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Chapter 1

General Introduction
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1.1 Structural Biology

Proteins are omnipresent in all kingdoms of life, where they perform a variety of

functions and are involved in virtual all cellular processes. A classical dogma in

biology is the so-called “structure-function paradigm”, which states that a well-

defined three-dimensional protein structure is required for, and explains its bio-

logical function. Moreover, according to this concept, the information required to

fold a protein into its unique, functional three-dimensional structure is encoded in

the amino acid sequence. Thus, in order to understand protein function significant

efforts have been directed toward the prediction and experimental determination

of 3D protein structures. While progress has been made on the theoretical and com-

putational aspects of protein structure prediction from sequence (see, for example,

Zhang (2008)), these approaches cannot supersede the experimental methods to

actually determine a structure.

The first high-resolution protein structure, that of myoglobin, was determined in

1958 using X-ray crystallography by Kendrew et al. (1958). Since then, the field of

structural biology has grown explosively and the total number of high-resolution

structures deposited in the Protein Data Bank (PDB) (Berman et al., 2003) increased

to around 70 000 in December 2010. As can be seen in Figure 1.1, this number

has increased more or less exponentially over the past decades, and, while the

majority (87%) has been contributed by X-ray crystallography, contributions by nu-

clear magnetic resonance (NMR) spectroscopy and electron microscopy (EM) have

increased significantly as well in recent years (12.5% and 0.5% of the PDB entries,

respectively). The first de novo determined protein structures by homonuclear NMR

were those of the bull seminal protease inhibitor by Wüthrich and co-workers in

1984 (Williamson et al., 1985) and the N-terminal part of the lac repressor headpiece

by Kaptein and co-workers in 1985 (Kaptein et al., 1985). The first NMR structure

published by Wüthrich and co-workers was met with skepticism by the (X-ray)

community and it was suggested that this structure was modeled after the crystal

structure of the homologous protein PSTI (porcine pancreatic secretory trypsin

inhibitor) (Bolognesi et al., 1982). However, when the X-ray and NMR structures of

α-amylase inhibitor tendamistat solved independently by the Huber and Wüthrich

lab, respectively, turned out to be virtually identical (Billeter et al., 1989), the latter

technique became slowly accepted as a trustworthy method to determine protein

structures.
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Figure 1.1. Overview of the total number of structures deposited in the Protein Data
Bank using different experimental methods (left panel) and NMR alone (right
panel). Data taken from the PDB on November 9, 2010.

Indeed, three-dimensional protein structures have given a profound insight into

the interactions between proteins and their surroundings (e.g., substrates or other

proteins) that are important for function. Mounting evidence shows, however, that

besides structural data also a detailed insight into protein dynamics is essential to

fully understand the function of a biological macromolecule (Kay, 1998; Ishima &

Torchia, 2000). For example, in a growing number of systems it has been found

that slow (microsecond to millisecond), collective motions can be rate limiting

for biological function. In particular, many of these structural changes represent

conversions to low-populated and transient protein conformations that are dif-

ficult to study using biophysical tools, but are often the biologically functional

states. Moreover, the validity of the classical structure-function paradigm has

been seriously challenged by the notion that many functional proteins do not

exhibit a stable, well-defined fold (Wright & Dyson, 1999). Many of these so-called

“intrinsically disordered proteins” (IDPs) contain long stretches of amino acids that

lack a unique, stable 3D structure or are fully disordered in solution but are still

functional. Computational studies indicate that the occurrence and length of these

disordered regions increase with organism complexity and predict that around 33%

of eukaryotic proteins contain long intrinsically disordered regions, and that 12%

of these systems are fully disordered.

As indicated in Figure 1.1, X-ray crystallography is by far the main source of high-

resolution, three-dimensional protein structures. Even though NMR spectroscopy

has only a small market share in the field of structure determination, it nicely

complements X-ray crystallography and contributes significantly to the field of

structural biology (Wüthrich, 1995). Which technique should be used totally de-
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pends on the biological system of interest and the type of question to be addressed.

X-ray crystallography is the main choice if the aim is a high-resolution, static pro-

tein structure: the methodology is well-established, relatively fast/straightforward,

and results typically in high quality-structures. However, a prerequisite, and often

major bottleneck, of the technique is to obtain suitable crystals for the protein of

interest that diffract to sufficient resolution. Once such crystals are obtained and the

phase-problem can be solved, structure determination using X-ray crystallography

is amenable to high molecular weight proteins, membrane proteins as well as

higher order complexes (see Figure 1.2). On the other hand, some proteins are

notoriously difficult or impossible to crystallize and, therefore, cannot be studied

using this methodology. In particular, flexibility is known to prohibit the formation

of high-quality crystals and, most notably, the class of intrinsically disordered

proteins (IDPs) remains elusive to this technique.

NMR spectroscopy, on the other hand, allows for the investigation of protein struc-

ture and dynamics under close to natural conditions (e.g., in solution, ambient ionic

strength, and around neutral pH). As a consequence, in cases where crystallization

fails, NMR spectroscopy can be a viable alternative to obtain structural information

(see Chapter 2 for an example). It should be noted, however, that protein struc-

ture determination using NMR is far more labor-intensive and time-consuming

compared to X-ray crystallography. Crystallographers can typically determine a

protein structure in matter of hours to days once the data is acquired, while the

analysis of the NMR data, structure calculation and validation can easily take

months even though much effort is put into automation of the analysis. Moreover,

in crystallography one can actually observe the position of backbone atoms in the

electron density map, while the NMR restraints that are used to calculate a structure

are more implicit and sometimes more ambiguous in the interpretation. Therefore,

a critical assessment of the quality of the resulting structural ensemble is required

(see, for example, Doreleijers (1999) and Nabuurs (2005)), but if done properly also

high-quality NMR structures can be determined. The real power of NMR spec-

troscopy, however, is its ability to investigate important other phenomena in the

field of structural biology (i.e., protein dynamics and protein-protein interactions)

that are difficult or cannot be studied by X-ray crystallography. In particular, in

the field of IDPs NMR spectroscopy is the most suitable biophysical technique to

gain insight into the atomic details of these highly dynamic systems (see section

1.4). Moreover, since protein dynamics is recognized as an important factor to

understand biological function there is significant interest to study these dynamical
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processes and also here, NMR spectroscopy is the only experimental technique

that is able to provide such information at atomic resolution on a wide range of

time scales (see section 1.5). The main limitation of NMR in structural biology,

however, becomes clear by looking at Figure 1.2, where the number of structures

deposited in the PDB is plotted versus molecular weight. On December 2010, 8668

structures were determined using NMR spectroscopy, with most proteins having

a molecular weight between 8–15 kDa, and only a few structures were of proteins

above 25 kDa. Of note, several of the PDB entries of systems over 25 kDa are not de

novo determined NMR structures, but represent protein complexes determined by

computational methods using NMR restraints.

Figure 1.2. Distribution of the molecular weight of protein structures up to 100 kDa
determined by X-ray crystallography and NMR spectroscopy (data taken from
the PDB on November 9, 2010). The light grey area indicates overlap of the two
histograms.

1.2 Structure Determination Using NMR

In order to understand the lack of NMR structures above 25 kDa it is informative to

look at the different phases of the NMR structure determination protocol, includ-

ing: (i) sample preparation, (ii) resonance assignment, (iii) collection of restraints,

and (iv) structure calculation.

In the early days of NMR spectroscopy, only one-dimensional proton spectra could

be recorded to study biological macromolecules. While the introduction of higher

dimensional spectroscopy by Jeener (1971) was able to alleviate the extensive

signal overlap observed in 1D spectra of proteins, applications were still limited
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to 2D 1H homonuclear spectroscopy. In the 1980s Ernst, Wüthrich and co-workers

developed the methodology that enabled the determination of protein structures

for systems with less than ∼100 residues (Wüthrich, 1986). The possibility to

introduce 13C/15N nuclei in proteins using recombinant bacterial expression pre-

sented another breakthrough in the field of protein NMR spectroscopy (see, for

example, McIntosh & Dahlquist (1990). In short, bacterial growth is performed in

M9 minimal medium that typically contains 3 g/L U-[1H,13C]-D-glucose and 1 g/L
15NH4Cl as the sole carbon and nitrogen sources, respectively. Over-expression of

the protein of interest will yield a sample with NMR active (1H/13C/15N) isotopes

and allows the use of triple-resonance NMR experiments (see below) (Bax, 1994;

Clore & Gronenborn, 1994; Sattler et al., 1999).

The assignment of backbone and side chain resonances to individual nuclei in the

protein is the first, crucial step for extracting any information at atomic resolution

from NMR data. For 13C/15N/1H-labeled proteins this resonance assignment is

based on 3D/4D triple-resonance experiments, which significantly reduce the sig-

nal overlap in larger proteins. These experiments are of the so-called “correlated”

type, in which the chemical shift of a nucleus is correlated with the chemical shifts

of other nuclei based on the scalar coupling interaction between them. Triple-

resonance backbone experiments are used to correlate nuclei of a specific residue

i with nuclei of the neighboring amino acid i-1. A typical suite of experiments

to obtain the backbone resonance assignment for proteins is shown in Figure 1.3

(panel A). Most of these experiment are HN-detected “out-and-back” experiments:

the magnetization starts on the amide proton, is transferred to nitrogen/carbon for

chemical shift evolution and the signal is ultimately detected on the amide proton.

The assignment of side chain 1H/13C resonances is commonly performed using

TOCSY-based experiments (Figure 1.3, panel B) combined with the knowledge of

previously assigned 13C α/13C β frequencies. For an in-depth explanation of the

different experimental schemes and the assignment procedure, we refer to the

excellent book of Cavanagh et al. (2007) as well as many reviews (see, for example,

Sattler et al. (1999)).

After the sequence-specific resonance assignments are completed, the next step

is the collection of restraints for the structure calculation process. Already the

backbone chemical shifts themselves contain structural information, due to their

dependence on backbone conformation. Backbone torsion angles (ψ and ϕ) can

be estimated from chemical shift data using an empirical relationship (Shen et al.,

2009) and used as angular restraints. More recently, different approaches have
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Figure 1.3. Schematic overview of the heteronuclear NMR experiments commonly
used for the assignment of backbone and side chain resonances. Circles indicate
the correlations that are recorded in the given experiment; boxes represent
nuclei for which no chemical shift is recorded, but that are used for coherence
transfer.

demonstrated the possibility to calculate protein structures using chemical shifts

alone (Cavalli et al., 2007; Shen et al., 2008). This methodology is, however, limited

to proteins with a molecular weight ≲15 kDa and, since no information on the side

chains is included, the quality of the final structure is lower than what is achievable

by experimental methods.

The through-space, interproton distance information encoded in the nuclear Over-

hauser effect (NOE) is by far the most important restraint for the structure calcula-

tion procedure. Typically, NOESY spectra of proteins contain thousands of cross-

peaks for atoms that are within ∼5 Å of each other and their intensity scales by

the inverse sixth power of the distance. A large number of NOE restraints (∼15–

20 per residue) is typically needed to obtain a high-quality structure and these are

generally collected from 3D/4D 15N- and 13C-edited NOESY spectra.

Other types of restraints that can be used to complement the common local and

long-range information contained in chemical shifts and NOE-based restraints are

scalar coupling constants, paramagnetic relaxation enhancement (PRE), pseudocontact

shifts (PCS), chemical shift anisotropy (CSA), and residual dipolar couplings (RDCs).

Dipolar couplings (Tjandra & Bax, 1997), chemical shift anisotropies (Cornilescu

& Bax, 2000) and pseudocontact shifts cannot be measured in isotropic solution,

since these interactions average to zero if the molecule can tumble freely. In order
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to measure a residual interaction it is, therefore, required to use a dilute liquid

crystalline medium or otherwise affect a slight net alignment of the protein.

Three-bond scalar coupling constants (3J), for example, depend on the dihedral an-

gle of the covalent bonds according to a Karplus equation and can provide torsion-

angle restraints for backbone and side chain nuclei (Bax et al., 1994). RDCs are not

only sensitive reporters of the internuclear vectors, but also provide global informa-

tion (i.e., domain orientation) by restraining all bond vectors to a common principal

axis system. Besides structural information, RDCs can also contain information

on protein dynamics (Tolman & Ruan, 2006) and their use has been reviewed

extensively (see, for example, Bax & Grishaev (2005)). RCSAs provide information

on local electronic geometries and have also provided new insights into protein

dynamics. Finally, paramagnetic relaxation enhancement and pseudocontact shifts

can provide long-range (∼30 Å for PRE and ∼60 Å for PCS) information about the

interaction between electrons and protein nuclei (Otting, 2010). In paramagnetic

metalloproteins the unpaired electron necessary for measuring the PRE/PCS effect

is already present, while for other systems this requirement is generally fulfilled by

attaching a spin-label to the Cys residue in a single-cysteine mutant. The PRE effect

causes faster relaxation/line broadening which depends on the distance between

the electron–nucleus, and, similar to the NOE effect, scales by the inverse sixth

power of this distance. PCS causes a shift in the resonance line and depends also on

the electron–nucleus distance, as 1/r3, and on the direction of the electron–nucleus

vector.

NMR restraints alone are not sufficient to determine a 3D protein structure a priori,

and, therefore, restraints on covalent geometry (i.e., bond lengths, angles, planarity,

and chirality) are also included in the structure calculation protocol. A detailed

description of the computational methods to generate a high-resolution structure

using the NMR-derived restraints is outside of the scope of this introduction and

the interested reader is referred to one of the many reviews (see, for example,

Güntert (1998); Clore & Schwieters (2002)).
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1.3 NMR Spectroscopy of High Molecular Weight Sys-

tems

The study of high molecular weight systems by NMR is complicated by three

factors: (i) the rapid transverse spin relaxation results in broad lines and concomi-

tant low signal intensity, (ii) the large number of resonances leads to extensive

signal overlap which makes the spectral analysis cumbersome, and (iii) the large

number of protons leads to spin-diffusion effects that decrease the ability to derive

accurate interproton distances. These factors dictate the so-called “NMR size-

limit”, indicating that many interesting biological systems are beyond the practical

amenable size for studying them by NMR spectroscopy. The potential of NMR to

study higher molecular weight systems has, however, been greatly enhanced over

the past decade by combining advances in hardware, sample preparation and NMR

methodology. Improvements in NMR hardware include the introduction of higher

magnetic field strengths and cryogenically cooled probeheads, which significantly

improved the sensitivity of the technique. Signal overlap can, to a large extent,

be alleviated by increasing the number of dimensions in the NMR experiment

and/or reducing the number of signals by choosing an appropriate isotope-labeling

scheme. Reducing the transverse spin relaxation rate remains, however, a more

challenging task, but also here progress has been made using the synergy between

isotope-labeling methods and NMR pulse sequences developments. A combined

approach where NMR methodology is developed in concert with specific biochem-

ical labeling patterns is of great importance and examples are shown in this thesis.

1.3.1 Biochemical Labeling Methods and NMR Methodology

The high abundance of protons in biological macromolecules leads to rapid trans-

verse spin relaxation. Deuteration has the potential to decrease the spectral com-

plexity and, at the same time, improve the sensitivity and resolution of NMR

spectra. Early applications of deuteration by the groups of Jardetzky and Crespi

focused on simplifying 1D proton spectra by using D2O media supplemented with

either uniformly or selectively protonated amino acids (Crespi et al., 1968; Markley

et al., 1968; Crespi & Katz, 1969). Dilution of 1H spins also improved the relaxation

properties of the remaining proton nuclei in these perdeuterated protein samples

(Kalbitzer et al., 1985; LeMaster & Richards, 1988; Grzesiek et al., 1993) by removing
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the contributions from 1H− 1H dipolar relaxation and scalar coupling to the line

width. 2D homonuclear spectroscopy and 3D/4D heteronuclear experiments also

benefit significantly from this isotope substitution, since the lower gyromagnetic

ratio of 2H compared to 1H (γ 2H / γ 1H ≈ 0.15) significantly attenuates the dipolar

interaction, which is the major source of relaxation for 13C nuclei. Unfortunately,

NMR spectra of deuterated proteins still suffered from extreme line broadening due

to the short lifetime of the deuteron. While this issue and its solution (i.e., the use

of 2H decoupling) were already described by Browne et al. (1973), it took almost

20 years before sufficient deuterium decoupling power was technically achievable

and the real power of deuteration could be demonstrated by Bax and co-workers

(Grzesiek et al., 1993). These promising results spurred the development of NMR

pulse schemes tailored to fully deuterated (“perdeuterated”) protein samples, and

several groups have reported triple-resonance experiments and the backbone as-

signment of larger systems (Yamazaki et al., 1994a,b; Shan et al., 1996; Farmer &

Venters, 1995, 1996).

Deuteration of aliphatic positions, however, does not really decrease the 15N trans-

verse relaxation rate and deuteration alone did not push the NMR size-limit above

∼50 kDa. It took a few more years for the next breakthrough, novel NMR method-

ology this time, that works optimal in perdeuterated proteins. The introduction

of transverse relaxation-optimized spectroscopy (TROSY) by Pervushin et al. (1997)

reduced the 15N relaxation to such an extent that NMR spectroscopy of very large

molecules became within reach. Because the 1H and 15N spins of backbone amide

atoms are scalar coupled one can, in principle, observe four multiplet components

in a [1H− 15N]-HSQC spectrum. In conventional NMR experiments, however,

these four components are collapsed into one, centrally located, signal by the

use of decoupling techniques. For small proteins this procedure is advantageous

because it not only greatly simplifies the spectrum, but also increases the signal

intensity approximately four-fold. The situation is, however, quite different for

high molecular weight systems (see Figure 1.4).

As can be seen in Figure 1.4, there is a pronounced difference in the transverse

relaxation rate and, hence, line widths of the individual components of the 2D
15N− 1H J-coupling multiplet for a large protein. Applying a conventional decou-

pling scheme here will result in a significant deterioration of the “average signal”

due to the contribution of the fast(er) relaxing components. The TROSY technique

does not use decoupling, but exploits the constructive interference between dipole-

dipole (DD) and chemical shift anisotropy (CSA) and only selects the narrowest,
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Figure 1.4. Inset of the [1H− 15N]-
HSQC spectrum of the 34 kDa
protein FepB, recorded at 600
MHz without decoupling.

slowly relaxing component (Figure 1.4; TROSY-component, right below). TROSY

can retain only half of the original polarization due to this selection (Pervushin

et al., 1998a,b), but for larger proteins this is more than compensated for by the

slower relaxation. The optimal TROSY effect for 1H N and 15N nuclei in the amide

bond is around 1 GHz, because there is an almost complete cancellation of the DD

(field independent) and CSA (increases with field) contributions. The TROSY effect

on amide groups is of particular importance because of their involvement in almost

all “out-and-back”-type NMR experiments used for resonance assignments (see

Figure 1.3). The concept of using spectroscopic means to select a slowly relaxing

transition is, however, not restricted to this moiety and has been demonstrated also

for methyl groups (Tugarinov et al., 2003, 2004; Ollerenshaw et al., 2005), 1H− 13C

moieties in aromatic rings (Pervushin et al., 1998a), and methylene groups (Miclet

et al., 2004).

In short, complete deuteration (“perdeuteration”, using [2H,13C]-D-glucose and

∼100% D2O in bacterial cultures) in combination with the TROSY methodology

substantially improves the relaxation properties of high molecular weight proteins,

resulting in a significant sensitivity gain and increased resolution. Quickly after

its inception, the TROSY principle found its way into commonly used 3D/4D

NMR experiments, most notably those used for obtaining the backbone resonance

assignments (Yang & Kay, 1999b). A big caveat of perdeuteration lies in the

fact that most NMR measurements for obtaining the backbone assignment are

“out-and-back” 1H N-detected experiments (see Figure 1.3). It is, therefore, of

great importance that a (nearly) complete back-exchange of these amide protons

is achieved after the bacterial expression in D2O. In favorable cases, this is indeed

the case and are deuterium nuclei at (most of the) labile positions exchanged to

protons during the protein purification in H2O. In some cases (e.g., malate synthase

G (Tugarinov et al., 2002)) an additional unfolding/refolding step is, however,

necessary to accomplish this goal.
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Importantly, using TROSY techniques and deuteration backbone resonance assign-

ments have been obtained for proteins with a molecular weight well above the

NMR size-limit of conventional NMR techniques. Notable examples include the

64 kDa dimeric construct of p53 (Mulder et al., 2000), the 110 kDa homo-octameric

aldolase (Salzmann et al., 2000), the 91 kDa 11-meric TRAP (McElroy et al., 2002),

single-chain 82 kDa malate synthase G (Tugarinov et al., 2002), and the solubilized

membrane proteins OmpX (Fernández et al., 2001a,b), OmpA (Arora et al., 2001),

PagP (Hwang et al., 2002).

On the other hand, NMR structure determination protocols rely heavily on the

incorporation of a large number of NOE-based 1H− 1H distance restraints and

the reduction in the number of protons severely impedes the determination of a

high-resolution structure (Gardner et al., 1997). In other words, NMR spectroscopy

of large proteins raises two requirements that are intrinsically at odds with one

another. Ideally, one would prefer protein samples with protonation at some

desired positions while at the same time retaining high levels of deuteration at all

other sites. In such a situation, NMR spectra would demonstrate good sensitivity

and resolution due to the high level of deuteration, while the spectroscopically

interesting atoms would be present in protonated form. In particular, protonated

methyl groups are of interest since they often occur in the hydrophobic core of

a protein and at the interface of complexes (Janin et al., 1988). Hence, methyl

groups are considered important reporters of protein structure (Gardner et al., 1997;

Tugarinov & Kay, 2005) and dynamics (Mulder et al., 2001a; Tugarinov & Kay,

2005; Mittermaier & Kay, 2006; Brath et al., 2006; Sprangers & Kay, 2007), and are

also suitable to use in ligand-binding or protein-protein interaction studies (Kay

et al., 1996; Hajduk et al., 2000; Frederick et al., 2006). Furthermore, methyl groups

are particularly beneficial for NMR spectroscopic studies of high molecular weight

systems, as methyl 1H/13C NMR lines are narrow due to rapid 3-fold jumps about

the methyl symmetry axis (Kay et al., 1992a) and the TROSY principle (Pervushin

et al., 1997) can be employed (Tugarinov et al., 2003, 2004; Ollerenshaw et al.,

2005). Several strategies to re-introduce protons at some positions in an otherwise

deuterated background have been described in the literature and these will be

discussed shortly.
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(Random) Fractional Deuteration

Different approaches have been described for the (partial) deuteration of proteins

(see, for example, LeMaster (1994), and references therein), and only (random)

fractional deuteration will be highlighted below.

Random fractional deuteration was explored by the groups of Laue (Nietlispach

et al., 1996; Smith et al., 1996), LeMaster (LeMaster & Richards, 1988) and Fesik

(Zhou et al., 1995; Muchmore et al., 1996; Sattler et al., 1997) as a biosynthetic

method to retain some carbon-bound protons in an otherwise highly deuterated

environment. In this approach, the overall fractional deuteration level in the

protein is similar to the D2O/H2O ratio in the bacterial growth medium. It was

shown that, depending on protein size, a deuteration level between 50% and

75% presents a good compromise between spectral quality and the number of

measurable distance restraints. However, a disadvantage of random fractional

deuteration is that it leads to spectral deterioration due to deuterium isotope effects

(Hansen, 1988) and concomitant chemical shift heterogeneity.

A more defined fractional labeling is possible by performing the bacterial growth

in fully deuterated medium with a protonated carbon source (i.e., acetate (Venters

et al., 1991), pyruvate (Rosen et al., 1996; Lee et al., 1997), or glucose (Rosen et al.,

1996; Shekhtman et al., 2002; Otten et al., 2010)). Protein samples prepared in such

a way are highly deuterated at the 13C α position and contain different isotopomer

compositions and protonation levels for methylene and methyl groups.

Precursors and Specifically Labeled Amino Acids

Efficient incorporation of specifically labeled precursors or amino acids in proteins

using a biosynthetic approach is often hampered by extensive scrambling of the

isotope labels through metabolic pathways in the expression host (Arata et al., 1994;

McIntosh & Dahlquist, 1990). Often, an auxotrophic bacterial strain or effective

suppression of endogenous amino acid biosynthesis is, therefore, required (Torchia

et al., 1988; Waugh, 1996). In favorable cases, however, the simple addition of

labeled amino acids or precursors works, especially if it is possible to interfere far

downstream in the biosynthetic pathway (e.g., methyl-containing amino acids or

aromatic residues). Early examples include the incorporation of fully protonated

ILV (methyl-containing) and FY (aromatic) residues (Metzler et al., 1996; Smith

et al., 1996), and selectively aromatic ring-protonated FYW (Rajesh et al., 2003) into

a deuterated background.
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The approach pioneered by Kay and co-workers, however, in which suitably la-

beled intermediates in the methyl-containing amino acid synthesis are added to the

growth medium to obtain protonated methyl groups has received most attention.

Selective methyl protonation strategies in an otherwise deuterated background

have been described for Ile(δ1) (Gardner & Kay, 1997; Goto et al., 1999), [Val,

Leu] (Goto et al., 1999), and Ile(γ2) (Ruschak et al., 2010b) using U-[2H,13C]-D-

glucose/D2O and α-ketobutyrate, α-ketoisovalerate, or α-aceto-α-hydroxybutyrate,

as precursors, respectively. A wide variety of specifically labeled α-ketoacid precur-

sors are commercially available nowadays and their use for specific applications

has been reviewed by Tugarinov et al. (2006); Sprangers et al. (2007); Ruschak &

Kay (2010).

More recently, Gans et al. (2010) introduced a synthetic protocol for the produc-

tion of specifically methyl-labeled acetolactate (2-hydroxy-2-[13C]methyl-3-oxo-4-

[2H3]butanoic acid) that enables the stereospecific protonation of pro-S Leu and

Val methyl positions. The reported precursor as well as the compound for the

production of the corresponding pro-R groups are now commercially available.

Finally, approaches to obtain specifically protonated Met (Gelis et al., 2007) and

Ala (Isaacson et al., 2007; Ayala et al., 2009) methyl groups have been described, by

supplementing the growth medium with 13CH3-methionine and L-alanine-3-13C,2-
2H, respectively.

The introduction of protonated methyl groups in a deuterated background allows

for the recording of more, and important long-range NOEs between 1H N− 1H met

and 1H met− 1H met thereby improving the accuracy of NMR structures significantly

(Gardner et al., 1997). Ultimately, this resulted in the structure of the 82 kDa malate

synthase G (MSG) derived de novo from NMR data alone (Tugarinov et al., 2005).

However, significantly bigger protein systems can be studied using this labeling

approach, especially if the measurement of protein dynamics, instead of a protein

structure, is the goal. The current highlight in this area is undoubtedly the studies

of the complete 20S proteasome (670 kDa) or the α7 subunit (180 kDa) by Kay and

co-workers (Sprangers & Kay, 2007; Religa et al., 2010; Ruschak et al., 2010a).

Despite the success of the above-mentioned methyl labeling strategies, a major

drawback is that, even though a combination of precursors can be used, only a

subset of the methyl groups in the target protein is isotopically enriched in a single

NMR sample. Moreover, the use of specifically labeled precursors in combination

with U-[2H,13C]-D-glucose and D2O increases the price of these samples signifi-

cantly.
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Cell-Free Expression

Cell-free protein expression refers to the in vitro protein synthesis using whole

cell extract, often derived from E. coli., that contains all the required cellular

components for protein expression. It can be regarded as the ultimate method to

achieve highly selective labeling without, or low levels of, unwanted metabolic

conversions that generally occur in in vivo expression systems. One of the first

applications of cell-free protein expression and selective labeling for NMR studies

was demonstrated by Kigawa et al. (1995). Since then its use for NMR sample

preparation has increased, aided by the commercial availability of equipment and

reagents (Torizawa et al., 2004; Vinarov et al., 2004).

Kainosho et al. (2006) brought this methodology to a new level of sophistication

with the introduction of a cell-free protein expression system termed “stereo-array

isotope labeling (SAIL)”. The approach utilizes cell-free protein expression that

incorporates chemically or enzymatically synthesized amino acids (Oba et al., 1998,

1999, 2001), and the resulting proteins have a defined stereospecific and regiospe-

cific labeling pattern that is optimal for NMR studies, in terms of information

content and quality of the spectra.

Figure 1.5. Design principles for
the incorporation of NMR active
isotopes in SAIL amino acids.
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The design principles for the incorporation of NMR active isotopes in the SAIL

amino acids are shown in Figure 1.5: (i) only one 1H is retained in methylene

and methyl groups, (ii) only one of the methyl groups of Leu/Val is labeled as
13CHD2, the other becomes NMR invisible (12CD3), and (iii) alternating labeling
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with 13CH and 12CD in six-membered aromatic rings. The resulting proteins exhibit

ideal NMR properties due to the high deuteration level, while retaining proton

nuclei at interesting positions. More specifically, the labeling pattern (i) allows for

the backbone and side chain assignments using standard NMR experiments, (ii)

eliminates the need for stereospecific assignments, (iii) simplifies the interpretation

of relaxation measurements in methyl and methylene groups, and (iv) eliminates

difficulties associated with strong 13C scalar coupling in aromatic rings.

The recent review article by Kainosho & Güntert (2009) is a good starting point for

readers interested in the details of SAIL and furthermore demonstrates the applica-

tion of the methodology for the structure determination of several proteins. While

this methodology delivers protein molecules that are ideal for NMR spectroscopy,

the technique is not in general use, likely due to the high costs or lack of availability

of the required isotopically labeled amino acids.

1.4 NMR Spectroscopy of Intrinsically Disordered Pro-

teins

So far I have focused on the NMR properties of large, folded proteins, which

are challenging to study by NMR due to their slow rotational dynamics and

concomitant unfavorable relaxation properties. In this section I will describe the

NMR properties of a very different class of proteins, IDPs, which exhibit excellent

sensitivity due to their extensive flexibility.

IDPs have received a lot of attention in recent years, due to the discovery of

their diverse roles in important cellular processes (e.g., transcription, signal trans-

duction, and cell cycle regulation) and involvement in human neurodegenerative

diseases like Parkinson and Alzheimer (Uversky et al., 2008). Computational

predictions suggest that approximately one-third of eukaryotic genomes encode

fully disordered proteins or systems containing large stretches (>50 amino acids)

that lack a stable three-dimensional fold, but are still functional (Dunker et al., 2002;

Uversky, 2002). In addition, more and more experimental evidence is available

that confirms the abundance of IDPs, and the “Database of Protein Disorder”

(DISPROT, www.disprot.org) contains currently 627 disordered proteins and 1342

biological systems with disordered regions (Sickmeier et al., 2007). Moreover, it

has been established that these disordered states are not mere featureless “random
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coils”, but are characterized by secondary structure propensities of the polypeptide

backbone (Dill & Shortle, 1991; Shortle, 1996; Wirmer et al., 2005; Mittag & Forman-

Kay, 2007).

NMR spectroscopy is undoubtedly the most appropriate technique for investigat-

ing IDPs at atomic resolution, and there are many excellent reviews available that

highlight its use to study disordered states (see, for example, Wirmer et al. (2005);

Mulder et al. (2009)). Here, we focus our attention on the background information

required to put Chapter 5 into perspective. As explained earlier in section 1.2, the

assignment of all peaks in the NMR spectra to a specific atom in the molecule is

required before any information can be obtained from NMR spectra.

Figure 1.6. 2D 1H− 15N HSQC (panel A) and 1H− 13C
′

H(N)CO (panel B)
correlation spectra for the 139 amino acid construct of the intrinsically
disordered protein domain hNlg3cyt.

A typical [1H− 15C]-HSQC spectrum of an IDP is shown in Figure 1.6 (panel A),

where the limited chemical shift dispersion (∼1 ppm) in the 1H dimension is

immediately apparent. This observation is caused by the fact that in the absence of

a persistent secondary structure the environment for most of these amide moieties

is highly similar, thereby resulting in an almost identical chemical shift. Similarly,

narrow chemical shift dispersion and congested NMR spectra are obtained for

the 13C/1H nuclei in the amino acid side chains. As can be seen in Figure 1.6,

there is significantly more dispersion present in the 15N and 13C
′

dimension,

because the chemical shifts of these nuclei are strongly influenced by local sequence

composition (Tamiola et al., 2010). The small chemical shift dispersion in IDPs

and concomitant signal overlap often hampers the resonance assignment using

traditional approaches. On the other hand, IDPs exhibit excellent sensitivity in

NMR experiments due to their dynamic nature and, thereby, pave the way for
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higher-dimensional spectroscopy. Indeed, advances in NMR methodology, for ex-

ample 5D/6D spectroscopy combined with reduced dimensionality techniques to

obtain high-resolution spectra within a reasonable acquisition time, have allowed

for the (nearly) complete resonance assignment of several isoforms of Tau protein

(Narayanan et al., 2010).

The structural characterization of IDPs is challenging due to their inherent flexibil-

ity: the measured NMR observables are averages arising from a highly heteroge-

neous conformational ensemble. As an example, we consider here the three-bond

coupling constants for which its dependence on the intervening bond angle is well-

understood through the Karplus-equation. Such coupling constants are routinely

measured for folded proteins and used as torsion-angle restraints in the structure

calculation process. In the case of IDPs, scalar coupling constants are excellent

probes to detect any residual structural propensity as, for example, the 3 JHNHα

coupling constant is very sensitive to the local order of the peptide bond. It is

in the case of IDPs, however, very difficult to distinguish between two possible

explanations for the observed coupling constant: do they arise from a persistent

backbone structure, or do the values represent an average between many possible

structures. It is, therefore, important to measure a wide variety of NMR parameters

(e.g., chemical shifts, RDCs, relaxation rates, and scalar coupling constants) in

order to determine realistic structural ensembles of IDPs. Moreover, there are

several other biophysical techniques (e.g., SAXS, EPR spectroscopy, fluorescence

spectroscopy) that can provide complementary information. For example, small-

angle X-ray scattering (SAXS) can be used for the determination of a Boltzmann-

weighted distribution of gyration radii.

Finally, the measurement of many of the NMR observables (e.g., the 3 JHNHα cou-

pling constant) find their origin in the field of folded proteins and are often

determined from HN-detected experiments, which seriously limits the application

to unfolded proteins (cf. Figure 1.6). In general it is, therefore, not optimal to

use the same NMR experiments for folded and unfolded proteins. Instead, the

development of novel pulse sequences is preferred in order to decrease signal

overlap and maximize the number of probes to extract the desired information.
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1.5 Protein Dynamics Studied Using NMR Spectros-

copy

Proteins undergo continuous conformational fluctuations on a wide range of time

scales. NMR spectroscopy is uniquely suited to study these dynamical processes,

being capable of providing such information for many different nuclei with atomic

resolution (see, for example, reviews by Palmer & Massi (2006); Mittermaier & Kay

(2006, 2009)). An overview of protein dynamics and the NMR methodology that

can be used to study these processes on the different time scales is given in Figure

1.7.

Figure 1.7. Overview of protein dy-
namics on different time scales
and the NMR techniques to
study them.

We will focus here on the fast (ps–ns) bond vector motions (used in Chapters 2 and

3) and the methodology to study slow (microsecond to millisecond) motions that

can be rate limiting for biological function (applied in Chapters 3 and 4).

The fast timescale bond librations (up to the rotational correlation time, τc, of

the protein) can be studied using laboratory frame NMR measurements (Palmer,

2004). The parameters typically measured are R1, the longitudinal relaxation rate

(back to thermal equilibrium); R2, the transverse relaxation rate (loss of phase

coherence); and the steady-state {1H}-15N nuclear Overhauser effect. The analysis

of relaxation parameters can be complicated due to potential interference effects

of the many coupled spins present in proteins. Therefore, the study of protein

dynamics generally focuses on AX spin systems for which the relaxation pathways

are well known. In the protein backbone the 15N nucleus (Farrow et al., 1994)

is often used as probe of dynamics, because the main sources of its relaxation

mechanism (i.e., the CSA en DD interaction with its directly attached proton)



General Introduction 21

are understood and, therefore, allow for a relatively simple interpretation of the

measured parameters. In the protein side chain, methyl groups are often targeted

either by measuring 13C relaxation on 13CH3 groups (Nicholson et al., 1992) or 2H

relaxation in 13CH2D moieties (Muhandiram et al., 1995). The NOE ratio reflects

the local mobility of the N-H vector and has typically values around 0.8–0.9 for

stable secondary structure elements, while values <0.5 are generally regarded as

highly flexible. A quantitative description of the picosecond–nanosecond time scale

dynamics can be obtained by (reduced) spectral density mapping (Farrow et al.,

1995; Ishima & Nagayama, 1995; Lefevre et al., 1996) or the model-free approach

(Lipari & Szabo, 1982a,b; Clore et al., 1990).

Slower motions can also be studied using NMR relaxation methods and, in par-

ticular, those motions occurring on the microsecond–millisecond time scale have

received considerable attention during the past years (Palmer et al., 2001, 2005). As

can be seen in Figure 1.7, motions on this time scale are implicated to be important

for many interesting biological processes (e.g., enzyme catalysis, ligand binding,

protein folding, and allosteric regulation). Such motions significantly alter the

chemical and magnetic environment of the nuclear spins and, thereby introduce

a time dependence into the NMR frequencies. Slow (µs–ms) stochastic processes,

thereby, add an additional contribution Rex to the intrinsic nuclear spin trans-

verse relaxation. Relaxation dispersion NMR spectroscopy can be used to study

the exchange contribution to the transverse relaxation rate using either rotating-

frame spin relaxation (T1ρ) or Carr–Purcell–Meiboom–Gill (CPMG) measurements

(Palmer et al., 2001, 2005; Palmer & Massi, 2006). Conformational exchange is an

exchange process caused by internal motions in a molecule, which can in principle

occur between multiple sites. Here, we consider the simplest case where a two-site

exchange process takes place between the states A and B:

A
kAB−−⇀↽−−
kBA

B

where kAB and kBA are the forward and reverse rate constants, respectively.

Relaxation dispersion experiments can yield information on (i) the exchange rate,

kex = 1/τex = kAB + kBA, (ii) the populations of the exchanging states, pA and pB,

and (iii) the absolute difference between the chemical shifts of state A and B, |∆ω|
(Palmer et al., 2001, 2005). Importantly, this information can still be obtained in

case of asymmetric exchange where the populations are highly skewed as is often
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the case in biological systems. As long as the population of the minor state, pB, is

above ∼1% relaxation dispersion experiments can be used to gather information on

this, for conventional NMR spectroscopy, invisible state. Initially, the method was

used to obtain information on the kinetics (exchange rate, kex) and thermodynamics

(populations, pA and pB) of the exchange process. Through recent advances in

computational methods to determine protein structures from chemical shift data,

the potential of obtaining chemical shift information on the transiently populated

conformation has received considerable interest (see, for example, Korzhnev et al.

(2010)).

1.6 Aim and Outline of This Thesis

The work in this thesis focuses on the development of NMR methods to study

protein structure and dynamics using an approach where NMR pulse sequences

are designed in concert with specific biochemical labeling patterns. The synergy

between developments in biochemistry and NMR methodology are shown to be

crucial for the advancement of NMR spectroscopy in the field of structural biology.

Furthermore, we demonstrate the particular strengths of NMR spectroscopy by

(i) studying protein structure, dynamics and interactions of a system that is not

amenable to X-ray crystallography, (ii) characterizing an exchange process on the

microsecond time scale, and (iii) probing the secondary structure propensity of an

intrinsically disordered protein.

In Chapter 2, we investigate the structure, dynamics and ligand-binding of the 34

kDa periplasmic binding protein FepB, which is involved in the iron uptake in E.

coli. Despite extensive efforts, no suitable crystallization conditions were found for

both the ligand-free and ligand-bound state, thereby preventing structural studies

using X-ray crystallography. NMR spectroscopy has resulted in a nearly com-

plete backbone assignment in both states and the identification of the secondary

structure elements. Measurement of fast (ps–ns) time scale dynamics indicates the

presence of significant dynamics in the N-terminus and loop region (∼25 residues),

which could explain the difficulties in crystallizing this system.

Chapter 3 describes a cost-effective biochemical labeling method using U-[1H,13C]-

D-glucose and ∼100% D2O that ensures the isotopic enrichment of all possible

methyl groups. A novel NMR pulse sequence tailored to this labeling pattern was

developed that allows for a nearly complete methyl group assignment in proteins
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up to ∼300 residues. Moreover, the same protein sample can be used to study fast

(ps–ns) and slow (µs–ms) time scale dynamics of methyl groups using conventional

NMR methods.

A 1H CPMG relaxation dispersion experiment on the 13CHD2 isotopomer of methyl

groups to study µs dynamics is described in Chapter 4. We show that faithful

dispersion profiles can be recorded for all methyl-containing amino acids provided

that an appropriate NMR pulse scheme is used, or the reason for potential artifacts

is removed by introducing a specific biochemical labeling pattern. The utility of

the approach is illustrated with an application to NtrCr that displays functional

dynamics, and undergoes local structural rearrangements with a rate constant of

(15.5 ± 0.5) × 103 per second.

Chapter 5 addresses the application of NMR spectroscopy to study intrinsically

disordered proteins (IDPs), and describes a new pulse sequence to measure the
3 JHNHα scalar coupling constant. Scalar coupling constants are good probes to

detect any residual structural propensity in IDPs, and the 3 JHNHα coupling con-

stant is very sensitive to the local order of the peptide bond. Typically, these

coupling constants are recorded on 15N/1H-labeled proteins from HN-detected

experiments. While this approach works perfectly fine for folded proteins, the

number of probes is significantly reduced in the case of IDPs due to spectral

overlap. We propose, therefore, to use 13C/15N/1H-labeled material and record

HC
′
-detected experiments to measure these scalar couplings using a novel 2D spin–

echo difference experiment. Indeed, in an application to hNlg3cyt significantly

more 3 JHNHα coupling constant could be determined compared to conventional

methods, and the results suggest that hNlg3cyt is intrinsically disordered with little

propensity for structure.






