coupling between two nuclei A and B
depends on the orientation of the inter-nuclear vector between the two nuclei. It is
usually written in the principal axis system of an aligned molecule as

D*B (0, ¢) = DAB 1 (3cos®d — 1) + %R sin® 0 cos 2¢ | , (1)

max 2

where rhombicity R is a measure of asymmetry in the molecular shape and DAB

is the normalised maximum residual dipolar coupling between nuclei A and B. The
angles ¢ and ¢ define the orientation of the connecting vector in respect to the
alignment frame.

Alignment frame The effective alignment of a molecule is described by a 3 x 3
tensor called the alignment tensor. Rhombicity is defined as the ratio between the
non-axial and axial components of this tensor, or R = %(Am —A,,) /A.., where
A;; are the diagonal elements of the symmetric, traceless alignment tensor A. The

elements of A are defined in the laboratory frame as
1
A= 3 (3cosB;cosb; — ;) Vi, j in z,y,z, (2)

where 6; denotes the angle between the i*" molecular axis and the external magnetic
field. The orientation of an internally rigid molecule in a liquid sample could be de-
fined by a single alignment tensor whereas to define the orientation of a structurally
fluctuating protein may require the use of multiple alignment tensors. The use of
only one alignment tensor appears to be a good approximation for most folded pro-
teins when determining their structure. Only when one is interested in some highly
mobile or structurally labile regions of a protein—say certain side-chains—it is of
paramount importance to use more than one alignment tensor to map out the con-
formational state space (Article IV). Then the only common frame of reference is
the laboratory frame.

The alignment tensor of a molecule with a known structure may be determined
from measured RDCs through singular value decomposition (SVD) (Losonczi et al.,
1999). Non-redundant alignment tensor elements a = [A,,, A.., Ay, Asz, Ay can

vy zy)
be solved from the linear equation Ca = d, defined as
Coy = Caw Ch,— Crp 203, 20, 20, Ay, D,
Cy—Chy CL—Ch, 262, 20, 2, A, D,
Agy | = (3)
) . . . A, :
Cpy = Cow Coy — Cyy 2¢y, 2¢p, 2cy, Ay, D,
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with cfj = cos 0¥ cos 0;‘?, by using the decomposition C~! = VWU, where V is an
N x N orthogonal matrix, U is an M x N column-orthogonal matrix and W is an
N x N diagonal matrix with non-negative elements (Losonczi et al., 1999). SVD is
both a fast and robust method making it an efficient tool for RDC data analysis.

It is a common practice to represent the quality of a fit between a structural
model and experimental RDCs as a normalised, squared distance called the quality
factor. The quality factor Q is defined as

Q=Z<Di—Dg>2/ZD§, (4)

where D; is the experimental and D) is the back-calculated residual dipolar coupling
of residue 7. Two sets of dipolar couplings are also often compared using the corre-
lation coefficient as a measure of fit. Pearson correlation coefficient R between two
vectors x and y is defined as

ne ny ry—3r3.y ’
Vs —(SoP] 1S - (S0

where n is the length of the vectors. The quality factors of high-resolution NMR
structural models are usually about 0.2.

()

4.2 Experimental methods

Experiments were carried out to validate the theoretical models for RDC interpre-
tation. Primarily two synthetic model polymers were studied using hetero-nuclear
correlation NMR spectroscopy. Residual dipolar couplings of both Fo- and Egx-
polymers were measured using two-dimensional *C—'H correlation spectroscopy in
Varian 600 MHz and 800 MHz NMR spectrometers.

4.2.1 Sample preparation

A Esi-polymer—bicelle solution with Eo; concentration of ~0.5 mM and bicelle con-
centrations from ~6.3% (w/v) to ~38.3% (w/v) were prepared as described below.
Similar Eo;x-polymer—bicelle samples were also prepared.

Synthetic Ey;-polymers In order to understand the RDCs of an unstructured
polymer it is useful to have a molecule devoid of any structural characteristics and
yet detectable. A monotonous polymer containing only a single type of amino acid
is the closest one gets to complete lack of structural features, especially if one does
not choose amino acids like proline that include inherent structural features. Alas, it
is virtually impossible to distinguish between the residues of a homopolymer longer
than a couple of residues. The chemical environments of all non-terminal residues
are nearly identical making it difficult to discern between their signals. To overcome
this problem, we decided to use 21 amino acid polyglutamates labeled with magnetic
isotopes only at E11 and E21.
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Jo + Do

— 0 ——— L

Figure 9. A residual dipolar coupling (D-coupling) is measured from a doublet splitting
(J+D-coupling) by subtracting the effect of the scalar coupling (J-coupling)
measured independently. With spin-state selective pulse sequence one can
measure from a two-dimensional correlation spectra, like the one depicted, two
types of residual dipolar couplings (1 and 2) simultaneously.

The required amino acids were bought from Cambridge Isotope Laboratories Inc.
and the Es-polymers were synthesised by Larodan Fine Chemicals Ab. The alpha
carbon and nitrogen of E11 and E21 were labeled with isotopes 3C and *N.

Synthetic Ey x-polymers To investigate conformational preferences and the ef-
fects of structural formation in RDCs we designed a synthetic Eqjx-polymer with
an amino acid sequence of EEECEEE SEEEEEE DEECEEE. This polymer could
potentially form a disulfide bridge between the two cysteines, which would serve as
a model of nascent structure. The slight variation in the sequence would allow us
to identify the labeled residues C4, S8, E11, D15 and E21. The Ey;x-polymers were
produced in a similar manner to Es;-polymers.

Bicelles A DMPC-DHPC bicelle medium was prepared according to the recipe
of Ottiger & Bax (1999). First, (40.4 £ 0.1) mg of DMPC® and (9.6 + 0.1) mg of
DHPC? from Avanti Polar Lipids were mixed in a molar ratio of 3:1. Then (1.1+0.1)
mg of positively charged CTABY from Aldrich-Chemie were added to promote the
formation of bicelles as well as to stabilise them (Losonczi & Prestegard, 1998). The
mixture was dissolved in D,O to a solution with an appropriate bicelle concentra-
tion. After adding D,O the solution was repeatedly subjected to vigorous vortexing
(Scientific Industries, Vortex-genie 2, G-560) and ice baths under ultrasonic micro-

8DMPC (abbr.) 1,2-Dimyristoyl-sn—Glycero—3-Phosphocholine.
9DHPC (abbr.) 1,2-Dihexanoyl-sn—Glycero—3-Phosphocholine.
0CTAB (abbr.) cetyltrimethylammoniumbromid, CH?(CH?)*N(Br)(CH?)3.
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vibrations (Elma, Transsonic 310/H) to help the solvation.

4.2.2 Spectroscopy

Residual dipolar couplings are obtained from measurements in two phases. At first
scalar, or J-, couplings are measured from the target molecules diluted in D,O or
water and then the cumulative effect of both dipolar, or D-, and scalar couplings
are measured from the target molecules diluted in an alignment medium. The RDC
values are then obtained by a straightforward subtraction of the J-couplings from
the combined (J+D)-couplings (Figure 9).

NC®, H°N, H°C, C*C, C*CP, and H*C® couplings were measured from two-
dimensional proton—carbon correlation spectra acquired at 30 °C. Pulse sequences
employed included standard *C-HSQC, constant time *C-HSQC and (S;-IS)-
HSQC (Cavanagh et al., 1996). Measurement of coupling constants from unfolded
proteins results easily in crowded spectra with narrow peak-dispersion. To counter
this, spin-state selection (Meissner et al., 1997 | Ottiger et al., 1998 | Wiirtz & Permi,
2007) was used. With spin-state selection the in-phase and anti-phase components
of a spectra are obtained separately to reduce spectral overlap. This method is use-
ful in particular for unfolded proteins that tend to have a narrow signal-dispersion.
Also the measurement of small couplings requires dense media that may compromise
spectral quality.
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THEORETICAL MODELS

The aim of this study was to clarify the interpretation of protein conformational
preferences and dynamics from RDC data. In order to establish the innate RDC
profile of polypeptide chains—against which all recorded RDC data should be con-
trasted prior to any interpretation attempts—we computed both analytically and
through simulations the RDC profiles of simple, idealistic chain models (Articles
[-1IT). Conformational transiency and the limits of its influence on measured RDC
data was investigated using molecular dynamics simulated conformational ensembles
to seek for evidence of dynamic molecular alignment (Articles IV & V).

5.1 Unfolded proteins

Unfolded proteins have been traditionally pictured as being devoid of any structural
features beyond the intrinsic molecular structure of a polypeptide chain. However,
this view was challenged (Ohnishi et al., 2004 | Shortle & Ackerman, 2001 | Zagrovic
et al., 2002) by showing that at least some proteins retain structural features similar
to the folded state even under extreme denaturing conditions.

The simple chain models presented in Articles I-III were a pioneering effort to
produce the RDC profiles of unfolded proteins. These intrinsic RDC profiles serve as
the base-lines, the no-additional-structure-present-profiles, to which any data should
be compared to. Any statistically meaningful deviation from such a RDC profile will
then be a tell-tale signal of additional or nascent structure beyond that of a mere
random polypeptide chain.

Characteristic chain model An unstructured protein, i.e. a polypeptide chain
without secondary structure, may be modeled as a sequence of residue-sized seg-
ments in what is called a valence chain. When specific side-chain characteristics
are omitted, we have a model rather similar to the classical random-walk in three
dimensions. The only difference is that the segments of a valence chain are not freely-
jointed but rather restricted to rotate on a valence-cone as depicted in Figure 10.

The average end-to-end distance (r2) of an infinite valence chain scales propor-
tionally to the number of segments n and to the length of a segment [ squared. The
constant scaling factor called the characteristic ratio C, is defined as

Co = nh_)ngo (r2,) /nl*. (6)

The characteristic ratio can be used to reduce a valence chain to a random-walk in
three dimensions. This is done by redefining a valence chain as a sequence of freely-
jointed characteristic segments that have a length defined by the characteristic ratios.

18



CHAPTER 5. THEORETICAL MODELS 19

Figure 10. Valence chain. The relative orientations of the segments are governed by
segment-specific angles 0 and ¢.

In other words, the rigidity imposed by the valence angles is replaced by effective
segment lengths (Article I1).

Residual dipolar couplings The probability distribution of an ensemble of char-
acteristic chains in the vicinity of an obstructing surface can be calculated using the
classical results of Smoluchowski and Markoff (Chandrasekhar, 1943). An unob-
structed characteristic chain has the probability

P’ (n,z) = \/3/21Coonl?® e~ 3% /2Cnt? (7)

to be at a distance of x from the starting position after n steps. The addition of
an obstructing surface, i.e. the alignment medium, at distance m from the starting
position modifies Equation 7 to

P (n,z,m)= P (n,x) — P'(n,2m —z). (8)

Equation 8 serves as the basis for the proposed (Article I) approximation of the
density function W (m,0,n) for segment n at distance m and angle 6 from the
obstructing surface.

Pn—1,2—-CLl,m—CLI)

W(m,@,n):/ N

L
N —n

m[n—l

(9)
+

P (N —n, T+ C’g_"l, m + C’g_"l) dx,

where L is the distance between two obstructing surfaces and N is the number
of segments in the chain. The characteristic ratios C7 and CY~" are calculated
cumulatively from the characteristic ratios of the individual amino acids in each
sub-chain as shown in Article II.

In an axially symmetric system Equation 1 reduces to

(DAP) = D2 (3(cos® ) — 1) /2 (10)
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and since (cos? §) can be expressed using Equation 9 as

°T cos? 0 |sin 0] [ W m, 60, n)dmdo
0 0

fo% |sin 6| fOL W (m,6,n)dmdb

<c052 9> =

(11)

one can calculate numerically the RDC profiles of valence chains in alignment media
as is shown in Articles I-II1.

The RDC profiles predicted by this model are monotonous and bell-shaped for
polypeptides that have only one kind of amino acids (Figure 4 in Article I). Variation
in the amino acid sequence translates directly to variation in the RDC profile (Figure
3 in Article IT). “Stiffer” residues like proline increase the signal whereas “nimbler”
residues like glycine decrease the signal. Complex amino acid sequences result in
oscillating RDC profiles that are similar to experimental RDC profiles measured
from denatured proteins.

Alas, the intricate details of experimental RDC profiles are beyond the capabil-
ities of the proposed analytical model. This is in part due to the limited supply
of characteristic ratios and effective valence angles reported for polymers. Accurate
valence angles would enable an accurate calculation of cumulative characteristic ra-
tios for complex amino acid sequences. Another clear limitation in the proposed
model is the lack of side-chains and other local topological details. This could be
naturally taken into account by expanding the current model to e.g. incorporate
multiple branches, i.e. a detailed structure, in the calculation of the characteristic
ratios. One such approach would be the recently proposed amino acid bulkiness ap-
proximation (Cho et al., 2007). Hydration and other secondary effects could likewise
be taken into account with suitable modifications to the chain geometry based e.g.
on the recently assessed (Bernad¢ et al., 2006) residue-specific solvent accessibilities
in unfolded proteins.

The limitations in the theoretical model led us to consider simulated all-atom
models as a more meaningful approach. Nevertheless, the analytical models give a
clear picture of what is going on at the face of the liquid crystalline particle.

5.2 Dynamic molecular alignment

The dynamic nature of protein structures manifests in RDC measurements in many
ways. Here we focus on what we call dynamic molecular alignment. The alignment
frame of a protein is in a continuous state of change due to the never ceasing internal
atom position shifts. The fluctuation of the alignment frame are presumed to be
small and had been dismissed as insignificant. In Article TV we show that at least
for small and globular proteins DMA can be significant and should be taken into
account.

Cause Dynamics modulated alignment implies that the individual contributions to
the RDC signal are uneven among the conformations of the representative ensemble.
A slight change in the shape or the orientation of the magnetic moment translates
into a change in the probability, or relative population, of the conformation. A
conformation in a less favored shape or with a magnetic moment that is more in
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7

Figure 11. Schematic representation of two nearly identical conformations in a dilute lig-
uid crystalline sample. Conformation B’s magnetic moment is slightly askew
making it energetically less favourable for it to orient exactly parallel to the
nematic crystal. Consequently, conformation A is slightly more probable
than conformation B. (Adapted by permission from J Am Chem Soc 2006, 128: 4371-4376.
Copyright 2006 American Chemical Society.)

discord with the steric alignment frame leads to a lower probability as a consequence
of a decrease in the accessible state space (Figure 11).

Each conformation’s relative contribution to the RDC signal can be calculated
as the average contribution over all residues n or

C ==Y "D/ (D), (12)

where D; is the RDC signal of residue i (Bax et al., 2001). As we have shown in
Article TV this is roughly equal to the relative population, or probability, of the
conformation. In order to take DMA into account the RDC signals of every confor-
mation in an ensemble should be weighted according to their relative contributions,
ie.

d= Dc"/N, (13)
where D is a N x n matrix of RDC signals for the whole ensemble, ¢ is a N
sized vector [C1,Cy,...,Cy| of relative contributions and d is a n sized vector

[Dy, Dy, ..., D,] of true, unbiased RDC signals.

Effect The effects of DMA are not uniform, universal nor even unique. DMA-bias
is not the same for each residue in the molecule, it can be significantly different
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even for two molecules with an almost identical structure and it is not possible, and
hardly sensible, to deconvolute the measured RDC signal a priori without the con-
formational ensemble. To counter the effect of DMA in refinement protocols, each
conformation’s DMA-bias should be removed after a tentative conformational en-
semble is obtained but before comparison is done with measurement data. Alas, it is
hard to envision a feasible implementation of this scheme in the current architectures
even with modern hardware.

In a simulation we obviously have full knowledge of all conformations and their
alignments. The problem of obtaining RDCs from a dynamic ensemble can be
solved directly. In practice one attempts to solve the indirect problem of obtaining
dynamics from RDCs. This is done from experimental RDCs by using Equation 3.
It takes at least 5 non-redundant measurements to determine the alignment tensor.
Since the scale of the obtained order parameters is relative, they are usually scaled
to match the Lipari-Szabo model-free values. All in all this deconvolution is an
impressive achievement. It is very difficult to deconvolute all conceivable motional
modes from the data as is shown in Article V.

Gaussian axial fluctuations A conceptually different, complementary explana-
tion for the observed lower-than-expected order parameters has also been devised in
the form of the Gaussian axial fluctuations (GAF) model (Bremi & Briischweiler,
1997 | Briischweiler & Wright, 1994). In the GAF-model the internal motions of
a protein are implicitly assumed to be decoupled from the molecular alignment
(Bouvignies et al., 2006a). The dynamic information in RDCs is then attributed
to Gaussian fluctuations of individual peptide planes. The GAF-model has been
used to show correlated hydrogen-bond mediated motions (Bouvignies et al., 2005)
as well as to determine simultaneously protein backbone structure and dynamics
(Bouvignies et al., 2006a). Removal of any effects due to DMA before applying the
GAF-model would yield information on the dynamic properties of individual peptide
planes without artefacts from molecular alignment fluctuations.

5.3 Computational methods

In addition to liquid-state NMR experiments the proposed theoretical models were
checked against computational models. A model for estimating the RDC-profile
of unfolded proteins presented in Articles I-IIT was devised using torsion-angle dy-
namics generated conformational ensembles. In Articles IV & V the presence and
significance of DMA was analysed from molecular dynamics trajectories as well as
from experimental conformational ensembles.

5.3.1 Polysim

A complete from-sequence-to-RDCs analysis-chain called polysim was written in the
programming language Python. It employed two external programs: CYANA (Giin-
tert et al., 1997) and PALES (Zweckstetter & Bax, 2000 | Zweckstetter et al., 2004).
CYANA was used to generate random conformations of a polypeptide with a given
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amino acid sequence. PALES was used to predict the alignment of the conforma-
tions in a dilute liquid crystal medium. From the PALES predictions the average
RDCs were calculated with an error estimate. Polysim makes it possible to get a
rough estimate of the RDC-profile of any unfolded protein with minimal effort. The
procedure is very simple and relatively fast on modern desktop computers.

Torsion-angle dynamics In torsion-angle dynamics (Jain et al., 1993 | Stein
et al., 1997) the representation of a molecule is reduced to its “free” angles and en-
ergy functions and forces are expressed in the reduced coordinates akin to classical
Lagrangian dynamics. CYANA and its predecessors are implementations of torsion-
angle dynamics for NMR structure determination. Protein conformations are sam-
pled in vacuum against a fixed set of experimental constraints using e.g. simulated
annealing. Solvation effects are included in the form of implicit water models and a
pervasive heat bath. The reduced coordinate space used in torsion-angle dynamics
eases the computational burden involved in the calculations making it an attractive
candidate for the generator of the large conformational ensembles needed to rep-
resent unfolded proteins. Nonetheless, the limitations of the implicit water model
make CYANA susceptible to conformational artefacts that may be significant.

Statistical coil model A couple of years after the publication of polysim Sosnick
and coworkers presented (Jha et al., 2005) another protocol for the generation of
more realistic conformational ensembles of unfolded proteins. At the same time a
similar approach was devised independently by Bernadé et al. (2005). Their in-
genious approaches utilise the vast amount of structural information stored in the
Protein Data Bank. First, they collect a fragment database from the unstructured
regions of the stored protein structures. This coil /loop-library is then used to build
random conformations by statistically sampling the extracted fragments. In this
way the conformational preferences are adopted without knowing specifically what
they are. The results of the statistical coil models have been promising but some
problems still remain (Dames et al., 2006). Recently it was shown (Cho et al., 2007)
that an even simpler model based on amino acid bulkiness can also explain many
aspects of unfolded protein RDC profiles.

Alignment prediction The generation of a realistic, representative conforma-
tional ensemble is only the first step in the prediction of residual dipolar couplings.
The second, just as crucial, step is the prediction of a conformation’s effective align-
ment in dilute liquid crystal media. PALES accomplishes this with great success in
uncharged alignment media (Zweckstetter & Bax, 2000) and with modest success in
charged alignment media (Zweckstetter et al., 2004). Attractive potentials seem to
be especially challenging for PALES and the results in such media are considered un-
realistic. Nonetheless, it was shown recently by Skora et al. (2006) that for unfolded
proteins electrostatic interactions are crucial in the alignment process and can be
reliably estimated using PALES.

The rapidity of the whole conformation generation—alignment prediction chain is
of utmost importance with unfolded proteins. The conformational ensembles need
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to contain easily tens of thousands of conformations to be representative for a small
protein. This means a much heavier computational burden rendering e.g. full MD
simulations unfeasible in all but the most rigorous, time-consuming studies.

Molecular dynamics simulations are routinely used to generate dynamic ensem-
bles of folded proteins (cf. DePristo et al., 2003 | Lindorff-Larsen et al., 2005 | Richter
et al., 2007 | Schwieters et al., 2006), but the enormity of an unfolded protein’s state
space would require orders of magnitude longer trajectories. Maybe with modern
grid computing techniques this would still be feasible, but hardly practical. Then
again, MD simulations could be quite fruitful in conjunction with alignment predic-
tion in charged alignment media. The mapping of protein-nematogen'! interactions
in the vicinity of the nematogen could serve as a basis for an accurate alignment
prediction.

5.3.2 Molecular dynamics simulations

The dynamic conformational ensembles of folded ubiquitin, G protein 33 domain and
troponin C used in Articles IV & V were generated with MD simulations. The initial
structures were first heated and then left to equilibrate after which conformational
snap-shots were collected at regular intervals. The simulations were done with the
MD simulation software GROMACS (Berendsen et al., 1995 | Lindahl et al., 2001 |
van der Spoel et al., 2005) using implicit water in the form of a generalised Born
model (Im et al., 2003).

Generalised Born model The use of explicit water molecules in MD simula-
tions adds a considerable computational load in the form of hundreds of additional
independent molecules. This has been traditionally avoided by using implicit sol-
vent models (Roux & Simonson, 1999), i.e. by replacing the water molecules with
pseudo-potentials that mimic the effects of the solvent. This is of course done at
the expense of realism. The generalised Born model (Still et al., 1990) is a highly
successful implicit solvent model (Bashford & Case, 2000 | Im et al., 2003 | Lee et al.,
2002).

The solvation potential and the solvation energy of an arbitrary solvent molecule
can be defined by solving the Poisson-Boltzmann equation (Bertonati et al., 2007 |
Sharp & Honig, 1990). The generalised Born model is a continuum dielectric model
that gives a reasonable approximation of the solvation energy (Im et al., 2003).
It makes two approximations to the Poisson-Boltzmann equation (Onufriev et al.,
2002). First, self-interactions are expressed as effective Born radii that give the
distances between specific atoms and effective spherical dielectric boundaries (Im
et al., 2003). Second, pair-wise interactions are estimated by an analytic function
depending on the effective Born radius and the inter-atomic distance of the two
atoms. The importance of determining the effective Born radii accurately is therefore
paramount (Onufriev et al., 2002).

The generalised Born model is computationally fast and yet accurate enough to
be of good use in studies of biological systems.

M pematogen (lat.) Nematic liquid crystal, i.e. translucent crystalline material of semi-ordered

molecules in liquid phase.
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Molecular dynamics or torsion-angle dynamics simulations of unfolded or dena-
tured proteins are challenging. Not only is there a large amount of motional freedom
in the molecule but also the force fields are developed to be used with folded pro-
teins. For example the presence of denaturants is a dramatic change to the solution
parameters. Residual dipolar couplings could provide data for the development of
specific force fields for denatured and unfolded proteins.
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CONCLUSIONS

In this study I have clarified how to interpret residual dipolar coupling data for
protein structure and dynamics. Unfolded proteins were shown to display residual
dipolar couplings without any additional structure beyond that of a polypeptide
chain (section 5.1, Articles I-1II). Also, molecular dynamics were shown to induce
alignment modulation and to affect RDC signals (section 5.2, Articles IV & V). The
results suggest the following procedures.

Before attempting to interpret RDC data from an unfolded protein, one needs
to establish the expected “background noise” from the mere amino acid sequence.
Any deviation from this baseline is then a sign of additional structural features.
The prediction of such a profile is of course intricate since RDCs are fundamentally
sensitive to even the smallest structural changes of which there is no short of in
unfolded proteins. The poor signal-noise ratio forces one to use large structural
ensembles making one prone to any inbuilt statistical failure of the methods in use.
The simplicity offered by the presented theoretical model is therefore appealing.
With this model it is possible to learn quickly whether an unfolded protein has any
plausible additional structural features remaining.

Molecular dynamics induced modulation of alignment can be countered by using
multiple alignment frames and by taking conformational probabilities into account
in the averaging process. The principle of one alignment frame per conformation
guarantees that dynamics induced alignment fluctuations do not introduce artefacts
in RDC interpretations. The correlation between the general degree of order and the
probability of a conformation offers a convenient, readily available route for calcu-
lating the weighted average RDC signal of an ensemble of conformations. Applying
these two corrections to data analysis is straightforward, but in the case of exper-
imental analysis one does not necessary have all that is needed readily available.
Nonetheless, applying the corrections to a tentative structural ensemble prior to
further analysis would reduce the artefacts in question.

The results and models presented in this work address important open questions
in studies of protein structure and dynamics by NMR spectroscopy. To understand
the dynamic properties of proteins is to understand a fundamental biological mech-
anism with far-reaching consequences. I hope this work will benefit our efforts to
understand the plentiful wonders of nature.
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