
Aspects and Applications of
Pulse Sequence Design for Solution-State

Nuclear Magnetic Resonance Spectroscopy

Peter Würtz
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Abstract

NMR spectroscopy enables the study of biomolecules from peptides and car-
bohydrates to proteins at atomic resolution. The technique uniquely allows for
structure determination of molecules in solution-state. It also gives insights into
dynamics and intermolecular interactions important for determining biological
function.

Detailed molecular information is entangled in the nuclear spin states. The
information can be extracted by pulse sequences designed to measure the desired
molecular parameters. Advancement of pulse sequence methodology therefore
plays a key role in the development of biomolecular NMR spectroscopy.

A range of novel pulse sequences for solution-state NMR spectroscopy are
presented in this thesis. The pulse sequences are described in relation to the
molecular information they provide. The pulse sequence experiments represent
several advances in NMR spectroscopy with particular emphasis on applications
for proteins. Some of the novel methods are focusing on methyl-containing
amino acids which are pivotal for structure determination. Methyl-specific as-
signment schemes are introduced for increasing the size range of 13C,15N labeled
proteins amenable to structure determination without resolving to more elab-
orate labeling schemes. Furthermore, cost-effective means are presented for
monitoring amide and methyl correlations simultaneously.

Residual dipolar couplings can be applied for structure refinement as well
as for studying dynamics. Accurate methods for measuring residual dipolar
couplings in small proteins are devised along with special techniques applicable
when proteins require high pH or high temperature solvent conditions.

Finally, a new technique is demonstrated to diminish strong-coupling indu-
ced artifacts in HMBC, a routine experiment for establishing long-range corre-
lations in unlabeled molecules. The presented experiments facilitate structural
studies of biomolecules by NMR spectroscopy.

Keywords: NMR, methyl assignment, time shared evolution, epitope mapping,
residual dipolar coupling, strong coupling, HMBC
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I P. Würtz, M. Hellman, H. Tossavainen, and P. Permi. Towards unam-
biguous assignment of methyl-containing residues by double and triple
sensitivity-enhanced HCCmHm-TOCSY experiments.
J. Biomol. NMR 36, 13-26 (2006).
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Chapter 1

Introduction

Biological molecules are the building blocks of life. The molecules can take
different kinds of structural forms depending on their biological function. In
order to understand the molecular mechanisms of biomolecules it is impor-
tant to know their structure at atomic resolution. As the molecules are too
small to be seen using microscopy indirect methods are required. Nuclear mag-
netic resonance (NMR) spectroscopy provides means to study a wide range of
molecules by linking the fine-structured energies of the nuclei to the structure
of the molecule as a whole. Careful combination of the spectral information
allows the determination of three-dimensional structures of proteins and other
macromolecules. In addition, dynamical characterization of molecules as well
as information on site-specific molecular interactions are obtainable by NMR
spectroscopy. In contrast to X-ray crystallography, the main alternative for
structural determination at atomic resolution, the molecular parameters can be
measured in solution state which ensures a native-like environment for soluble
molecules. For carbohydrates and lipids NMR spectroscopy is an indispensable
analytical tool to understand their structure, function and biosynthesis.

The intricate information available in NMR spectra must be disentangled to
provide the required structural parameters. This is achieved by manipulating
the nuclear spins to separate the information into manageable parts, which are
subsequently combined as jigsaw puzzle pieces towards the structure determi-
nation. The spin states can be tailored to reveal the desired parameters by
designing pulse sequences, the topic of this study. This thesis presents several
advances in pulse sequence design for solution state NMR spectroscopy which
facilitate structural analysis and studies of protein-ligand interactions. The em-
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CHAPTER 1. INTRODUCTION 2

phasis is on protein NMR methodology, but an important improvement to a
routine experiment for small molecules is also presented.

Structure determination of proteins by NMR spectroscopy is currently fairly
routine for small proteins. Difficulties inherent to the procedure, however, grow
rapidly with increasing molecular size due to spectral crowding and broader
lineshapes. These aspects complicate the assignment process i.e., linking a
given resonance frequency to the corresponding nucleus in the molecule. The
increase in complication is particularly severe for side chain assignment, which is
commonly a requirement for structure determination. Experiments introduced
in Article I provide a powerful strategy to overcome this problem without the
need of protein perdeuteration.

An attractive feature of NMR spectroscopy is the ease with which it can
be used for studying molecular interactions such as ligand binding sites of pro-
teins. This is likely to play an increasing role in proteomics as focus shifts from
static protein structures towards protein function and interactions. Article II
describes a cost-effective methodology where methyl and amide correlations are
simultaneously detected for this purpose.

Advances in NMR methodology continue to pave the way for extending the
molecular size limit, and facilitate and automate spectral analysis. Pulse se-
quence design plays a vital role in this respect. Pulse sequence development
often goes hand in hand with hardware advances or the introduction of novel
labeling protocols. For instance, the introduction of weak alignment for inducing
residual dipolar couplings (RDCs) has triggered the development of a myriad
of experiments for coupling measurements in proteins (Tjandra and Bax, 1997).
This allows for local and long-range structure refinement and, in addition, pro-
vides valuable dynamical information. Articles III and IV present accurate and
versatile methods for measuring several scalar coupling constants and RDCs.

Structure elucidation of molecules at natural isotope abundance requires so-
mewhat different spectroscopic techniques than those used for protein NMR
spectroscopy. The molecules studied are often smaller than proteins. Small
molecules tumble faster in solution, thus spin relaxation is of less concern in
this case. However, spectral assignment is more complicated since it is nec-
essary to use multiple-bond scalar couplings for coherence transfer, instead of
solely one- and two-bond scalar couplings as in the case of protein NMR. Long-
range correlations link the chemical shift information from direct correlations
by providing hinges for the pieces in the spectral analysis puzzle. Article V de-
scribes an improved technique for obtaining artifact free long-range correlations
spectra without compromising sensitivity.

The thesis is organized as follows. The following chapter introduces the
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basic NMR phenomenon and outlines the spectroscopic methods for protein as
well as small molecule structure determination. The goals set for the study
are summarized in the subsequent chapter. I proceed to a discussion of each
of the experiment types introduced and present additional relevant material
which did not find its way into the publications. I conclude with remarks on the
applicability of the presented methods. Detailed descriptions of the experiments
including coherence flows and experimental demonstrations are presented in the
appended articles.



Chapter 2

Nuclear Magnetic
Resonance

The energy of a spin in a nucleus splits into separate levels when a molecule
experiences a magnetic field. NMR spectroscopy is about finding the energy it
takes for a spin to flip between these levels. The energy differences between the
levels can in turn be related to the molecular structure in the neighborhood of
the nucleus. NMR is thus a nuclear phenomenon, but it provides information
on the molecule as a whole.

A charged spinning particle constitutes a magnetic dipole. The associated
magnetic dipole moment µ is proportional to the angular momentum of the
particle. By analogy, a particle with a spin has a magnetic dipole moment
which is proportional to its spin angular momentum I,

µ = γI (2.1)

with γ being the gyromagnetic ratio. When placed in a magnetic field B, the
magnetic dipole experiences a torque which tends to align it in the direction of
the magnetic field. This interaction gives rise to an energy with an associated
Zeeman Hamiltonian

HZeeman = −µ ·B = −µzB0 = −γB0Iz = ω0Iz. (2.2)

The magnetic field is by convention taken to be along the z axis and ω0 = −γB0

is defined as the Larmor frequency. The magnetic resonance phenomenon arises
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CHAPTER 2. NUCLEAR MAGNETIC RESONANCE 5

because of this interaction between the nuclear magnetic dipole moment and
the external magnetic field.

For a spin 1
2 particle the Zeeman energy splits into two states when the

particle is in a magnetic field. The spin angular momentum vector is, except
from a factor of ~/2, composed of the Pauli spin matrices. The corresponding
eigenstates of HZeeman are denoted |α> (spin up) and |β> (spin down) with
eigenfrequencies ω0/2 and −ω0/2, respectively. The general solution Ψ to the
time-dependent Schrödinger equation is a superposition of the eigenstates

|Ψ(t)>= ae−iω0t/2|α> +beiω0t/2|β> . (2.3)

The complex constants a and b can be determined from the initial conditions
and fulfills |a|2 + |b|2 = 1. Assuming a and b are real we can write a = cos(θ/2)
and b = sin(θ/2). By calculating the expectation values of the magnetic moment
we get

<µx>= ~

2γ sin θ cos(−ω0t) <µy>= −~2γ sin θ sin(−ω0t)

<µz>= ~

2γ cos θ = ~

2γ(a2 − b2). (2.4)

These results imply that the magnetic moment vector is tilted at an angle θ from
the z-axis, and precess around the static magnetic field at the negative of the
Larmor frequency −ω0 = γB0. The magnitude of this precessional frequency is
equal to the excitation frequency where the transition rate between the α and
β states is maximum.

The time-dependence of the x and y components of the magnetic moment
cause the ensemble average of these expectation values to vanish. In contrast,
the z-component is time-independent and the ensemble average can be rewritten
as <µz> = ~/2γ(Pα − Pβ), where Pα and Pβ are the populations associated
with the |α> and the |β> states, respectively. The difference in populations of
the equilibrium states is denoted as the polarization. In the case of no external
field interaction the bulk magnetization is proportional to the polarization. The
magnetization can thus be depicted as precessing around the static field.

According to Faraday’s law of induction a time-varying magnetic field in-
duces an electric field in a coil. At equilibrium the bulk magnetization is parallel
to the static field so no signal is generated in the coil. To create a signal the
magnetization must be brought to the transversal plane by generating some
non-vanishing phase relation between the superposition of eigenstates in the en-
semble. This is known as coherence and accomplished by applying a magnetic
field orthogonal to the static magnetic field in form of a radiofrequency (rf )
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pulse oscillating at the magnitude of the Larmor frequency. The effect of an on-
resonance 90◦ pulse is to equalize the probabilities of the |α> and |β> states and
hereby rotate the axis along which the magnetization is aligned. By applying
the pulse to all spins simultaneously the bulk magnetization is transferred to the
transversal plane and the subsequently induced current can be measured. After
Fourier transforming the resulting signal it is possible to extract the desired
energy differences between the spin states as spectral frequencies.

Interacting spins The power of NMR spectroscopy lies in the detailed and
versatile relation between the spectral energies and molecular properties. The
actual precession frequency of magnetization ω is sensitive to slight perturba-
tions from the static Larmor frequency ω0. The variation in resonance frequen-
cies is called chemical shift. The chemical shifts are caused by the electronic
charges around the nuclei which lead to local shielding of the external magnetic
field in the neighborhood of the nuclei. The delicate sensitivity of chemical shifts
offer the possibility to distinguish spins in different chemical environments.

The α and β spin states are coupled to other spins on separated nuclei.
This is mediated through the scalar coupling J which introduces fine structure
in the energy levels and allows for coherence transfer between spins. For two
interacting spins A and B the spin Hamiltonian takes the form

HAB = ωAAz + ωBBz + 2πJABA ·B. (2.5)

For most cases encountered in highfield solution state NMR spectroscopy the
off-diagonal terms 2πJAB(AxBx +AyBy) can be neglected. This simplification
is known as the weak coupling limit and holds as a good approximation when
|ωA − ωB |>>2πJAB. In the weak coupling limit all terms within the Hamilto-
nian commute, and the product basis of Cartesian rotations is identical to the
eigenbasis (Sørensen et al., 1983). Invoking the weak coupling approximation
drastically simplifies analysis of pulse sequences and reproduces most experimen-
tal results quantitatively well. However, as shown in Article V salient features
of coherence transfer by rf pulses can lead to undesired effects in the spectra
which may be overlooked when neglecting the strong coupling interaction.

The Hamiltonian for multiple spin systems is additive and of similar form as
Eq. 2.5 when relaxation effects are not taken into account. Electrons effectively
shield the nuclei from molecular collisions so the coherent spin states can have
rather long lifetimes which make them easy to manipulate and observe. This is
accomplished by modifying the Hamiltonian in a desired manner by a series of
rf pulses. The present thesis describes some new methods and improvements
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of pulse sequences for obtaining molecular information of proteins and small
molecules using this methodology.

2.1 Protein NMR Spectroscopy

Proteins are essential parts of the organism and take part in all cellular processes.
Proteins perform a vast variety of functions such as catalyzing biochemical reac-
tions, constituting the cytoskeleton, being molecular transporters, and receptors
for cell signaling. Biological functions and activities depend on protein fold, the
specific semi-rigid spatial configuration they adopt. Thus to understand protein
function and molecular interactions, it is essential to know the three-dimensional
structures of proteins.

Structure determination of proteins on atomic scale is feasible by solution
state NMR spectroscopy. The technique provides a complementary alternative
to protein structure determination by X-ray crystallography and NMR deter-
mined structures currently constitute ∼15% of the depositions in the Protein
Data Bank (PDB). There is, however, a strong over representation of small
structures in the PDB due to intrinsic complications associated with structure
determination of large proteins. The main reasons are increased signal overlap
and faster relaxation rates caused by the longer rotational correlation times τc of
larger proteins. The combination of broad lines and numerous resonances in the
same spectral range complicate the assignment process and the determination
of long-distance restraints obtained from NOESY spectra.

The first solution state protein structures were determined by homonuclear
spectroscopy (Williamson et al., 1985; Kaptein et al., 1985). In these pioneering
efforts the resonance assignment was conducted by identifying spins belonging
to a specific amino acid type and subsequently mapping the spins onto the pri-
mary sequence by identifying adjacent residues from analysis of NOESY spectra.
Long-range distance restraints were obtained in an iterative process and incor-
porated into structure calculation by distance geometry methods or molecular
dynamics (MD). The complexity of the approach puts severe limitations on the
maximum protein size amenable for structure determination.

Since these first landmarks continuous methodological progress has estab-
lished NMR spectroscopy as a central tool in structural biology. Advances in
magnet and probe design, pulse sequences, data analysis, and computational
methods in addition to development in molecular biology methods facilitate
studies of ever more complex systems.

Especially the introduction of isotopic labeling schemes, which enable hete-
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Figure 2.1: Peptide bond structure with scalar coupling constants given in Hz. m
indicates methyl group.

ronuclear triple resonance experiments has altered the possibilities of answer-
ing interesting biological questions. Overlap problems in homonuclear methods
are hereby circumvented by separating the signals into independent dimensions
which yield higher signal dispersion. Triple resonance experiments rely solely
on one- and two-bond scalar couplings for coherence transfer. These couplings
are largely independent of protein conformation, in contrast to the three-bond
scalar couplings required for homonuclear spectroscopy. Sequential assignment
is feasible in unambiguous manners using the redundant information provided
by the independent coherence transfer pathways.

The scalar coupling constants used for magnetization transfer in the peptide
backbone are indicated in Fig. 2.1 along with some of the scalar coupling con-
stants measured in Articles III and IV. The relatively large magnitudes of 1J and
2J coupling constants ensure effective coherence transfer which is particularly
favorable for larger proteins.

The sensitivity of triple resonance experiments becomes problematic for high
molecular-weight systems, ∼ 30 kDa and above, due to increased transverse re-
laxation rates R2 = 1/T2. Relaxation times T2 can be prolonged substantially
using deuterated samples and hereby enable studies of larger biological systems.
The main source of relaxation, the dipole-dipole relaxation between protons di-
rectly bound to carbon or nitrogen spins, is scaled by a factor of 0.02, due to the
much smaller value of the deuterium gyromagnetic ratio. In addition, proton
spin diffusion is drastically limited for fully or even partly deuterated samples
(Sattler and Fesik, 1996). The procedure has some drawbacks though. Unfold-
ing and refolding of deuterated proteins may be necessary for H/D exchange
to occur for amide protons buried in the hydrophobic core of the protein. In
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addition, deuteration is mostly beneficial for backbone assignment experiments
since the proton density in side chains is lowered by fractional deuteration. Most
importantly, random fractional deuteration cause 2H isotope shifts leading to
significant linebroadening which counterbalances the improved sensitivity and
resolution.

The problem of increasing linewidth due to slower molecular tumbling with
increasing molecular size is partly alleviated by exploiting the TROSY effect
(Pervushin et al., 1997). This technique selects the most slowly relaxing spin
multiplet where the chemical shift anisotropy (CSA) and dipole-dipole (DD)
interactions counterbalance each other. TROSY is close to optimal for NH moi-
eties where the principal symmetry axis of the CSA tensor is almost parallel to
the N-H dipole vector. Although the size of the 1H CSA is ca. 10 times smaller
than the 15N CSA in NH, this is balanced by the higher gyromagnetic ratio.
Thus TROSY linenarrowing is effective in both dimensions for similar magnetic
field strengths, which happen to be optimal around 1 GHz Larmor frequency.
The TROSY effect is most pronounced when combined with deuterated pro-
teins since remote protons account for 95% of the residual transverse relaxation
of amide 1H and 75% of residual transverse relaxation on 15N (Permi and An-
nila, 2004). TROSY pulse elements have been incorporated into all important
triple-resonance experiments for sequential assignment (Salzmann et al., 1998).
Additional spectral simplification for studying high-molecular weight systems
can be achieved by specific labeling, in particular of methyl groups, as dis-
cussed in Chapter 4.1. The specific labeling methods can be combined with
methyl TROSY techniques to study side chains of large supramolecular systems
(Sprangers and Kay, 2007b).

Although the procedure of protein structure determination is well estab-
lished spectral analysis often requires a good deal of manual intervention. The
main steps towards the three-dimensional structure are outlined in Fig. 2.2 and
explained in further detail below. Importantly, not the whole structure determi-
nation process is necessarily required for characterization of protein dynamics
or studies of intermolecular interactions. The latter topic is briefly described in
the subsequent section.

2.1.1 Structure Determination

NMR is not like a microscope that would directly produce an image of a protein
with atomic resolution. Instead, the technique yields indirect information in
terms of structural restraints from which a three-dimensional structure can be
modeled. The first step in structural analysis is the resonance assignment pro-



CHAPTER 2. NUCLEAR MAGNETIC RESONANCE 10

Structure refinement

N aa bbBackbone H , N, H , C , C’, (H , C )
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Restraints collection

Aliphatic and aromatic sidechains

Sequential and long-range NOEs

Structure calculations

Sequential and long-range NOEs

J couplings, RDCs, H-bonds

Simulated annealing restrained MDSimulated annealing restrained MD

Figure 2.2: Schematic indication of the main steps in the structure determination pro-
tocol for 13C,15N,(2H) labeled proteins. In automated structure calculation protocols
collection of NOE restraints and the structure determination step are combined in
iterative loops.

cess. This determines which frequency, or energy difference, corresponds to a
given nucleus in the molecule. The procedure is divided into two separate steps:
backbone and side chain assignment. Backbone assignment is rather straightfor-
ward for smaller folded proteins using uniformly double labeled samples and the
technique readily lends itself to automation. A typical set of sequential assign-
ment experiments is shown in Fig. 2.3a. All backbone assignment experiments
link the information of carbon resonances to the amide NH correlations, which
provide high resolution and resonate far from the water signal.

The most common strategy for sequential backbone assignment is to link
resonances from the intraresidue carbon and the preceding residue carbon to
the NH correlation in each amino acid. The two resonance types can be dis-
tinguished by measuring both resonances in one experiment and solely the pre-
ceding residue in a complementary experiment (Ikura et al., 1990). This is
accomplished by transferring magnetization through one- and two-bond J cou-
plings which are of similar magnitude in the case of JNCα , but very different
magnitude in the case of JNC′ , cf. Fig. 2.1. For instance, the HNCA exper-
iment correlates both intra- and interresidual Cα chemical shifts whereas the
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HN(CO)CA experiment only correlates the latter by doing a stop-over at car-
bonyl carbon where 2JNC′ is vanishingly small. Intra- and interresidue correla-
tions can subsequently be connected by sequential walk through the amino acid
sequence. Using the set of complementary experiments HNCA and HN(CO)CA,
HN(CA)CO and HNCO, and additionally HNCACB and HN(CO)CACB, ambi-
guities due to chemical shift degeneracies are overcome. In challenging cases of
partly folded structures, additional information from other coherence transfer
pathways such as intraresidual HNCA may be required (Permi, 2002a).

A series of connectivities are obtained for the HN, Hα, N, C’, Cα, and Cβ

chemical shifts from the set of backbone assignment experiments. The 13C
chemical shifts depend strongly on amino acid type and by exploiting this, it is
easy to align the spectral information to the primary sequence of the protein.
Only a few connectivities are required for each segment so problems with missing
signals and gaps in segments due to proline residues are easily resolved.

With assignment of Cα and Cβ as a starting point, the subsequent side chain
assignment proceeds one amino acid spin system at the time. This step is less
robust than backbone assignment but is a prerequisite for obtaining long-range
distance restraints. The two main approaches commonly used for recording side
chain chemical shifts are illustrated in Fig. 2.3b. HCC(CO)NH is basically an
isotropic mixing extension of CBCA(CO)NH whereas HCCH-TOCSY detects
the aliphatic protons after shuffling the magnetization along the side chain. Both
variants employ 13C-13C TOCSY transfer for effective coherence transfer linking
connectivities throughout the side chain. For small proteins COSY transfer in-
stead of TOCSY transfer sometimes yields complementary information in cases
of missing signals.

High spectral resolution, good sensitivity, and unequivocal spectral inter-
pretation along with effective water suppression are the main requirements for
side chain assignment experiments. Water suppression is especially important
in HCCH-TOCSY. It is effectively achieved by pulsed field gradients combined
with coherence order selective coherence transfer (COS-CT) to retain the high-
est possible sensitivity (Sattler et al., 1995a). Problematic signal overlap can be
circumvented by extending the spectral editing to four dimensions. Applying
COS-CT throughout a 4D HCCH-TOCSY experiment unfortunately results in
undesired multiple-bond correlations and special attention is required to avoid
their generation without sacrificing too much sensitivity.

The HCC(CO)NH experiment is favorable to HCCH-TOCSY for the small-
est proteins since assignment is performed more conveniently by linking side
chain resonances to NH correlations directly. Obtaining sufficient sensitivity is
nevertheless problematic due to extensive coherence transfer steps which limit
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applications to proteins larger than 15-20 kDa. The HCCH-TOCSY experiment
is more sensitive and thus applicable to higher molecular weight proteins, but
the corresponding spectrum is rather tedious to assign due to the low acquired
resolution. Furthermore, the side chain assignment process becomes less sus-
ceptible to automated analysis with increasing protein weight. Thus thorough
manual analysis of the spectra is often required and this currently constitutes a
major bottleneck for rapid protein structure determination. Although the prob-
lems can be alleviated to some extent by deuteration or specific labeling, this
requires more laborious procedures in the protein production. By using methyl
targeted HCCmHm-TOCSY experiments it is feasible to extend the size-range
of double labeled proteins amenable for structure determination. This is demon-
strated in Article I where a set of 3D and 4D experiments enabling unambiguous
assignment of methyl-containing residues is presented. The two types of side
chain experiments are compared in Chapter 4.1.1 along with a description of
the noted extension of HCCH-TOCSY methodology.

Structural restraints With the assignment in hand, the subsequent step in
the structure determination process is collection of restraints for the structure
calculation. A good deal of structural information is already available from
the chemical shifts, for instance, the secondary structure of proteins can be
predicted since Cα, Hα, Cβ and C’ chemical shifts depend on backbone con-
formation (Wishart and Sykes, 1994). Also dihedral angles can be estimated
directly from chemical shifts by comparison with the ones from a database of
protein structures. Recently, exciting developments have demonstrated the pos-
sibility of determining protein structures using backbone chemical shifts as sole
experimental restraints (Cavalli et al., 2007; Shen et al., 2008). The structural
resolution is, however, lower than that which is conceivable by conventional
methods and the procedure is limited to small proteins.

The by-far most important restraint for determining overall protein fold is
the distance information contained in the nuclear Overhauser effect (NOE). The
NOE arises due to dipole-dipole cross relaxation and therefore scales by the in-
verse sixth power of the distance between two spins. Application of NOEs as
distance restraints is complicated by spin diffusion and the nonlinear depen-
dence of cross relaxation rates in the crosspeak intensity for long mixing times.
Distance separations can only be obtained semi-quantitatively and NOEs are
instead grouped into categories based on intensity with upper bound separa-
tion. NOEs are obtained from NOESY spectra which usually are incorporated
into HSQC type pulse sequences such as 3D NOESY-HSQC or 4D 15N-13C
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edited HMQC-NOESY-HMQC (Griesinger et al., 1989; Kay et al., 1990a). The
vast majority of long-range 1H-1H NOEs are found in methyl-containing and
aromatic residues. A high degree of assignment of these residues is therefore
essential for obtaining a sufficient number of distance restraints. The precision
of structure determination is highly related to the number of unambiguous NOE
restraints obtained with 20-25 restraints required per residue for obtaining the
highest possible resolution. The NOESY peaks are assigned automatically in
an iterative process during the initial phase of the structure calculation process.

Scalar coupling constants, RDCs, and amide proton-solvent exchange rates
are the most common restraints to complement the local structural informa-
tion contained in chemical shifts and long-range information in NOE restraints.
Three-bond scalar coupling constants 3J depend on the dihedral angle formed
by the covalent bonds according to the Karplus relation

3J = A cos2 θ +B cos θ + C, (2.6)

where A, B, and C are semiempirically determined constants dependent on the
nuclei involved in the bond. Also one- and two-bond scalar coupling constants
correlate to some extent with protein conformation. Since these coupling con-
stants are needed to determine the corresponding RDCs their use in structure
determination is expected to become more widespread than hitherto. Neverthe-
less, scalar couplings seldom find application for standard structure determina-
tion since dihedral angle geometry is easily obtainable by comparing chemical
shifts and sequence homology to a database of assignments and high-resolution
structures (Cornilescu et al., 1999).

Hydrogen bond restraints are important for the conformation and precision
of the final structure. In favorable cases scalar coupling constants over hydro-
gen bonds can be observed to identify hydrogen bond restraints (Dingley and
Grzesiek, 1998). Similar information is obtainable from 1HN solvent exchange
rates but less ambiguously and without information of the acceptor group for
the hydrogen bond. H/D exchange rate restraints are either obtained from sat-
uration transfer experiments or by following the reduction in 1HN intensities
after transferring the protein from H2O to D2O (Forsén and Hoffman, 1963;
Koskela et al., 2007). Slow exchange rates indicate that the amide proton may
be involved in a hydrogen bond.

Residual dipolar couplings provide structural information relating bond vec-
tor orientations as well as report on protein dynamics (Prestegard et al., 2000).
In isotropic solutions the dipolar coupling interaction is effectively averaged to
zero due to Brownian motion. However, by introducing a weak anisotropy in the
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sample a small fraction of the dipolar coupling effect can be obtained without
obscuring the spectral quality (Tjandra and Bax, 1997). Weak alignment can
be induced by steric or electrostatic effects from e.g., bicelles, bacteriophages,
or polyacrylamide gels, and the degree of alignment is tunable by varying con-
centration or gel stretching.

The advantage of RDCs is that, in addition to constraining local geometry,
RDCs also contain global ordering character as they restrain all bond orien-
tations relative to a common principal axis system. This allows for local and
long-range structure refinement and validation. For refinement purposes, RDCs
are incorporated into molecular force fields to tighten dihedral geometry and
improve Ramachandran plots by orienting the bond vectors in accordance with
the RDCs. In addition, RDCs may be used as indicators of protein dynamics.
They are particularly attractive for filling the gap between the ps-ns and ms
timescales unobservable by conventional relaxation measurements (Tolman and
Ruan, 2006). Incorporation of the average angular dependence of RDCs in de-
termination of structure and dynamics is, however, far from straightforward due
to a high degree of degeneration. Data interpretation is further complicated as
the information is a convolution of structural and dynamical contributions.

A minimum of five independent RDCs per domain are required to disen-
tangle the angular dependency of RDC restraint towards the alignment frame
and additional RDCs are needed to extract dynamical information. In this re-
spect, the tetrahedral coordination of the Cα nucleus is superior to the peptide
plane since the planarity of the peptide bond makes the RDCs from this site
intrinsically susceptible to redundancies. The Cα site can also be beneficial for
proteins that require relatively high pH solvent conditions, since amide protons
are amenable to fast exchange rates with water under those conditions. When
several RDCs are required from both the amide and aliphatic parts of the amino
acids, it is advantageous to measure them simultaneously. This also ensures an
equal effect of alignment fluctuations on the various couplings. Two new meth-
ods for measuring scalar and residual dipolar couplings featuring these qualities
are presented in Articles III and IV.

Structure calculation Data obtained from NMR spectroscopy does not uni-
quely define the three-dimensional structure of a protein. The experimental
restraints are ranges of allowed parameter values and as such not applicable to
a single protein conformation. The objective of the structure calculation is to
find the coordinates for the atoms that satisfy the input restraints. A range of
conformations are compatible with the input restraints. The structure calcula-
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tion is therefore repeated many times to find an ensemble of structures which
are consistent with the NMR restraints, either for individual conformations or
for the whole ensemble. The experimental restraints are supplemented by chem-
ically imposed restraints, such as covalently allowed bond lengths and angles,
and chirality, when fed into structure calculation programs.

Structure calculations are commonly conducted by molecular dynamic sim-
ulations with the restraints incorporated as weighted penalty terms in the force
field energy function. Global fold conformation is searched for by performing
simulated annealing with simplified force fields at initially high temperatures
and slowly lowering the temperature of the protein during the calculations. The
resulting conformations are refined using complete force fields and inclusion of
solvent models. The procedure is repeated to obtain an ensemble of low-energy
protein conformations. Structure calculations can be combined with automatic
analysis of NOESY spectra in an iterative manner, which dramatically speeds
up the time-consuming structure determination process (Güntert, 1998).

Computational analysis of NMR spectra is conceptually simple, but noisy
and sparse data cause difficulties in the automation process. A low signal-to-
noise ratio makes peak identification cumbersome and spin diffusion complicates
the determination of NOEs. Errors in assignment easily propagate through
the data analysis and make subsequent analysis harder, a problem which also
holds for manual analysis. Current structure determination protocols are robust
and can be fast for small proteins, but for larger proteins spectral analysis is
still complicated. Methodological advances for overcoming this problem are
continuously pushing the limits of protein structure determination by NMR
spectroscopy.

In addition to structure determination, NMR spectroscopy makes a unique
contribution to structural biology by providing detailed information on macro-
molecular dynamics on a broad span of time scales (Palmer, 2004). The dy-
namical effects can be incorporation into the structure determination process
for accurate description of conformational fluctuations. This holds promise for
improving our understanding of biological functions such as enzymatic recogni-
tion, conformational selection and structural flexibility (Lindorff-Larsen et al.,
2005; Boehr et al., 2006; Lange et al., 2008).

2.1.2 Intermolecular Interactions

A great part of protein functionality arises from specific interactions with differ-
ent types of ligands, including RNAs and other proteins. The binding interaction
can either inhibit or promote a biological process by changing the conformational
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energy landscape or surface electrostatic properties. The exquisite sensitivity
of chemical shifts makes NMR spectroscopy a versatile method for determining
molecular interactions (Takeuchi and Wagner, 2006). In comparison to other
assays for studying protein activity or binding, the NMR techniques are fast
and sensitive to weak changes induced in a protein when a ligand binds.

If the ligand is tightly bound to the protein target it is possible to determine
the structure of the complex at atomic resolution. This is achieved by similar
means as described above with additional filtering experiments incorporated
to separate intermolecular NOEs from intramolecular NOEs. A much faster
approach is suitable for screening ligands for binding activity and to identify
interaction sites in the weak binding regime. This is commonly studied by
following perturbations in chemical shifts upon ligand titration.

Signals showing chemical shift changes are commonly assumed to be located
near the binding interface. The results are, however, often difficult to interpret
conclusively due to overlap or missing peaks. Most importantly, chemical shift
perturbations alone do not reveal whether the change stems from conformational
changes caused by the proximity of the ligand or second order effects, such
as reorientation of nearby aromatic ring. In addition, backbone amide sites
are hydrophilic and, therefore, frequently not located on the intermolecular
interfaces.

A possible remedy for these issues is to map interfaces in protein-ligand com-
plexes by saturation transfer difference NOE experiments (Meyer and Peters,
2003). Alternatively, the binding interface can be resolved by cross-saturation
transfer (Takahashi et al., 2000). This technique is less equivocal, but requires
cumbersome sample preparation due to the requirement of deuteration. Many of
the ambiguities for chemical shift perturbation studies are overcome less elabo-
rately by tracking changes in amide backbone and methyl side chain correlations
simultaneously. Article II describes new experiments which are optimized to this
end.

Protein-ligand interaction studies are mostly performed with isotopically
enriched proteins whereas the ligand is nonlabeled. To determine the unknown
structure of ligands at natural abundance isotope levels, small molecule NMR
techniques are used. Spectroscopic methods for this purpose are described in
the following section.
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2.2 Small Molecule NMR

The diversity of small biomolecules, such as carbohydrates and lipids, involved
in cellular processes is astronomical. The molecules play essential roles in recog-
nition processes, energy storage, and disease development, to name just a few
functions. The detailed molecular mechanisms of these events are still poorly un-
derstood. Understanding how the functions are imparted through interactions
with proteins requires analysis of molecular structure and dynamics. NMR spec-
troscopy is used intensively for this purpose. Along and in combination with
mass spectroscopy NMR spectroscopy provides unique methods for structure
determination of small biomolecules such as carbohydrates and natural prod-
ucts (Duus et al., 2000; Fukushi, 2006). In addition, the information richness of
the technique also makes NMR spectroscopy the method of choice for structure
verification of products in the organic synthesis laboratory.

For small molecule studies isotope labeling may either not be necessary or
even feasible. The latter is typical in the case of lipids and carbohydrates where
no over-expression mechanism is available. The natural abundance level of 13C
and even 15N allows for correlating protons to a single heteronucleus when suffi-
cient sample amounts are available, but correlating several heteronuclei is rarely
feasible for biomolecules. Thus alternative spectroscopic techniques than those
used for protein NMR spectroscopy are required. The more diverse building
blocks and assembly possibilities of carbohydrates and lipids than for proteins
significantly complicate spectral analysis. The final target of structure deter-
mination is therefore different. While the primary structure is always known
when studying proteins, often the task for small molecule NMR studies is to
determine the covalent connectivities in order to solve the unknown structural
composition.

Standard one-dimensional 1H and 13C techniques are still the most com-
monly used experiments due to the sample concentration requirements and the
spectral simplicity of the molecules in question. In principle, all the necessary
structural information is often present from the one-dimensional spectra, but
due to resonance overlap and complex coupling patterns the interpretation may
be too complicated. Assistance to alleviate this problem is achievable from a
quantum chemical spin system fitting to the spectrum. This is also useful for
verifying spectral interpretations by comparing the experimental and the theo-
retically predicted spectra (Laatikainen et al., 1996). A long standing goal for
small molecule NMR spectroscopy is automated structure determination with-
out the interference of the scientist. This is feasible in the case of simple struc-
tures and for pure samples by comparing experimental data to spectral libraries
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and theoretical spectral predictions, but in most cases some interpretation is
required by the spectroscopist.

For manual spectral interpretation more unambiguous structure determina-
tion is obtainable from two-dimensional homo- and heteronuclear experiments.
The standard package for structure determination of unlabeled biomolecules in-
cludes classical experiments such as COSY, TOCSY, and NOESY (Aue et al.,
1976; Braunschweiler and Ernst, 1983; Kumar et al., 1980). For obtaining one-
bond heteronuclear correlations HMQC or HSQC experiments are indispens-
able (Bodenhausen and Ruben, 1980). Combinations of these experiments with
homonuclear experiments, such as HSQC-TOCSY and HSQC-NOESY, are use-
ful for assigning and connecting spin systems (Kövér et al., 1998). Pulsed field
gradient enhanced versions of the experiments ensure efficient artifact and sol-
vent suppression. This enables the experiments to be acquired using low sam-
ple concentrations. In addition to information based on chemical shifts and
correlation connectivities, also scalar coupling constants are vital restraints for
determining stereochemistry and conformation specificity.

An essential part in structure elucidation of unlabeled biomolecules is ob-
taining heteronuclear correlations over several bonds. For instance, the anten-
nary structure of oligosaccharides makes linking sugar residues over the glyco-
sylic bond crucial. A key experiment for this purpose is HMBC, which yields
multiple-bond correlations using the nJCH couplings (n ≥ 2) for coherence trans-
fer (Bax and Summers, 1986). For discriminating between correlations over
two-bond from three-bond correlations or higher the H2BC experiment is most
helpful (Nyberg et al., 2005).

While the intensities of direct 13C-1H correlations are rather equal, signal
intensities in long-range correlation experiments are lower and less uniform.
To avoid overlap and allow for spectral simplification in long-range correlation
experiments it is worthwhile to suppress one-bond correlations. A convenient
implementation to this end is the Low Pass J Filter (LPJF) which suppresses
magnetization arising from protons directly bound to 13C (Kogler et al., 1983).
The pulse element is based on matching the relatively large 1J coupling to
a magnetization transfer delay and subsequent purging of antiphase magneti-
zation. Nevertheless, even with exact LPJF matching, one-bond correlations
often occur in HMBC spectra. This causes resonance overlap and renders spec-
tral interpretation less equivocal. The origins of these artifacts are analyzed in
Article V and a method for their suppression without compromising sensitivity
is devised. Details on this experiment are given in Chapter 4.

Although spectral analysis of small molecules is often routine procedure, pro-
vided the sample is pure and sufficiently concentrated for recording 2D experi-
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ments, it is still challenging to study mixtures of compounds, such as metabolic
products. The widespread use of NMR techniques and continuous challenges in
spectral analysis of new products makes the effort of improving existing tech-
niques by pulse sequence design worth pursuing.



Chapter 3

Aims of Study

The aim of this study is to improve modern NMR spectroscopic methods in order
to facilitate structural and interaction studies of biomolecules, in particular
proteins. This is achieved by designing pulse sequences targeted to overcome
problematic issues related to resonance overlap, low spectral resolution, and
incomplete spectral filtration.

Article I describes pulse sequences aimed at increasing the size range of
13C,15N labeled proteins amenable to side chain assignment. This is achieved
by extending the spectral editing of methyl targeted HCCH-TOCSY experi-
ments to four dimensions while retaining high sensitivity. In addition, methods
are devised to circumvent artifact generation that arises whilst increasing the
number of spectral dimensions. The introduced methodology is a cost-effective
approach for proteins in the range of 15-35 kDa and readily lends itself for
automated assignment procedures.

Optimal sensitivity for detection of methyl-containing residues is also the fo-
cus in Article II, where enhanced methods for simultaneous detection of amide
and methyl correlations are presented. The aim is to maximize sensitivity within
a given measurement time when both correlation types are monitored. The
method provides less ambiguous binding epitope mapping data and represents
a powerful approach for ligand interaction screening by using cost-effective ran-
dom fractional 13C labeling.

Simultaneous detection of aliphatic and amide correlations is applied for the
study of Article III as well. Here a convenient and accurate method is introduced
for simultaneous measurement of several scalar coupling constants and RDCs
in small proteins. If the protein is dissolved in D2O or requires high pH solvent

21
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conditions, conventional detection of amide protons is no longer feasible. A set
of HCACO experiments for measuring scalar and residual dipolar couplings is
presented in Article IV to circumvent this problem. The methodology is also
favorable in applications with proline-rich proteins.

Finally, the purposes of the small molecule NMR study are to trace the
origin of one-bond correlation artifacts in HMBC spectra and devise means to
overcome the problem. Strong coupling effects are numerically and analytically
shown to be the root cause of the artifacts. An effective approach for the artifact
suppression is proposed and experimentally verified in Article V.



Chapter 4

Applications

4.1 Methyl Targeted Experiments

Methyl-containing amino acids are hydrophobic and, along with aromatic amino
acids, form the cores of folded proteins. Ligand-binding sites are often local-
ized in hydrophobic cavities formed by methyl groups, which also provide sites
for many enzymatic reactions. Methyl groups are particularly valuable from
a protein structure determination perspective as they provide the majority of
long-range NOE connectivities. In addition, methyl groups are important probes
of dynamical information and for studying protein-ligand interactions even in
large complexes.

Experiments designed for detecting methyl resonances are attractive for sev-
eral reasons. First of all, the magnetic equivalence of methyl protons due to
rapid rotation results in high sensitivity. Secondly, the methyl correlations are
more dispersed than the rest of the aliphatic carbons. In addition, methyl car-
bon and proton transverse relaxation rates are dominated by 1H-1H and 13C-1H
dipole-dipole interactions whereas the effect of 13C chemical shift anisotropy on
relaxation is small. Also proton spin flips contribute to relaxation, but as the
methyl group rotates rapidly about its symmetry axis, transitions that con-
tribute to methyl crosspeaks are generally long lived. Finally, since methyl
groups are located in the side chain peripheries they are most often dynamic
which in turn leads to slower relaxation rates. All these favorable properties
enable extensive spin manipulations and results in high resolution 13Cm-1Hm
correlation spectra.

23



CHAPTER 4. APPLICATIONS 24

A great number of pulse sequences has been designed for achieving optimal
resolution for methyl correlation in especially HSQC-NOESY type experiments
(Diercks et al., 1998; Zwahlen et al., 1998). The relatively slow relaxation rates
and high crosspeak dispersion make methyl groups particularly favorable for
studying high molecular weight proteins. However, transverse relaxation rates
rapidly increase when protein size increases. This impairs the necessary as-
signment of side chains including methyl-containing residues. For very large
proteins the HMQC experiment is preferable for obtaining methyl correlation
spectra since in this sequence an effect analogous to TROSY is optimal for
methyl groups. In fact, the intramethyl dipolar relaxation interactions can-
cel completely for a single resonance during multiple quantum evolution due
to destructive interference between the 13C-1H and 1H-1H autocorrelated and
cross-correlated dipolar contributions (Tugarinov et al., 2003).

Random fractional deuteration can diminish the problems of fast relaxation
rates. This approach, however, also reduces proton density and causes line-
broadening due to 2H isotope shifts. To overcome the size limitations a number
of specific methyl labeling protocols, which enable structural and dynamical
studies of very large proteins have been developed. The idea is to use uniformly
13C labeled ketoacid precursors in the protein growth media for selective methyl
protonation in an otherwise deuterated background. An example of such label-
ing scheme for Leu, Val and δ1-Ile is shown in Fig. 4.1a. This labeling scheme
allows structural and dynamical studies of very large proteins and have enabled
the global fold determination of a 82 kDa monomeric protein (Tugarinov and
Kay, 2005). The same labeling scheme is also useful for minimizing intermethyl
relaxation interactions, which benefit the methyl TROSY effect in a similar
manner as conventional TROSY benefits from deuteration.

While specific deuteration combined with uniform 13C labeling certainly
benefit the determination of protein structure and dynamics, it may not be nec-
essary for ligand screening or interactions studies. Methyl targeted experiments
are also useful for these purposes since methyl correlations provide consider-
ably higher sensitivity than the corresponding amide correlations. In addition,
methyl-containing residues are more likely to be in close proximity of the cav-
ities where ligand binding often occurs. An approach exploiting this for high-
throughput screening is selective 13C labeling of methyl groups as shown in Fig.
4.1b (Hajduk et al., 2000). This labeling protocol is also based on ketoacid pre-
cursors, but the low degree of 13C isotopes and avoidance of specific 2H labeling
make the approach cost-effective for screening. When combined with uniform
15N labeling this labeling scheme is applicable to the NCm-HSQC experiment
introduced in Article II, even if only a small fraction of methyl carbons is 13C
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Figure 4.1: Selective labeling schemes for methyl groups. All carbons are 13C labeled
in a while asterisks indicate 13C in b, c and c′. a) Methyl proton labeling scheme
with uniform 13C isotopes and deuterated background (Tugarinov and Kay, 2003).
b) Methyl selective 13C labeling suited for screening of protein-ligand interactions
(Hajduk et al., 2000). c) and c′) 10% Random fractional labeling for stereospecific
assignment (Neri et al., 1989). pro-R methyl correlations from Leu and Val (c) appear
as doublets while the pro-S counterparts (c’) appear as singlets since there is no 13C-
13C coupling.

labeled.
An attractive labeling alternative for the NCm-HSQC experiment described

in Article II is to use random fractional labeling with 10-20% level of 13C iso-
topes (Neri et al., 1989). Random fractional labeling is based on a mixture of
uniformly 13C labeled and unlabeled glucose for biosynthetic protein production.
The metabolic pathways result in isotope labeling for Leu, Val, and Ile residues
as depicted in Fig. 4.1c and c’. In addition to being valuable for studying protein
interactions, this labeling protocol is also useful for stereospecific assignment of
methyl groups, a step which significantly improves qualities of structures. If
a 15N labeled sample is produced for assessing spectral quality or for ligand
titration studies, it can be worthwhile to include 10% fractional 13C labeling.
This enables recording of the most sensitive backbone experiments for check-
ing structure determination possibilities and the additional costs are relatively
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low. While the methyl selective labeling scheme is more attractive for high-
throughput screening purposes, random fractional labeling is more widespread
in research laboratories since it is required for stereospecific assignment pur-
poses.

The labeling schemes for specific methyl protonation in an otherwise deuter-
ated background and the pulse sequences developed in this context are pushing
the size limits of systems feasible for NMR studies. Notwithstanding the as-
sets of the method, it is desirable to be able to use uniformly double labeled
sample whenever it is possible. This circumvents the time-consuming and often
costly production of more elaborate labeling schemes. In addition, it does not
require protein refolding which is occasionally necessary in deuterated samples
for complete amide proton back substitution.

4.1.1 Side Chain Assignment by HCCmHm-TOCSY

Side chain assignment is essential for protein structure determination, but is
often a limiting step. The procedure can be time-consuming and is less auto-
mated than backbone assignment. There are two main assignment strategies
for side chain assignment, HCC(CO)NH and HCCH experiments, cf. Fig. 2.3.
The HCC(CO)NH-TOCSY experiment provides excellent resolution by linking
the side chain resonances to the 15N-1H correlation of the preceding residue
(Montelione et al., 1992; Grzesiek et al., 1993). Solvent suppression is unprob-
lematic in this method since the amide protons resonate far from the water
signal. However, the inherent sensitivity of the experiment is low and there are
no direct 1H-13C connectivities in the 3D versions of the experiment. Signifi-
cantly better sensitivity is provided by the HCCH-TOCSY experiment where
assignment is facilitated from the direct connectivities (Fesik et al., 1990; Bax
et al., 1990). Nonetheless, this experiment can be tedious to analyze due to
low resolution. Combinations of the two experiments are most likely to yield
complete assignment for small proteins.

The NH-detected HCC(CO)NH-TOCSY is more sensitive when applied to
larger, deuterated proteins, where the experiment benefits from the TROSY
effect. Nonetheless, deuteration leads to lower proton density and longer T1

relaxation times. In addition, for large proteins the carbonyl CSA relaxation
is prohibitively fast at the highest fields necessary for TROSY linenarrowing.
To circumvent the need for deuterium labeling or expensive selective methyl
protonation it is desirable to use double labeled samples whenever feasible. A
powerful strategy for proteins of mid-range size (∼15-35 kDa) is represented
by the 4D HCCmHm-TOCSY experiments for methyl-containing side chain
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assignment introduced in Article I.
The HCCmHm-TOCSY pulse sequences are derived from the conventional

HCCH-TOCSY versions, but are targeted specifically to methyl-containing re-
sidues for the purpose of achieving high resolution and sensitivity within one
experiment. This allows to overcome some of the drawbacks of the conventional
side chain assignment strategies. By detecting only the slowly relaxing methyl
groups it is possible to apply a long constant-time (CT) period for methyl fre-
quency labeling which is key to achieve high resolution (Uhŕın et al., 2000a;
Permi et al., 2004). During the CT period proton spin flip induced relaxation is
quenched by proton decoupling. In contrast to the conventional HCCH-TOCSY
approach, the relatively small signal width of methyl carbons results in a low
number of points required for long acquisition times. Moreover, the need for
substantial spectral aliasing in 4D experiments is overcome. In extent to the
degeneracy of methyl protons high sensitivity is obtained by optimizing po-
larization transfer to I3S multiplicities and applying COS-CT throughout the
sequence for optimal combination with pulsed field gradients. The latter is espe-
cially efficient in combination with TOCSY isotropic mixing, since this transfer
is inherently coherence order selective, and thus leads to signal loss if amplitude
modulated data are recorded.

Schematically the coherence transfer in the 4D version of the HCCmHm-
TOCSY pulse sequences is

1H(SCT−t1)
1JCH−−−→ 13C(t2)

1JCC TOCSY−−−−−−−−−−→

13Cm(CT−t3)
1JCH3−−−−→ 1Hm(t4) (4.1)

where CT and SCT denote constant-time and semi-constant-time, respectively.
In the 3D H(C)CmHm-TOCSY experiment the frequency labeling period prior
to the TOCSY mixing period is omitted.

The high resolution warranted by the HCCmHm-TOCSY experiment facil-
itate assignment of the resulting spectra. Only a small signal range is browsed
to link the methyl resonances to the Cα, Cβ , Hα, and Hβ resonances that are
available from the backbone assignment. The complete view of all resonances in
each side chain spin system provided by the 4D experiment variants makes the
assignment unambiguous. This is in contrast to 3D HCCH-TOCSY where many
methyl resonances often cannot be assigned due to poor resolution in both indi-
rect dimensions and poor dispersion of 1Hα,13Cα and 1Hβ ,13Cβ crosspeaks. For
instance, by resolving into four spectral dimensions the likely resonance overlap
of Thr residues is circumvented.
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The sensitivity of the HCCmHm-TOCSY experiments is excellent and allows
for data acquisition using only a single scan per free induction decay (FID),
especially when recorded on a spectrometer equipped with cryogenically cooled
probehead. The methyl signals resonate far from the water, thus even a two step
phase cycle for cancellation of residual solvent signal is not required. This serves
well in combination with the 4D versions of the experiment to keep experimental
time at levels comparable to many 3D experiments. If the experimental time is
limiting, it would, in principle, be possible to apply nonlinear sampling methods.
This approach would be beneficial as sensitivity is not the limiting issue of the
experiment.

The superior sensitivity of the HCCmHm-TOCSY experiments in compar-
ison to HCC(CO)NH-TOCSY is demonstrated in Fig. 4.2. It is illustrated
for coactosin (16 kDa) with the (H)CCmHm-TOCSY spectrum recorded at
15◦C in D2O where the rotational correlation time of coactosin is τc = 14.5
ns. This corresponds to a 30 kDa protein in H2O at room temperature. The
(H)CC(CO)NH-TOCSY spectrum was recorded at 800 MHz frequency and in
H2O at 25◦C where coactosin’s correlation time is τc = 10 ns. A similar sen-
sitivity difference can be anticipated between the H(CCCO)NH-TOCSY and
H(C)CmHm-TOCSY experiments and in the 4D versions of the experiments.

Although the assignment strategy is demonstrated here for a relatively small
protein of 16 kDa molecular weight, it is also applicable for considerably larger
proteins. Indeed, a closely related approach using multiple quantum coher-
ence evolution for the first carbon dimension in a 3D (H)CCmHm-TOCSY ver-
sion has been demonstrated to provide almost complete assignment of methyl-
containing residues in double labeled 42 kDa Maltose Binding Protein (MBP)
(Yang et al., 2004). In combination with 4D 13C,15N-edited NOESY this has
proved a powerful strategy for structure determination of large proteins without
deuteration (Xu et al., 2006).

In addition to facilitate manual assignment, the excellent resolution of the
4D HCCmHm-TOCSY experiments allows for improved automated side chain
assignment. In the potentially challenging cases of isoleucine and leucine assign-
ment two methyl signals are detected within the same residue and the redundant
information enables cross-validating ambiguities. A robust computer aided im-
plementation of the side chain assignment would help to overcome one of the
major bottlenecks encountered in protein structure determination.

The four dimensional extensions of HCCmHm-TOCSY experiments to im-
prove resolution can also be incorporated into general HCCH-TOCSY side chain
assignment experiments by including COS-CT throughout the pulse sequence.
Implementing an additional dimension with gradient coherence selection into the
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Figure 4.2: Comparison of (H)CC(CO)NH-TOCSY and (H)CCmHm-TOCSY spectra.
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strips are from Ile123 in 0.8 mM coactosin dissolved in D2O at 15◦C recorded at 600
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TOCSY. The total experimental time was 16 h for (H)CCmHm-TOCSY and 23 h for
(H)CC(CO)NH-TOCSY.
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double sensitivity enhanced versions of HCCH-TOCSY (Sattler et al., 1995a)
would significantly improve sensitivity and solvent suppression in comparison
to previously suggested 4D experiment variants (Olejniczak et al., 1992).

We tested this type of experiment but found the performance of the methyl
targeted counterpart to be superior. A concern with the extension to 4D in con-
ventional HCCH-TOCSY experiments was the occurrence of COSY-type corre-
lations. These are crosspeaks between 13C and 1H two-bonds away which arise
due to evolution of JCC couplings during the mixing steps. This problematic
issue is demonstrated in Fig. 4.3 which shows excerpts from 4D HCCH-TOCSY.
The illustrated spectra were acquired with a pulse sequence featuring COS-CT
in the final two indirect dimensions. Also a triple sensitivity enhanced pulse
sequence variant was tested with similar results with respect to COSY peaks.
The intensity of the COSY peaks (indicated by asterisks in Fig. 4.3) is substan-
tial and occasionally higher than that of the direct correlations, as in the case
of L100δ2. Although the COSY peaks also arise in the methyl targeted exper-
iments in connection with triple sensitivity enhancement, they can be purged
by alternative coherence transfer in the mixing period between t1 and t2 as
described in Article I. In contrast, due to real time chemical shift evolution
in the second 13C dimension, COSY correlations are not purged using INEPT
between the first two indirect dimension as evident from Fig. 4.3. In addition
to COSY peaks causing spectral complications, the large 13C spectral width in
HCCH-TOCSY requires substantial folding in both 13C dimensions in order to
maximize resolution and minimize experimental time. Even though this usu-
ally does not cause spectral overlap it renders spectral analysis cumbersome.
Furthermore, efficient water suppression is more critical than is the case where
only methyl protons are detected. A minimum of two scans per FID is therefore
required.

The unambiguous assignment provided by the HCCmHm-TOCSY experi-
ments can be supplemented by conventional side chain assignment experiments
for proteins in the midrange size interval (up to 30 kDa). For larger monomeric
proteins complete assignment of all side chains is unlikely to be feasible with
double labeled samples. However, as the methyl groups provide the majority of
long-range NOE connectivities it is possible to determine global fold of larger
proteins using only methyl and amide distance restraints, as in the case of selec-
tive methyl protonation in deuterated background. The resolution obtainable
from this approach is substantially higher than the ∼6 Å resolution obtained
from completely deuterated samples.

For ligand screening or other interaction studies complete structure determi-
nation may not be intended. Nevertheless, methyl groups constitute vital parts
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Figure 4.3: Spectral excerpts from a preliminary version of 4D double sensitivity
enhanced HCCH-TOCSY. The F1-F2 (1H-13C) planes of two representative residues
are shown for direct comparison with the methyl optimized counterpart in Fig. 4a-d of
Article I. COSY type peaks are marked with asterisks. The Cα region and a part of the
methyl region are folded onto the 13C axis and appear with negative contours (blue).
The gray-scaled signals are due to incompletely suppressed buffer. The spectra were
acquired on a 0.8 mM sample of coactosin (16 kDa) dissolved in D2O. The experiment
is conceptually similar to the pulse sequence in Fig. 32b of Sattler et al. (1999) but
extended with an additional dimension. Two scans were recorded per increment with
32, 20, 20, 512 points in dimensions 1-4, respectively. This corresponds to 7.8, 5.2,
5.2, and 51.1 ms of acquisition times, resulting in a total measurement time of 62 h.
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of ligand binding sites which can be exploited to study how proteins change in
response to ligand binding. Methyl correlations are also useful for characteriz-
ing the dynamical properties of proteins, which are likely to be important for
protein function. Assignment of methyl carbon and proton chemical shifts is
required for these purposes. The experiments introduced in Article I provide
swift and unambiguous means to obtain this. Methods for exploiting methyl
correlations for ligand-protein interaction studies are described in the following
section.

4.1.2 Epitope Mapping by Time-Shared NCm-HSQC

Protein-ligand interactions play vital roles for the biological function of biomole-
cules. Identification of binding interfaces in protein complexes provide valuable
information for rational design of functional molecules with numerous applica-
tions in drug development. The specificity for molecular interactions is one of
the forces of NMR spectroscopy beyond structure determination. Especially,
binding epitope mapping by following the perturbations in chemical shifts upon
ligand titration constitute an attractive way of performing functional assays.
This is highly useful from a drug discovery point of view for screening of low-
affinity ligands (Shuker et al., 1996). Also protein-protein interactions can be
studied in a similar manner with only one of the proteins being isotopically
labeled.

The changes in protein chemical shifts induced by the ligand are commonly
monitored using 15N-1H HSQC or TROSY experiments. This approach allows
good signal dispersion, high sensitivity and can be performed as soon as back-
bone assignment is in hand. Yet, the binding site information obtained from
amide correlation maps can be rather ambiguous since the chemical shift pa-
rameter does not differ between perturbations caused by conformational changes
near the binding site and second order changes in the shielding further away.
Moreover, it is known that molecular binding studies based on amide chemical
shift perturbations are not always in line with related information obtained from
H/D exchange studies or X-ray crystallography data of complexes. Although
most of the ambiguities can be circumvented by cross-saturation transfer tech-
niques (Takahashi et al., 2000), this procedure is so laborious sample production-
wise that it is only justifiable to large protein-protein complexes were no other
method suffices. The alternative, saturation transfer difference experiments, is
only applicable to small molecules, but can yield binding information from the
ligand’s point of view.

A likely reason for the discrepancy in the binding interface between the
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different experimental methods is that backbone amide correlations are often
not in close proximity of the epitope binding site. Ligand binding is more likely
to involve side chains located in the hydrophobic core of the protein (Hajduk
et al., 2000; Takahashi et al., 2006). Therefore it is favorable to perform epitope
mapping by monitoring the aliphatic side chain correlations. This approach is,
however, impaired by the same ambiguities with respect to second order changes
in chemical shifts. To gain more accurate binding interaction data we propose
to record both amide and methyl correlations when conducting binding epitope
mapping. A set of pulse sequences optimized to this end is described in Article
II.

Mapping aliphatic chemical shift perturbations is rather straightforward but
it requires that the protein is 13C labeled and side chain assignment has been
performed. In addition, the chemical shift dispersion of 13C is intrinsically lower
than that of 15N and considerable overlap is likely, especially for methylene and
methine moieties. The signal dispersion for methyl correlations is more favorable
than for the other side chain moieties. The magnetic equivalence of the methyl
protons results in high sensitivity, thus lower sample concentration is required
than that for recording all aliphatic correlations. Furthermore, most methyl
groups are buried within the hydrophobic core of the protein and thus more
likely to be close to binding epitope as noted above. Importantly, complete
side chain assignment is not a requirement. Instead, the necessary assignment
of methyl-containing residues is easily and unambiguously obtained using the
HCCmHm-TOCSY experiments described in the previous section.

Sample production costs are up to ten-fold higher for uniformly 13C labeled
proteins in comparison to the cost of uniform 15N labeling. Although lower sam-
ple amounts are required when monitoring methyl correlations than amide cor-
relations, resolved JCC couplings decrease sensitivity. Selective methyl labeling
in Ile, Leu, and Val residues (Fig. 4.1b) was introduced for ligand screening pur-
poses with this in mind, and the labeling scheme requires less sample amounts
than conventional amide correlation binding epitope mapping methods.

Random fractional 13C labeling (Fig. 4.1c) constitutes an alternative low-
cost approach, especially when combined with uniform 15N labeling. The signal
to noise ratio of 15N-1H and 13Cm-1Hm correlations in HSQC are similar at
around 15% of 13C labeling. At this labeling degree most spectral crowding
due to 13C-13C couplings is avoided and it favorably coincides with the labeling
degree appropriate for stereospecific assignment. The simultaneous 15N,13Cm
HSQC experiment (NCm-HSQC) is demonstrated using this labeling scheme in
Article II.

When both backbone amide and methyl correlations are measured, it is ad-
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vantageous to conduct the measurement simultaneously (Sørensen, 1990; Sattler
et al., 1995b). In principle, a gain of

√
2 in sensitivity per unit time is obtain-

able in comparison to recording the experiments separately. The gain is directly
convertible into time saving or lower sample concentration requirements.

The NCm-HSQC experiment is based on the concept of time-shared evolu-
tion. Pulses and delays are tailored to optimize both coherence transfer path-
ways without interference between the two. Additional refocusing of 1JCH cou-
plings is required to account for the different magnitudes between 1JNH and
1JCH. Since 1H pulses affect both the 15N and the 13C coherence transfer
pathways, care must be taken not to obscure the spin state selection for the
TROSY line in the NCm-TROSY version of the experiment. Furthermore, the
wider spectral width for 13C requires smaller t1 increment size than that of 15N.
These aspects lead to signal loss due to relaxation. Along with the additional
number of pulses required to obtain both coherence transfers simultaneously,
this renders the sensitivity gain somewhat lower than the theoretical maximum
of
√

2.
The parallel flow of coherences during the NCm-HSQC experiments is as

follows
1Hm + 1HN

1JCH+1JNH−−−−−−−−→ 13Cm(t1) + 15N(κt1)
1JCH+1JNH−−−−−−−−→ 1Hm(t2) + 1HN(t2) (4.2)

As alternative to the ‘sensitivity enhanced’ coherence order selective backtrans-
fer in HSQC, a TROSY backtransfer step for 15N,1H correlations is also feasible,
as described in Article II.

For methyl correlations the conventional INEPT transfer yields higher sen-
sitivity than COS-CT by a factor 1.14 (Schleucher et al., 1994). A Cartesian
backtransfer step is therefore implemented, although it requires the use of selec-
tive pulses for the methyl protons in order to avoid dephasing from the pulsed
field gradient. This is no concern with respect to unintended inversion of amide
protons since they resonate far away, but one must pay attention not to perturb
water magnetization for maximal preservation of the detected signal.

The time-shared implementation in NCm-HSQC is conceptually similar to
the SESAME-HSQC experiment described in Article III (vide infra). Yet, it
is suitable for a larger range of protein molecular weights, since there is no
constant-time implementation and only methyl correlations are detected.

The time saving afforded by the time-shared approach in NCm-HSQC is
demonstrated for both amide and methyl correlations in Article II. The benefit
of the approach is decreasing with increasing molecular size due to prolonga-
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Figure 4.4: Demonstration of time-shared NCm-HSQC spectrum of MBP in complex
with cyclodexterin recorded at 600 MHz. a) 15N-1H HSQC part. b) 13C-1H HSQC
part. Trace insets of selected resonances show the sensitivity gain obtained in com-
parison to measuring both experiments separately using the same total amount of
measurement time. The figure is modified from Supplementary material of Article II
where experimental details are given.
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tion of the pulse sequence with respect to conventional 15N and 13C HSQC
experiments. Nonetheless, a noticeable sensitivity gain can still be obtained
for many amide as well as methyl correlations in the case of 42 kDa MBP as
evident from Fig. 4.4. For large proteins, as the example demonstrated in the
figure, the spectral crowding due to JCC in Ile and pro-R sites of Leu and Val of
fractionally 13C labeled proteins can be problematic. In that case the selective
methyl 13C labeling in Ile, Leu, and Val may be more favorable due to higher
sensitivity and less spectral crowding (Hajduk et al., 2000). Although chemical
shift perturbations are monitored for fewer residues with this approach, the like-
lihood that a labeled methyl group is within close proximity of a ligand is still
higher than that for amide protons. For even larger proteins higher resolution
can be anticipated when using selective methyl carbon and proton labeling in
deuterated background in combination with 13C HMQC and 15N TROSY.

The time-shared pulse elements presented in Article II are also applicable
for NOESY experiments targeted to NH and CH3 groups (Uhŕın et al., 2000b).
When incorporated into multidimensional heteronuclear NOESY experiments
they improve sensitivity per unit time in comparison to currently available meth-
ods. The time saving afforded this way is highly desired since overall acquisition
times of these experiments tend to be prohibitively long. An application related
to NCm-HSQC for time-shared recording of 4D NOESY spectra for protonated
methyl groups in deuterated background has recently been proposed, albeit with
suboptimal sensitivity for CH3 groups (Frueh et al., 2006).

The recording of both amide and methyl correlation maps decreases ambi-
guities in binding epitope mapping data. The benefits of time-shared recording
are also applicable to experiments for measuring scalar and residual dipolar
couplings as described in the following section.

4.2 Methods for Measuring Scalar and Residual
Dipolar Couplings

Orientational restraints are important for improving the resolution of protein
structures beyond the global fold obtained from NOE distance restraints. Scalar
coupling constants contain local geometry information related to dihedral an-
gles. Three-bond J coupling constants are especially important in this respect.
The angular dependence of other coupling constants can also be parameterized
and included into molecular force fields to decrease Ramachandran plot viola-
tions. Inclusion of scalar coupling constants in structure determination is most
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applicable for backbone dihedral angles since dynamic averaging limits usage of
J couplings for side chain conformations. In addition to structure calculation re-
straints, J couplings can be used for stereospecific assignment of diastereotopic
atoms.

Alternatively, restraints based on the angular dependence of cross-correlated
relaxation rates can be exploited to give direct information on bond vector
angles without the need for parameterization (Reif et al., 1997). The relaxation
effects are manifested as differential linewidths or line intensities. Accurate
extraction of the structural parameters is, however, difficult and applications of
this technique have remained limited.

Residual dipolar couplings also contain angular and distance dependencies,
both local as well as long-range information. The latter is of particular impor-
tance in complementing NOE restraints for refined structure determination. The
most important RDCs are those arising from the backbone which find many ap-
plications in structure determination. In contrast, side chain RDCs are mainly
used in protocols that generate ensembles based on constraints that include the
effects of dynamics, such as methyl group order parameters.

There are numerous applications of RDCs in extension to force field methods
for improving dihedral geometry. For instance, protein folds have been recog-
nized on the basis of RDC patterns and complete protein models can be con-
structed from fragments with orientations based on RDCs (Annila et al., 1999;
Delaglio et al., 2000). Furthermore, long-range domain orientations obtained
from subunits can be used to construct models of macromolecular complexes
and can be combined with small-angle X-ray scattering (SAXS) data to deter-
mine structures of multidomain proteins (Mattinen et al., 2002; Grishaev et al.,
2005).

The requirement of five independent RDCs to define domain orientations
sets a need for measuring several dipolar couplings between different bond vec-
tors. Higher data accuracy is obtained by measuring additional RDCs which
also allow dynamical information to be extracted. Since the alignment tensor
depends on the given alignment medium, less degenerate RDC data is obtained
by measuring the RDCs in multiple alignment media (Bax et al., 2001).

Experiments for measuring scalar coupling constants have seen a revival af-
ter the introduction of RDCs. A variety of experiments have been developed for
measuring basically every possible short-range residual dipolar coupling (Preste-
gard et al., 2000). The RDC interaction between two spins takes the same form
as the weak scalar coupling Hamiltonian, thus the RDC contribution simply
adds to the scalar coupling splitting. RDCs are thus measured in the same way
as scalar couplings and the contributions are disentangled by measuring in both



CHAPTER 4. APPLICATIONS 38

isotropic and weakly anisotropic media. As in the case of scalar coupling ex-
periments, pulse sequence design for obtaining RDCs is focused on maximizing
accuracy and precision. There are, however, certain considerations to be noticed
when measuring in aligned media. Linewidths are increased and lineshapes ap-
pear less symmetrical due to additional dipolar couplings arising in anisotropic
media. 1H-1H dipolar couplings are especially enhanced and become comparable
in size to geminal scalar coupling constants. Measuring RDCs from the indirect
dimension can therefore be attractive despite the lower digital resolution than
that obtained from the direct dimension.

Experimental techniques for coupling constant measurements Scalar
couplings constants can be measured from the resonance splitting resulting when
a coupling evolves during frequency labeling. Common methods include omit-
ting decoupling or applying the E.COSY principle to extract a small unresolved
coupling by resolving a large coupling in another dimension (Griesinger et al.,
1986). Alternatively, J couplings can be obtained from intensity ratios by quan-
titative J correlation (Vuister and Bax, 1993). In all cases the accuracy of the
measured couplings is dependent on the degree of interference between differ-
ent relaxation mechanisms. Means to equalize relaxation rate dependencies of
signals split by a coupling are therefore of importance even for small proteins.

Measurement of scalar and residual dipolar couplings results in spectral
crowding due to the requirement of the couplings to evolve in frequency-resolved
measurements. This undesirable doubling of the number of crosspeaks may bias
precision or render the couplings immeasurable. The resonance overlap can
be circumvented by resolving to 3D experiments, albeit with the cost of sub-
stantially lengthened measurement time. An attractive method to diminish
the spectral crowding is spin state selection where crosspeaks are edited into
separate subspectra corresponding to the attached nucleus being either α or β
state (Yang and Nagayama, 1996; Meissner et al., 1997). A simple way of spin
state selection known as IPAP (InPhase AntiPhase) is achieved by coadding
inphase and antiphase subspectra where a coupling has been allowed to evolve
(Andersson et al., 1998; Ottiger et al., 1998).

In aligned media the uniformity of the spectral splitting J + D, where D
is the RDC contribution, is lowered. For complete separation of spin states in
the subspectra it worthwhile to apply spin state selective filters with high J
mismatch tolerance or use unequal weighting of inphase and antiphase datasets.
In rapidly relaxing systems it is desirable to equalize the relaxation rates in the
two subspectra by inversion of the spin state of one the nuclei. Also TROSY-
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type spin state selection can be useful for measuring the couplings albeit the full
TROSY effect is not obtained as the couplings have to be measured between
rapidly and slowly relaxing components. By combining deuteration or selective
labeling techniques with TROSY and spin state selection, RDCs can be obtained
in high molecular weight systems (Permi and Annila, 2000; Sprangers and Kay,
2007a).

Both new methods for measuring scalar and residual dipolar couplings pre-
sented in Articles III and IV feature extensive use of spin state selection for
spectral simplification. The novel experiments are introduced below.

4.2.1 Spin statE Selective All Multiplicity Edited-HSQC

The principle of time-shared recording described for the NCm-HSQC experi-
ment in section 4.1.2 can also be applied for scalar and residual dipolar coupling
measurements. High spectral resolution combined with good sensitivity indeed
make HSQC experiments suitable for measuring coupling constants in smaller
proteins.

The SESAME-HSQC (Spin statE Selective All Multiplicity Edited-HSQC)
experiment presented in Article III takes advantage of the sensitivity gain af-
forded by time-shared evolution in a manner optimized for simultaneously ex-
tracting couplings in a number of spin moieties with high accuracy. The pulse
sequence is tailored to achieve the high resolution required for coupling mea-
surements by a constant-time period for aliphatic carbons. Furthermore, it
features the recently developed IPAP-filter for spin state selective editing in all
ISn multiplicities (Nolis et al., 2006).

Although the principle of the SESAME-HSQC experiment is similar to NCm-
HSQC there are important differences. First of all, the experiment is targeted
to detect all aliphatic carbons correlations in uniformly double labeled proteins.
For optimal sensitivity in 13Cα-1Hα correlations, which are the least intense,
both amide and aliphatic magnetization transfer pathways are coherence order
selective. This in turn means that all proton magnetization must pass the final
refocusing gradient before detection. A stronger gradient is therefore employed
to transverse nitrogen magnetization than to carbon magnetization. Simultane-
ous COS-CT thus circumvents the need for selective pulses on the 1H channel
prior to detection, as was required in NCm-HSQC. Secondly, SESAME-HSQC
employs constant-time evolution in the 13C dimension for removing all passive
coupling interactions during the frequency labeling. This is a prerequisite to
obtain the high crosspeak resolution that allows to extract couplings from a
sufficient number amino acids residues. Especially JCC couplings are hamper-
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ing spectral quality and the performance of selective pulses for decoupling this
interaction is usually inadequate for coupling measurement experiments.

Schematically the magnetization transfer during the SESAME-HSQC exper-
iment is as follows

1Hi + 1HN
j

1JCH+1JNH−−−−−−−−→ 13C + 15N(κt1)→

13C(CT−t1) + 15N
1JCH+1JNH−−−−−−−−→ 1Hi(α/β)(t2) + 1HN

j (α/β)(t2) (4.3)

with indices i = {1, 2, 3} and j = {1, 2} denoting the spin multiplicities.
The spin state filter incorporated into the coherence backtransfer achieves

separation of α and β spin states in the direct dimension in a coherence order
selective manner. This combines the benefits of COS-CT HSQC and the IPAP
principle for spin state selection in all spin moieties of interest. One-bond JNH,
JCH, JNH2 , JCH2 , and JCH3 scalar coupling constants and corresponding RDCs
can hereby be measured, as demonstrated in Fig. 3 of Article III. With a slight
alteration of the backtransfer step, also geminal 2JHH couplings can also be
measured from zero/double quantum splittings (Permi, 2002b).

The sensitivity improvement afforded by concomitant measurement of amide
and aliphatic correlations in SESAME-HSQC is slightly lower than that gained
in NCm-HSQC. This is partly due to the CT-period required for obtaining
sufficient resolution and partly because the full aliphatic signal width (SW) is
larger than the nitrogen signal width, i.e., the incrementation scaling factor
κ =SW(13C)/SW(15N) is larger than it is in NCm-HSQC. This in turn ex-
tends the duration κt1 where the magnetization arising from aliphatic protons
is relaxing as longitudinal two-spin order 2HzCz. These effects, along with the
limited resolution afforded in two dimensional correlation experiments, limit the
applicability of the SESAME-HSQC experiment to small proteins.

Although the sensitivity of the experiment would improve with real-time
evolution in the indirect 13C dimension, the resolution is insufficient for accu-
rate measurement of residual dipolar couplings. This was confirmed by testing a
COS-CT 15N,13C-HSQC experiment with the spin state selective filter described
above. The resolution obtained in this version proved insufficient for aliphatic
correlations. This is evident in a non-CT version of the SESAME-HSQC exper-
iment (Nolis and Parella, 2007).

The most problematic artifacts in the SESAME-HSQC experiment are the
phase distortions caused by 1H-1H dipolar couplings, in particular for CH2

groups. Although this issue is partly counterbalanced by the high digital res-
olution in the direct dimension, it may diminish the measurement accuracy in
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case of high alignment degree. The problem can be circumvented by conduct-
ing the coupling measurements in the indirect dimension, albeit at the cost of
lowered sensitivity and spin state selection becoming only possible in a single
spin moiety. Furthermore, when protons are in fast exchange with the solvent
proton spin states are mixed. This render the apparent 1JNH coupling constant
magnitude smaller than the actual magnitude when couplings are extracted in
the indirect dimension. An additional concern occurs when measuring at high
field strengths where the large spectral width of aliphatic carbons may lead to
significant sensitivity losses at off-resonance frequencies. Therefore, it is rec-
ommended to apply broadband off-resonance compensated 13C inversion pulses
(Skinner et al., 2006) throughout the SESAME-HSQC experiment.

Overall, the SESAME-HSQC is an accurate and convenient experiment suit-
able for measuring numerous scalar and residual dipolar couplings in small pro-
teins. Experiments suitable for proteins and flexible polypeptides in conditions
where H/D exchange is particular problematic are described in the following
section.

4.2.2 Residual Dipolar Couplings Around the Cα Site

For small proteins the crosspeak dispersion in 15N HSQC or 13C CT-HSQC can
be sufficient for scalar and residual dipolar coupling measurements. Accurate
coupling measurements in larger or partly unfolded proteins spectral overlap ne-
cessitates the higher resolution afforded by triple resonance experiments. The
most attractive experiment type for this purpose is HNCO since this experiment
is the most sensitive of the triple resonance experiments. The high crosspeak
dispersion warranted by HN detection along with the possibility to exploit the
TROSY effect are advantageous for larger proteins. There are, however, cir-
cumstances where the HNCO approach is not favorable for coupling constant
measurements.

First of all, if the amide proton exchange rate with water is very high it
limits the sensitivity of HN detected experiments. In addition, this also under-
estimates the coupling size measured in the indirect dimension. The situation
arises when relatively high pH solvent conditions are required to dissolve the
protein or if experiments are conducted at high temperatures. Secondly, proline-
rich polypeptides require alternatives to HNCO, since in this experiment it is not
possible to measure couplings in residues preceding proline. Finally, the tetrahe-
dral coordination of the Cα site is superior for determining the alignment tensor,
since it is less susceptible than the planar peptide plane to redundant RDC data.
This issue is especially important for unstructured proteins since their dynamic
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nature impedes the accuracy of local alignment determination and their intrin-
sically low signal dispersion suffers from the broadened lineshapes caused by
H/D exchange. In all these cases it becomes favorable to measure RDCs around
the Cα site using HCACO type experiments as described in Article IV.

The HCACO experiment was originally developed to correlate intraresidue
resonances for backbone assignment (Kay et al., 1990b). The experiment has
been improved several times to include constant-time evolution, coherence or-
der selection by pulsed field gradients, and enhanced water suppression. For
measuring coupling constants it is also worthwhile to include a spin state se-
lective filter in the HCACO sequence in order to minimize spectral crowding
(Andersson et al., 1998).

The coherence flow in all the HCACO type experiments introduced in Article
IV can be described schematically as follows

1Hα
1JCH−−−→ 13Cα

1JC′Cα−−−−−→ 13C′(t1)
1JC′Cα−−−−−→

13Cα(CT−t2)
1JCH−−−→ 1Hα(t3) (4.4)

The pulse sequences are designed for measuring respectively 1(J + D)HαCα ,
1(J + D)CαC′ , and 2(J + D)C′Hα scalar and residual dipolar couplings. All the
experiments feature coherence order selection by gradients in the final indirect
dimension and spin state selection.

The main differences between the proposed experiments are which coupling
interactions are active during frequency labeling and the spin states selective
methods employed in connection here to. For instance, the HCACO(α/β-J-
HACA) experiment depicted in Fig. 1a of Article IV features spin state selection
in the detected dimension in a coherence order selective manner without the need
for inphase/antiphase combinations. In contrast, the HCACO(α/β-J-C’HA)
pulse sequence employs the E.COSY principle for accurately resolving the small
2JC′Hα coupling in addition to conventional spin state selection. Coherence
transfer pathways of the individual experiments are described in detail in Article
IV.

RDCs from additional bond vectors improve data accuracy for both struc-
tural and dynamical applications. With this in mind, we tested a pulse sequence
for measuring 1(J +D)CαN couplings by an Hα detected method to supplement
the set determined by the pulse sequences in Article IV. The HCAN type pulse
sequence is shown in Fig. 4.5. Coherence transfer in this experiment is some-
what different from the HCACO approach with its schematic magnetization flow
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Figure 4.5: Spin state selective HCAN based pulse sequence for measurement of
1(J +D)CαN scalar and residual dipolar couplings in 13C,15N labeled proteins. Pulse
sequence parameters are as given in Fig. 1 of Article IV. Delay settings τ = 1/(4JCH) =
1.7 ms, ∆ = 1/(4JCαC′) = 4.5 ms, and TC = 1/(4JCαCβ ) = 13.5 ms. Phase settings:
φrec={x,−x,−x,x}, φ1={x,−x}+TPPI, φ2=x+TPPI where TPPI denotes time pro-
portional phase incrementation. Spin state selection is obtained by recording inphase
and antiphase datasets during the filter marked by brackets. The filled 180◦ pulses
on 13Cα apply for the inphase dataset along with φ3=x and the unfilled pulses for
antiphase dataset with φ3=y. Quadrature detection in F1 is obtained by altering the
phase of φ1 according to States-TPPI and in F2 by gradient selected coherence or-
der selective transfer with the sign of Ψ=x inverted along with the sign of gradient
strength GS. Recommended experimental settings are as given in Article II, except
for acquisition parameters which are 2 scans per FID and 160, 120, and 820 points in
F1-F3, respectively. This corresponds to acquisition times of 80 ms, 24 ms, 51.2 ms in
t1, t2, and t3, respectively, with a total experiment time of 100 h.

being

1Hα
1JCH−−−→ 13Cα

1JC′Cα+1JNCα+2JNCα−−−−−−−−−−−−−−−→ 13C′
1JC′Cα−−−−−→ 13C′(α/β) −→

15N(t1)(i, i+ 1)
1JC′Cα+1JNCα+2JNCα−−−−−−−−−−−−−−−→ 13Cα(CT− t2)

1JCH−−−→ 1Hα(t3) (4.5)

Although magnetization arising from the sequential residue also gives rise a
crosspeak in the 15N dimension, we are only interested in the more intense
intraresidual crosspeak.

The HCAN pulse sequence was tested experimentally, but the internuclear
vector directions determined from the dipolar couplings were poorly correlating
with those from the RDC refined solution structure of ubiquitin. It was later
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realized that resolution enhancement using linear prediction diminished the ac-
curacy of the couplings. Nevertheless, it can be anticipated that the depicted
HCAN pulse sequence is useful for obtaining the one-bond scalar and residual
dipolar couplings between Cα and N in small proteins.

The set of HCACO experiments presented in Article IV is tailored to pro-
duce coupling data with high accuracy. This is particularly the case in the pulse
sequences where the couplings are measured in the 13C’ dimension which pro-
vides small linewidth and where 1H-1H dipolar couplings are not a concern. In
extent to applications in structure determination and refinement of small pro-
teins, this will prove useful for studying flexible systems. In addition, all three
scalar coupling constants measured in Article III are known to correlate with
backbone dihedral angles φ (between C’-N-Cα-C’) and especially ψ (between N-
Cα-C’-N) which can be used as energy penalty function for restrained molecular
dynamics (Mierke et al., 1992; Vuister and Bax, 1992; Cornilescu et al., 2000).

4.3 Heteronuclear Long-range Correlation
Experiments

Heteronuclear long-range connectivities provide a wealth of structural and as-
signment information in unlabeled molecules. The correlations are indispens-
able for linking the direct correlations obtained from HSQC. For instance in
oligosaccharides, anomeric correlations yield a starting point for the assignment
and when combined with long-range correlations open a pathway to the low-
dispersed bulk region of 13C-1H correlation spectra.

The standard experiment for acquiring long-range connectivities is HMBC,
which correlates protons to carbons separated by two or more bonds (Bax and
Summers, 1986). Coherence transfer is performed through the small and of-
ten non-uniform nJCH couplings (n ≥ 2) which render the experiment rather
insensitive in comparison to direct-correlation experiments. The problem of
non-uniform excitation over the long-range coupling magnitude span can be al-
leviated by using an ACCORDION principle or by coadding magnitude-mode
spectra recorded with a range of excitation delays (Hadden et al., 2000; Meissner
and Sørensen, 2000).

While the large number of correlations obtained in HMBC spectra is desir-
able, it also causes ambiguities since there is no way to tell how many bonds the
correlations are over. Furthermore, not all long-range correlations will be visible
in the HMBC spectrum since some heteronuclear couplings may be vanishingly
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small. Methods to overcome these intrinsic problems of HMBC have been de-
veloped based on variable scaling of peak tilt angles or alternative coherence
transfer pathways (Krishnamurthy et al., 2000; Sprang and Bigler, 2004). In
the H2BC experiment coherence transfer is achieved through the nJHH (n ≥ 3)
couplings (Nyberg et al., 2005). The H2BC spectrum corresponds to a HMQC-
TOCSY pattern cut off after the first 1H-1H transfer step, thus correlations
separated by two-bonds are almost solely observed. Overlaying the direct cor-
relations obtained from HSQC with the two-bond correlations of H2BC enables
assignment-walk. The direct 13C-1H correlations are here unequivocally con-
nected through their two-bond correlations. This allows for tracing out the
entire carbon skeleton of the molecule, e.g., the intraring spin system of a car-
bohydrate residue in an oligosaccharides (Petersen et al., 2006).

Although the H2BC experiment circumvents many of the problems associ-
ated with HMBC, it does by no means replace HMBC. The different coherence
transfer pathways make the two experiments highly complementary. For in-
stance, for establishing quaternary carbon correlations or linking over the gly-
cosylic bond in carbohydrates, the HMBC experiment is indispensable. It is
therefore still highly justified to improve this widely used experiment. A novel
method for this purpose is presented below.

Key peaks in long-range correlation spectra can be of very low intensity
and artifact suppression is therefore a central issue. It is desirable to suppress
one-bond correlations since they are likely to cause overlap with multiple-bond
correlations and complicate spectral analysis. Direct correlations are instead
preferably obtained from HSQC spectra and subsequently overlaid with the
long-range correlation spectra. Gradient selection of coherence transfer path-
ways ensures effective suppression of protons not coupled to 13C, but one-bond
correlations cannot be directly suppressed in this manner. In both HMBC and
H2BC experiments the suppression is achieved by employing low pass J filters
(Kogler et al., 1983). Inphase 1H magnetization is allowed to evolve into an-
tiphase and the multiple quantum coherence generated by the 90◦(13C) pulse
is subsequently purged. As the magnitude of nJCH is small relative to 1JCH,
long-range magnetization remains almost solely inphase during the time de-
lay τ = 1/(2 1JCH) required for the transfer. By repeating the filter element
with different delay settings, one-bond correlation suppression can in principle
achieved over a span of 1J magnitudes to any desired degree. While H2BC spec-
tra do usually not suffer from incomplete suppression, it has been experimentally
observed that one-bond correlations often occur in HMBC spectra despite accu-
rate J filter tuning. The origin of these undesired artifacts is related to strong
coupling as described below and in further detail in Article V.
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4.3.1 Strong Coupling Artifacts Suppression
by Clean HMBC

Strong coupling modulations to 1D pulse-acquisition spectra are well known.
Especially peak intensities are distorted in comparison to the weak coupling
case. For 2D experiments the effect is typically less problematic since assignment
connectivities are established by correlations with more simple peak patterns
and the peak intensities are less central to the spectral analysis. However, 2D
J-spectra are known to be susceptible to strong coupling artifacts and also,
for instance, interpretation of NOE distance relations is affected by the strong
coupling modulations (Thrippleton et al., 2005; Kay et al., 1986). Although
high magnetic field strengths and intensive use of heteronuclear experiments
often make strong coupling artifacts a minor concern, they can be problematic
when filtration of certain correlations are required. This is exactly the case of
heteronuclear long-range correlation experiments.

Generation of strong coupling artifacts during the HMBC pulse sequence can
mainly be ascribed to two culprits. The first is incomplete suppression by LPJF
in the presence of strongly coupled spins, here called LPJF leakage. The second
is unintended coherence mixing caused by the 180◦ pulse in the middle of the
evolution period. The effects can be depicted in simple form for two strongly
coupled spins A and B, respectively short-range and long-range coupled to a
heteronucleus X, as following

A + B LPJF−−−→ η1A + B
180◦(1H)−−−−−−→ (η1 + η2)A + η1η2B. (4.6)

η1 indicates the degree of LPJF leakage and η2 coherence transferred between
spin B and spin A during the mixing period. In contrast to the HMBC experi-
ment, LPJF is employed immediately prior to acquisition in the H2BC experi-
ment, and unintended mixing of coherence between A and B spins is therefore
suppressed. This fact is central to the suppression of strong coupling induced
artifacts in clean HMBC.

To get a clear description of the origin of strong coupling artifacts magne-
tization transfer during the HMBC pulse sequence is analyzed for a three spin
system in the following. Both the weak coupling (AMX spin system) and the
strong coupling (ABX spin system) cases are analyzed using single-element ba-
sis operators in order to emphasize the parallel between the two cases. The
preparation part of the pulse sequence is only briefly discussed using product
operators. Incomplete one-bond correlation suppression due to LPJF leakage is
described in the following section.
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Coherence transfer in an AMX spin system during an mth order LPJF, when
neglecting homonuclear JAB coupling evolution, is

Az +Mz

π
2 (Ax+Mx),(HAMX τi,

π
2X)m

−−−−−−−−−−−−−−−−−−−→ −Ay
n∏
i=1

cos(πJAXτi)−My

n∏
i=1

cos(πJMXτi).

Magnetization originating from the directly-coupled spin A is effectively sup-
pressed when τi matches the coupling JAX while long-range coupled magnetiza-
tion My is virtually unaffected.

The HMBC experiment features multiple quantum evolution during fre-
quency labeling. Long-range coupled magnetization is transferred to antiphase
coherence during the long polarization transfer delay ∆. This delay is set as
a compromise of maximizing the intensity of the broad range of coupling mag-
nitudes while minimizing relaxation losses. In operator terms, the preparation
period when focusing only on detected terms is

−My
2πJMXMzXz∆−−−−−−−−−−→ 2MxXz

π
2Xx−−−→ −2MxXy

Gz−−→ −2M+X+.

Gz indicates coherence order selection by pulsed field gradients. Although pure
absorption phases are not obtainable, since 1H chemical shift is not refocused,
phase-modulated echo/antiecho processing results in superior resolution when
compared to recording only one of the echo parts.

The double quantum product operator can be expressed in terms of single-
element operators M+X+ = AαM+X+ + AβM+X+. The two terms corre-
spond, respectively, to the density matrix elements σ15 and σ48 in the weak
coupling limit. Evolution of single-element operators is easily calculated dur-
ing free precession according to the density matrix evolution under the weak
coupling limit Hamiltonian HAMX

σij
HAMX t−−−−−→ σije

i(ωj−ωi)t ≡ σijetij . (4.7)

For the analysis during the evolution period we focus on the term AβM+X+.
This term evolves during t1 as

AβM+X+ HAMX t1/2,π(Ax+Mx),HAMX t1/2−−−−−−−−−−−−−−−−−−−−−−→

AαM−X+e
t1/2
48 e

t1/2
32 = AαM−X+ei(−ωX+πJAM)t1 .

The final expression is obtained by inserting the AMX eigenfrequencies given in
Article V. During the gradient echo only homonuclear evolution occurs so the
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backtransfer amounts to the 90◦(X) pulse. The frequency modulation during
acquisition is given by

AαM−X+
π
2Xx−−−→ 1

2A
αM−Xα − 1

2A
αM−Xβ HAMX t2−−−−−−→

1
2A

αM−Xαei(ωM+πJAM+πJMX)t2 − 1
2A

αM−Xβei(ωM+πJAM−πJMX)t2 .

The two terms arising at ωM +πJAM split by πJMX correspond to the lower two
peaks simulated in Fig. 4a [V]. In the case of a strongly coupled spin system
additional peaks appear in HMBC spectra. Calculation of these peaks is slightly
more complicated as exemplified below.

Strong coupling case The eigenbase is no longer identical to the product op-
erator base in the strong coupling case. Rather the eigenfunctions of the strong
coupling Hamiltonian are linear combinations of the weak coupling eigenfunc-
tions with same magnetic quantum number and cannot be ascribed to a single
nucleus. The degree of mixing between two spins A and B is characterized by
the strong coupling parameter θ. In an ABX spin system this is given by

tan(2θα/β) =
2πJAB

ωA − ωB ± π(JAX − JBX)
, (4.8)

where the α/β subscripts refer to the spin state of the X spin. Small θα/β values
mean that the spins are rather weakly coupled. The strong coupling eigenbase
goes into the weak coupling product operator eigenbase in the limit θα/β → 0.

The effect of pulses is complicated by the strong coupling perturbation to
the eigenfunctions. A 180◦ pulse no longer only inverts the sign of coherences
and switches α and β spin states as in the weak coupling case. Rather the
pulse is also causing coherence transfer between transitions, which in the weak
coupling limit are associated with different spins (Ernst et al., 1987).

Analogously to the weak coupling case, the indirect evolution period starts
with the coherence term {B+X−}. The curly bracket notation makes explicit
connection of the operators to their weak coupling counterparts (Thrippleton
et al., 2005). In the single-element notation the term equals {AαB+X−} +
{AβB+X−}, representing respectively σ15 and σ48 in the ABX density matrix.
In parallel to the weak coupling case we obtain for the evolution of the latter

{AβB+X+} HABX t1/2−−−−−−−→ {AβB+X+}et1/248 .
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The effect of the 180◦ pulse is

{AβB+X+}et1/248

π(Ax+Bx)−−−−−−−→ cos 2θα{AαB−X+}et1/248 − sin 2θα{A−BαX+}et1/248 .

The two resulting terms evolve under free precession with different evolution
frequencies

cos 2θα{AαB−X+}et1/248 − sin 2θα{A−BαX+}et1/248

HABX t1/2−−−−−−−→

cos 2θα{AαB−X+}et1/248 e
t1/2
32 − sin 2θα{A−BαX+}et1/248 e

t1/2
42 .

Finally, by inserting the ABX eigenfrequencies from Article V we get

cos 2θα{AαB−X+}ei(−ωX+πJAB)t1 − sin 2θα{A−BαX+}ei(−ωX+πJAB+Λα)t1 .

The first term is analogous to the weak coupling limit result, whereas the second
term arises due to strong coupling. The ‘strong coupling’ term evolves at a Λα-
shifted frequency in t1. Most importantly, the term {A−BαX+} corresponds
to coherence primarily associated with spin A.

The ‘weak coupling’ term is the most intense for all ABX spin systems. This
term evolves during the backtransfer and detection period as

cos 2θα{AαB−X+}
π
2Xx,H

ABX t2−−−−−−−−−→ cos 2θα
[
{AαB−Xα}et231 + {AαB−Xβ}et252

]
≈cos 2θα

[
{AαB−Xα}ei(ωB+π(JAB+JBX))t2 + {AαB−Xβ}ei(ωB+π(JAB−JBX))t2

]
,

where the approximation of the eigenfrequencies holds true in the weak coupling
limit. In contrast, the ‘strong coupling’ term evolves as

sin 2θα{A−BαXα}
π
2Xx,H

ABX t2−−−−−−−−−→ sin 2θα
[
{A−BαXα}et241 + {A−BαXβ}et262

]
≈ sin 2θα

[
{A−BαXα}ei(ωA+π(JAB+JAX))t2 + {A−BαXβ}ei(ωA+π(JAB−JAX))t2

]
.

Hence the signals appear at the position where spin A correlations would occur
in the weak coupling limit and with the characteristic large JAX splitting. The
final two coherence terms are the ones numbered artifact *1 in Fig. 4b [V]. Table
2 in Article V was derived in this way.

The overall result, that strong coupling induced artifacts are evolving under
the effect of 1JAX after acquisition, is used for achieving artifact suppression in
clean HMBC. By applying LPJF immediately prior to acquisition the artifacts
are suppressed to a high degree and what remains is only asymmetric LPJF
leakage which cannot be suppressed by the devised method.
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Low pass J filter leakage Coherence mixing due to the 180◦(1H) pulse is not
the only cause of strong coupling induced one-bond coupled signals in HMBC.
Low pass J filters have inherent limitations for strongly coupled spin systems.
Incomplete LPJF suppression is due to the eigenfunctions being mixtures of the
product operator states which in turn evolve under the effect of different cou-
plings. Exact results for resonance intensities after a 1st order LPJF are given in
Article V. These results are obtained from density matrix calculations by using
the product base φAMX for transformations under rf pulses and the eigenbase
φABX for free precession. The combination of basis sets can be represented for
a 1st order LPJF as follows

φAMX
0

U−→ φABX
0

HABXτ−−−−−→ φABX
τ

U−1

−−−→ φAMX
τ

π
2Xz−−−→ φAMX

π/2
U−→ φABX

π/2 . (4.9)

U denotes the unitary transformation from the AMX product operator base
to the ABX eigenbase, and φAMX

0 and φABX
0 are the density matrices after the

initial excitation pulse in their respective basis sets. Density matrix calculations
are feasible in a similar way throughout the sequence, but as evident from
this example, the analysis easily becomes too complicated to track the relevant
terms.

An alternative, more intuitive picture of LPJF leakage can be visualized by
decomposing the single-element operators in the eigenbase into their product op-
erator states. For instance, the resonance line (41) in Fig. 2a [V], corresponding
to {A−BαXα}, arises from the transition

|4><1| = cos θα|βαα><ααα|+ sin θα|αβα><ααα|

= cos θαA−BαXα + sin θαAαB−Xα. (4.10)

The first term corresponds to the product operator evolving under the effect
of 1JAX and is thus suppressed by the LPJF. Similarly, the second term is the
product operator evolving under nJBX and therefore virtually unaffected by
the filter. It is this remaining part with intensity on the order ∼ sin θα we see
as a result of imperfect filtration. Although the strong coupling effect slightly
perturbs the effective coupling magnitude, this qualitative picture also holds
true for the Xβ states where the resulting intensity is ∼ sin θβ . Exact results
from this picture can be obtained using the ABX product operator formalism
(Kay and McClung, 1988; Nakai and McDowell, 1994).

Applying successive J filters is effective for achieving good suppression when
1J does not match the τ delay setting, but is ineffective for suppression of
LPJF leakage signals. This is because the leaking magnetization is still evolving
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under the effect of the long-range coupling in successive filters. The transfer
between evolution under JBX and JAX occurs with magnitude Λα/β (Nakai
and McDowell, 1994). Hence for the spin system in Fig. 2a [V] higher order
suppression is mainly affecting the Xβ lines which are already well suppressed,
while the additional effect on the Xα lines is negligible.

Low pass J filter implementation There are several ways to construct
filters for suppression of protons directly coupled to a heteronucleus, here as-
sumed to be carbon. The idea is to exploit the difference in magnitude between
J couplings over one and over several bonds. The issue is related to isotope
filtering and the differentiation of correlations can be achieved by half-filters or
BIRD-pulse implementations (Otting et al., 1986; Garbow et al., 1982). Indeed,
suppression of strong coupling induced correlations is possible through half-
filters as has been demonstrated for HSQC spectra (Kövér and Batta, 1999).

When performing filtration of correlations steaming from a single molecule,
heteronuclear long-range coupling evolution must be taken into account. The
magnetization transferred from inphase to antiphase or vice versa is discarded
which results in signal loss. The sensitivity loss per filter order is sin(π nJτ).
Thus, sensitivity losses mainly occur for the most intense correlations where
long-range coherence transfer is efficient, whereas the loss is negligible for the
least intense correlations.

Most suppression filter types purge antiphase magnetization by phase cycling
or gradients. However, if the desired magnetization is of antiphase character a
non-destructive suppression filter is required. An example of such an imple-
mentation is depicted in Fig. 4.6a. The composite 180◦ pulse inverts long-range
bound magnetization B−Xz in every other transient, while evolution of directly-
coupled magnetization into A− is rendering this term unaffected by the pulse.
Combination of the separately stored transients enables separation of long-range
and short-range correlations post-acquisitionally.

The 1st order suppression outlined in Figure 4.6a works well in some cases.
Unfortunately, for correlations not affected by strong coupling it turned out to
be necessary to retain an initial 3rd order LPJF to achieve the same suppression
level as in conventional HMBC. Moreover, for molecules with a large spread
in 1J magnitudes it is necessary to perform higher order terminal filtering for
efficient suppression of strong coupling artifacts. A possible remedy is the four
scan 2nd order filter implementation illustrated in Fig. 4.6b. The effective pulse
rotations and delay combinations are shown explicitly in Fig. 4.6c. Since it
is preferable to have a constant number of pulses applied in each scan, the
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Figure 4.6: Examples of non-destructive LPJF versions applicable as terminal filter
for clean HMBC. The first 90◦(13C) pulse is the backtransfer pulse and not part of the
filter as such. a) 1st order filter with effective 0◦ and 180◦ pulses applied alternately
with post-acquisitional subtraction of the two transients. b) 2nd order filter using
four combinations with two pulses in every scan. c) The explicit combinations of b
in terms of their effective rotations. Signs indicate the linear combination required
for extracting long-range correlations post-acquisitionally. d) MBOB-type LPJF: the
equivalent of c using a single inversion pulse in each scan.

composite inversion pulse version is preferred. This procedure for extending the
LPJF order is, however, increasingly costly in terms of hampering off-resonance
effects on the 13C channel, which can have a very large spectral width. Although
composite pulses can diminish the problem some loss is inevitable. To resolve
these issues we turned to the MBOB procedure for non-destructive J filtering
(Meissner and Sørensen, 2000). This is illustrated in Fig. 4.6d. The MBOB
implementation yields the equivalent effect on the spin system as the procedure
in Fig. 4.6c, but using only a single 180◦ pulse in each scan. The phase of the
backtransfer 90◦ pulse can be combined with the sign of the linear combinations.
Thus an equivalent effect is achieved by dropping phase shifting and coadding
all transients. To facilitate processing, spectral transients can be combined in
real time on the spectrometer albeit with the cost of only selecting a single data
combination; the suppressed correlations can therefore not be extracted using
this approach.

The effect of the 2nd order non-destructive LPJF shown in Fig. 4.6d is equiva-
lent to a 2nd order destructive LPJF. In the first transient magnetization evolves
under JAX during the time τ1 +τ2, whereas in the second transient it is evolving
during τ1 − τ2. The scans are coadded and the second order intensity scaling
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follows
cosπJ(τ1 + τ2) + cosπJ(τ1 − τ2) = 2 cosπJτ1 cosπJτ2. (4.11)

An identical effect results from coaddition of the third and fourth transients.
However, any magnetization having evolved into inphase during the filter delays
occurs with the opposite sign of the latter combinations. Coaddition of all four
transients thus eliminates this 1st order term artifact.

In principle, a similar suppression over a range of J couplings is achievable
by applying an adiabatic inversion pulse and exploiting the roughly linear cor-
relation between scalar coupling constants 1JCH and 13C chemical shift (Kupče,
2001). This approach would limit the total numbers of scans required for ef-
fective suppression, but optimizing the pulse for a given J span at every usage
would be more cumbersome. If the increased minimal number of scans required
for the clean HMBC is problematic it is possible to create a broadband one-
scan non-destructive filter by sophisticated composite rotation pulses (Sørensen,
1989; Stuart et al., 1999). The clean HMBC artifact suppression scheme is di-
rectly applicable to the multitude of HMBC modifications, such as multiplicity
edited and broadband HMBC (Nyberg and Sørensen, 2006).

Experimental demonstration on molecule with broad 1J span Clean
HMBC is shown to provide efficient strong coupling artifact suppression in a
monosaccharide in Article V. The small 1JCH span in the bulk region of carbo-
hydrates, however, raises the question whether the suppression is effective over
a broader range of scalar coupling constants. Therefore we tested clean HMBC
on the more challenging case of androsterone (Fig. 4.7) where the spin pattern
is a myriad of IS, I2S and I3S systems and the J coupling span is ∼50 Hz.

The wider applicability of clean HMBC is demonstrated by comparison with
conventional HMBC in Fig. 4.8. Incompletely suppressed one-bond correlations
were verified by overlaying t2-coupled HSQC with the HMBC spectra. Evi-
dently, the suppression obtained by clean HMBC is superior to conventional
HMBC.

Several one-bond correlations complicate spectral analysis in the conven-
tional experiment, but are effectively suppressed by the improved LPJF imple-
mentation in clean HMBC. While some artifacts are easily identified as one-bond
correlations in Fig. 4.8a, e.g. 13C4β-1H4β and the intense methyl signal 13C18-
1H18, most of them are overlapping with long-range correlations and may be
difficult to assign as artifacts. For more complex molecules, such as oligosac-
charides, substantial one-bond correlation artifacts are inevitable and the clean
HMBC can prove most helpful in these cases. In addition, automated spectral
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Figure 4.7: Structure of trans-dehydroisoandrosterone (5-androsten-3β-ol-17-one)
with numbering referring to the correlations indicated in Fig. 4.8.

analysis protocols benefit from less artifact-prone spectra since data analysis
becomes less complicated.

Figure 4.8 (following page): Excerpts of HMBC spectra from 150 mM dehydroisoan-

drosterone in CDCl3. a) Conventional HMBC with 3rd order initial LPJF. Incom-

pletely suppressed one-bond correlations are indicated. b) Clean HMBC with 1st order

initial and 2nd order terminal LPJF. Although only the aliphatic region is shown, the

full spectrum was recorded without noticeable signal difference between the two vari-

ants. Both spectra were recorded with 16 transients per FID and 256 t1 increments.

Long-range transfer delay was ∆=65 ms, and the low pass J filter delay span set for

120 Hz < JCH < 175 Hz. The data matrix covering 25 kHz and 5 kHz in the indirect,

respectively the direct dimension, were apodized prior to Fourier transformation using

squared cosinebell in t1 and a π/4-shifted square sinebell in t2. The ringing artifacts of

the intense methyl correlations (18 and 19) along F1 could be suppressed by applying

stronger apodization functions.
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Chapter 5

Conclusion

A variety of pulse sequence techniques has been proposed in this thesis to facil-
itate structure determination of biomolecules by solution state NMR spectro-
scopy. The introduced methods may also find applications in studies of protein
dynamics and protein-ligand interactions. Emphasis has been put on develop-
ing cost-effective methods which take advantage of standard protein production
protocols as well as devising methods with improved applicability for auto-
mated structure determination. These issues remain bottlenecks for solution
state structure determination.

Overcoming the size limitations of proteins amenable to solution state struc-
ture determination is a continuing challenge in protein NMR spectroscopy. As
described in the previous chapters, versatile techniques are available for studying
large proteins. They are, however, more elaborate and costly than the routine
methods applicable to double labeled proteins. The experiments for assignment
of methyl-containing residues described in this thesis provide a powerful alter-
native for side chain assignment. This circumvents the need for specific labeling
or deuteration of mid-range molecular weight proteins.

The field of NMR spectroscopy continues to lag behind X-ray crystallogra-
phy for protein structure determination. Nonetheless, the unique capabilities of
NMR spectroscopy beyond solving single conformation structures are becom-
ing increasingly important as the research emphasis in proteomics shifts from
protein structures towards biological function and systems biology. The target
focus and emphasis on structure/activity relationship in drug discovery also in-
crease the use of NMR methods in the pharmaceutical industry (Pellecchia et al.,
2002). The experimental building blocks for simultaneous recording of methyl
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and amide correlations help to minimize the sample amount requirements for
screening of protein-ligand binding and for collecting multidimensional NOESY
spectra.

Residual dipolar couplings continue to find new applications in structural
biology, in particular for studying multiconformational dynamics and partially
folded proteins (Fredriksson et al., 2004; Jensen et al., 2008). The proposed
experiments for measuring RDCs will be useful for studying weakly structured
proteins and provide insight into protein folding mechanisms. These areas are
likely to receive much attention in the future.

Proteins and nucleic acids have received the limelight in structural biology.
Nevertheless, numerous important biological functions are related to macro-
molecular carbohydrates and lipids. Structural analysis of these molecules is
found challenging as the biosynthetical methods for their production and iso-
tope labeling are limited. The spectral analysis relies to a high extent on long-
range connectivities. The clean HMBC experiment is the method of choice
for measuring heteronuclear multiple-bond correlations. The improved artifact
suppression in the experiment presents a great asset when facing structure elu-
cidation of complex unlabeled biomolecules.

Continuous progress in biochemical sample preparation techniques, along
with improvements in hardware and data analysis methods hold promise to push
the versatile applications of NMR spectroscopy. Increasingly robust and fast
methods continue to appear in pulse sequence methodology. The new techniques
are likely to alter the way NMR spectroscopy is performed in the future and
widely extend its application range. For instance, dynamic nuclear polarization
has been demonstrated to dramatically increase signal-to-noise ratios (Maly
et al., 2008). A deeper understanding of the relation between chemical shifts
and global geometry may circumvent the need to acquire distance restraints
(Shen et al., 2008). Meanwhile, it is important to improve the reliable and
robust NMR methods that exist today. I hope that the present work will benefit
this effort and find applications for a broad range of studies towards increased
understanding of biomolecules.
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