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CHAPTER 1

Theory and Applications of NMR
Spectroscopy in Biomolecular
Structures and Dynamics of
Proteins
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1.1 Introduction

Nuclear magnetic resonance (NMR) is a potent analytical technique with su-
perior advantages, including its nondestructive nature, high reproducibility,
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and inherently quantitative methods.' The main strengths of NMR spec-
troscopy are that researchers can study a molecule at its atomic level, and
several NMR measurements can be done on the same sample.*”” Thus, NMR
can be used to identify and quantify different molecules within sample
mixtures.®"* NMR can be utilized for molecular identification and elucidating
different structures of the same molecule and hence is widely used in
stereochemistry to identify different isomers of a molecule."”™® Moreover,
coordination information on each atom and electron density and the memetic
environments of neighbor’s atoms can be extracted from the NMR spectrum.

The applications of NMR spectroscopy are no longer limited to the liquid
state; it is now routinely used for solid states also.'*>> Thus, NMR spec-
troscopy is broadly employed in a wide range of applications, including
organic*®~? and inorganic chemistry,***° biology, physics,***® and medical
applications.*”~** A simple one-dimensional (1D) proton NMR spectrum can
be detected in a few minutes with minimal sample preparation, offering a
high-throughput method appropriate for detecting the progress of organic
reactions and for studies that include a large number of samples such as
metabolomics and drug-discovery studies.”®

One of the essential advantages of NMR spectroscopy is that samples can
be detected under mild conditions without a vacuum or high temperatures.
Researchers can measure NMR spectra separately by detecting selectively
only one type of atom using 1D NMR experiments or the correlation between
two types of atoms using 2D NMR experiments. Furthermore, the bond co-
ordination of three or more different types of atoms can be detected using
3D and higher dimensional NMR methods.”' >

Indeed, one can carry out NMR measurements for biological molecules
under physiological conditions such as body temperature, pH, and pressure.
This was done first by Richard Ernst, who, based on an idea by Jeener, dem-
onstrated two-dimensional (2D) NMR spectroscopy.”*”> This opened up a new
domain with many new experimental possibilities to obtain chemical shifts of
coupled homonuclear and heteronuclear spins and the interactions between
pairs of nuclear spins. This also forms the basis of the transfer of magnet-
ization, which enables the basic building blocks for polarization transfer from
one spin to another spin. The second breakthrough came from Anil Kumar,
Ernst, and Wiithrich with the discovery of nuclear Overhauser effect experi-
ments whereby spatial connections from adjacent spins to one spin are ob-
served through the interplay of cross-relaxation and dipolar interactions
between them.’® This experiment and some other related 2D NMR experiments
developed by the same group formed the basis for solving protein structures.

In 1985, the first protein structure of proteinase inhibitor IIA from seminal
bull plasma was reported by the group of Wiithrich.>” In the 1980s and
1990s, there was an explosive growth of high-resolution NMR in terms of
developing new pulse sequences; instrument hardwire improvements in
terms of higher magnetic fields, cryogenically cooled probes, etc., and also
better sample preparation, which involved the use of isotopically labeled
proteins (*H, '*C, and "N). Slowly NMR became an increasingly powerful
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technique for protein structure determination. Currently, about 10% of
structures being deposited in the Protein Data Bank are solved using NMR.
With an increase in dimensionality, measurement time increases rapidly,
and there is constant effort to meet both the requirement of optimum
sensitivity and desired resolution.

Over the past two decades, numerous advances have been made to achieve
three- and four-dimensional (3D and 4D) spectroscopy in a reasonable
amount of time.”® " There is an area of research for FAST NMR method-
ologies that have found profound application in the last two decades.’*®?
Perhaps the most exciting frontier is the application of NMR to investigate
protein dynamics, especially for large molecular machines, which will un-
doubtedly lead to new fundamental insights in biology. NMR is the method
of choice for dynamic molecular investigation; herein we focus on the theory
and applications of different NMR approaches for biological molecules,
focusing on protein dynamics. Since historical dynamics came first, we first
discuss the basic theory and experimental details of protein dynamics. The
details of structure elucidation follow this. Subsequently, we cover the recent
development of the study of NMR dynamics, which includes structural
information of sparsely populated states that are functionally most relevant.

1.2 Methodologies Involving Protein Structure
Determination: A Comparative Study

As noted earlier, one of the most important advantages of NMR spectroscopy
is the ability to elucidate the atomic-level structure of important biomolecules
of interest, such as proteins.®* Moreover, NMR is the only method that can be
used for structural elucidation of biomolecules together with their complexes
in solution under physiological conditions (with strictly defined temperature
and pH, and ambient pressure). Thus, the determination of protein structure
in its native environmental conditions is essential for a wide range of appli-
cations such as understanding protein functions, protein-protein and
protein—drug interactions, and drug development. Initially, NMR experiments,
such as 2D "H-'"H NOESY, were successfully applied to distinguish between
the secondary structures of proteins.®>®® Later, in 1982, the first-ever se-
quence-specific assignment for a small protein, basic pancreatic trypsin in-
hibitor, was published,®® and this led to the determination of the first protein
structure in solution in 1985.°” Figure 1.1 shows how one can use NOESY data
to distinguish an o-helix from other secondary structures.

The presence of secondary motifs within the protein structure is usually
confirmed by the experimental data provided by NMR studies of peptides and
proteins. The backbone vicinal coupling constants between amide protons
NH and H” protons [JHyH,] in the random coil are approximately equal to
7 Hz, which is close to the 8.5 Hz typical of B-sheets and far from the 4.2 Hz
typical of an a-helix. In the case of the NOE (nuclear Overhauser effect), the
random coil motifs exhibit strong sequential H, (i) - HN(Z + 1) effects typical of
B-sheets, while NH({) - NH(i + 1) are fragile or not observed at all.*>”"*
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Figure 1.1 The secondary structures of protein highlighting the connectivity of
interstrand NOEs.

Table 1.1 The distribution of protein and nucleic acid structures solved by currently
available techniques. Data were taken from the Protein Data Bank (www.
pdb.org), and the last update was May 17, 2021.

Molecular type

Nucleic
Proteins  Protein/ acids
(only) NA (only) Other Total
Exp. X-Ray 138515 7275 2172 149 156318
method NMR 11693 270 1358 31 13389

EM 5090 1738 58 3 7655
Multiple methods 168 3 8 0 185
Neutrons 69 0 2 0 71
Other 32 0 1 0 37
Total 155567 9286 3599 183 177 655

Nowadays, the structures of different biomolecules solved by either NMR
or other techniques are deposited in the Protein Data Bank (PDB) (website:
www.pdb.org). There are over 300000 structures of different biomolecules
(of which 155218 and 3594 are structures of proteins and nucleic acids,
respectively) deposited in the PDB (April 29, 2021). Statistics of the PDB are
presented in Table 1.1.

The relatively large disparity between the number of structures solved by
NMR and X-ray techniques has several different causes, besides the fact that
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NMR is a newer technique used in structural studies for important biomo-
lecules. These causes include the following:

e The size limitation of objects suitable for NMR studies.®” The average
protein studied using NMR is ca. 100-150 amino acids long and requires
double labeling. In proteins with over 180 residues, triple labeling with *H,
3¢, and "N isotopes is very often required. This is because the amount of
information in spectra is too much and the relaxation behavior of larger
systems that broaden the signal makes it difficult to detect and study.

e Relatively higher costs of protein production and measurements with
the spectrometer.

The structure determination by NMR requires backbone and side-chain
assignment as a prerequisite step. To achieve this, proteins need to be iso-
topically enriched. Isotope labeling requires cells expressing the protein in
minimal media composed of *C-labeled glucose and '°N-labeled ammonia
salt. There can be an additional requirement of deuterium labeling for
higher molecular size complexes or selective methyl labeling to resolve the
highly overlapped methyl region. These requirements increase the sample
production cost. Spectrometer hours are expensive because of relatively high
cryo liquid consumption. The resonance assignment process typically in-
volves recording multiple triple resonance experiments and other 2D and 3D
experiments. The conventional method of recording experiments leads to
higher time consumption. The analysis procedure is relatively tedious and
time-consuming. The sample stability in solution is an issue as the sample
should be stable for at least several weeks to complete the minimal set of
multidimensional NMR experiments for assignment.

A tremendous amount of research has been carried out to overcome these
difficulties, and these developments have led to different areas of research
altogether. These developments are in different areas, such as ease of sample
preparation, better labeling strategies, economically viable unlabeling
strategies, improved hardwire settings, various fast NMR methodologies, etc.
It is most common that researchers prefer to determine the high-resolution
structure of their protein by X-ray, then assign only the protein backbone
atoms with experiments based on NH detection, and study protein inter-
actions and dynamics by solution-state NMR techniques.

In comparison to X-ray, NMR offers several possibilities that are not ac-
cessible to X-ray methodology. The most important advantages of NMR are:

e studying the protein structure in a native-like water environment;

e ability to test the impact of pH, temperature, ionic strength, and other
factors on protein structure, stability, and interactions with ligands;

e studying protein dynamics in aqueous solutions (backbone by relax-
ation of N atoms and side chains by "*C-methyl relaxation);

e observation of chemical kinetics and estimation of thermodynamic
parameters, binding constants, etc.;


https://doi.org/10.1039/9781839165702-00001

Downloaded on 9/22/2022 9:46:50 PM.
Published on 17 August 2022 on https://pubs.rsc.org | doi:10.1039/9781839165702-00001

View Online

6 Chapter 1

e uncertainties of one type of experiment can often be resolved by dif-
ferent types of experiments done on the same sample, while in the case
of X-ray, one crystal provides one consistent dataset that a different type
of experiments cannot validate.

There are several routine steps in high-resolution protein structure elu-
cidation based on multidimensional nuclear magnetic resonance techni-
ques. First, when the target protein is known, and its molecular weight is
under 20-25 kDa, and the expression protocol in E. coli is established, the
following well-established scheme is usually applied:

1. Expression of the nonlabeled protein in E. coli in minimal M9 media
(there are also other less common expression systems available, such as
Pichia pastoris yeasts);

2. Defining the solution conditions, like buffer, pH, temperature, and salt
concentration;

3. Expression of the double-labeled '°N, '>C protein in E. coli in minimal

M9 media;

3D experiments for backbone assignments and side-chain assignment;

Experiments delivering constraints for structure elucidation;

Determination of the structural constraints and structure calculation;

Structure validation and refinement.

No ok

The standard 3D experiments for double-labeled proteins for side chains
and sequence-specific backbone assignments are based on HN-detected
experiments. The protein solution usually contains 90%/10% H,0/D,0,
which still allows for observation of the NH backbone and side-chain
amides, locking the *H signal, but efficient suppression of the water peak
at~4.7 ppm is required.®® The experiments connecting the selected atoms of
residues and between the residues are based on magnetization transfer on
magnetically active nuclei.

For the sequence-specific backbone assignments, the simplest experiments
used for double °N- and "*C-labeled protein of MW under 20-25 kDa®""? are:

3D HNCA;

3D HN(CO)CA;
3D H(CA)NH;

3D HNCO;

3D HN(CA)CO;
3D CBCA(CO)NH;
3D CBCANH;

3D HNCACB.

The above-mentioned experiments are proton-detected '°N-edited experi-
ments where 2D [°N, 'H] HSQC serves as the fingerprint of the associated
protein molecules. These experiments rely on one- and two-bond J
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Figure 1.2 The approximate values of coupling constants between various backbone
nuclei.

couplings, which are used to affect multiple magnetization transfer steps.
The couplings are shown in Figure 1.2.

These couplings are largely independent of the backbone conformation of the
proteins. However, there are changes in the values in the case of moving from
proteins to nucleic acids. The nomenclature of the triple resonance experiments
describes the associated magnetization transfer during the experiment, along
with the frequency labeling. The nuclei, which are used only for transfer without
frequency labeling, are kept in brackets. As an example, in the HNCO experi-
ment, the magnetization starts from the Hl(\f) proton and gets transferred
through the directly attached N(; atom to the CO;_1) carbon atom and returns
the same way to the Hf) nucleus. In HN(CA)CO, the magnetization passes
through C* atoms after nitrogen; however, the frequencies are not labeled. The
detailed magnetization transfer pathways are presented in Scheme 1.1. All the
experiments starting with HN are “‘out and back” experiments, while the last
three experiments starting with H*? are “out and stay” experiments.

The magnetization transfer steps involve INEPT and will discuss the HSQC
pulse sequence first in-depth, as it is the simplest of all, to understand
INEPT and reverse-INEPT. Subsequently, we discuss in detail one triple
resonance experiment.

The basic pulse sequence of HSQC is shown in Figure 1.3, which is
composed of an INEPT sequence to transfer the magnetization from I to S
spin. This is followed by the chemical shift evolution of S spin, during which
I is decoupled by applying a 180° pulse in the middle. The last portion (c to
d) represents the reverse INEPT block, which transfers the polarization back
from S to I. Up to position a, I magnetization undergoes evolution under
coupling, and an antiphase I magnetization (I.S;) is generated. Simul-
taneous application of two 90° pulses makes it LS, which is antiphase S
magnetization. Thus, I magnetization is transferred to S. Subsequently, this
antiphase term undergoes chemical shift evolution (Qg) for the ¢; period
while the coupling is refocused by application of 180° I pulse at the midpoint
of the evolution period ¢;. Hence at position c, the coherence terms of
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Scheme 1.1 The detailed magnetization transfer pathways for different experiments.
(¢3) represents the detection dimension, while (¢,) and (t,) represent the
other two indirect dimensions in respective cases.

interest are I,S.cos Qgt; + ISy, sin Qgt;. After this, the back INEPT starts, and
two 90° pulses are applied. This results in the generation of IS, cos
QSt, + IS, sin QSt;. Among these two terms, the double quantum coherence
(ISy) is not observable. The second term encoded by antiphase I magnet-
ization (I.S,) with sine modulation of S spin chemical shift becomes the
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Figure 1.3 The pulse sequence of HSQC. I and S represent any two heteronuclear
spins. The t is (1/4]), where J is the associated coupling constant. The thick
blue and thin black bars represent the 180° and 90° pulses, respectively.
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Figure 1.4 The pulse sequence of an HNCO experiment. Thin black bars and wide
blue bars represent 90° and 180° pulses, respectively. The red-colored,
shaped proton pulse is a water-selective 90° pulse. The DIPSI decoupling
scheme is applied on the proton channel with lower power (5 kHz)
compared to the hard pulse. The carbon pulses are applied as semiselective
pulses. The transmitter offsets for the carbonyl and Ca carbon channels are
set to 175 and 55 ppm, respectively. The coupling between the Ca and the
nitrogen during chemical shift evolution of the nitrogen is removed by
application of a single 180° pulse on Ca.. The delays t,, 11, and 7. are set to
2.3 ms [1/(4Jxn)], 5.5 ms [1/(2/nn)], and 12.4 ms [1/(4/xc)], respectively.
The delay 0 is required for the application and recovery of gradient G8 and
is set to 0.5 ms. The phase cycle implemented is ¢ =x, —x; P, =4(x),
4(—=x); p3=2(x), 2(—x); Ppa= X; 5=, Prec =2(x, —x), 2(—x, x). Gradients
are usually sine-shaped with the following strengths and duration: G,
(5 Gem ™, 0.5 ms), G, (15 Gem ™', 2 ms), G; (20 Gem ™', 0.75 ms),
G, (5 Gem !, 0.2 ms), G5 (30 Gem ™', 1.25 ms), Gg (5 Gem ™, 0.3 ms), G,
(10 Gem ™, 0.2 ms), Gg (27.8 Gem ™, 0.125 ms).

main interest. The antiphase term is evolved under J coupling for a period of
(1/2)) in order to generate in-phase I, magnetization before detection at
position d. During detection, the S spin is decoupled. Thus, in the
'"Ho"?C/"N HSQC experiments, the magnetization gets transferred from the
more sensitive nucleus (I:'H) to the less sensitive nucleus (S:'*C/*°N).

A detailed analysis using product operators is as follows (see Figure 1.4).
Up to position b, "H magnetization goes through INEPT and gets transferred
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to the nitrogen. Thus, the first pulse on the proton creates a transverse
magnetization (H,— — H,), which undergoes H-N coupling and generates
antiphase magnetization (2H,N,). Subsequently, two 90° pulses on the proton
and nitrogen channel generate the antiphase nitrogen magnetization (2H,N,)).

In the next part of the sequence (from b to c), the magnetization evolves
under different Hamiltonians containing evolution due to three different
couplings: Jun, Jnc, Jncs, and the nitrogen chemical shift. In this segment, only
the Jun and Jyc couplings evolve. Coupling evolution due to Jxcs, and the ni-
trogen chemical shift evolution are refocused during this segment. The net
result in this segment is that the antiphase proton-nitrogen magnetization is
refocused to in-phase nitrogen magnetization (2H,N,—N,), and simul-
taneously, antiphase nitrogen-carbonyl carbon magnetization is generated
(Nx—2N,C;). Since the Hamiltonians in NMR commute with each other, we can
separately examine their effects, which is independent of how they are treated.

e Chemical Shift Evolution: The chemical shift evolution of the transverse
nitrogen magnetization refocuses because the 180° nitrogen pulse is
symmetrically placed during this time interval.

e Proton-Nitrogen Coupling: The coupling between the nitrogen and the
amide proton is allowed to evolve for a period of 7. Subsequent appli-
cation of the DIPSI decoupling prevents further evolution. Since 1y, is set
to 1/(2 /xn), the evolution due to this coupling (2H,N, — 2H,N,cos(7 JxuT5)
— N,sin(nJyutp)) leads to pure in-phase nitrogen magnetization gener-
ation (2H,N,,— N,).

e Nitrogen—-Carbonyl Coupling: The coupling between the nitrogen and
the carbonyl carbon occurs for the entire period as 180° pulses were
applied to both spins. This leads to the generation of two terms from
pure in-phase nitrogen magnetization;

N,— Nycos( Jnc 21¢) + 2N, Cosin(n Jnc 27c)-
Since t. = 1/(4/nc), only the antiphase term survives, which is 2N,C..

e Nitrogen-C* Coupling: Since a 180° pulse is applied only to the nitrogen
during this period, this coupling is refocused over the 2. period.

In the following period (c to d), the first antiphase carbonyl magnet-
ization is created by simultaneous application of a 90° pulse on the
nitrogen and carbonyl channels (2N,C,— —2N.C,). After this, the chemical
shift for the carbonyl is recorded, and the following terms are generated.

— 2N,Cy— — 2N,C;cos(wcty) + 2N,Cysin(wct,)

Out of these, only the cosine term is detectable. Thus, during the
chemical shift evolution, the coupling with nitrogen and C* is suppressed
by applying the 180° pulses in the respective channel. Subsequently, the
magnetization is transferred back to nitrogen by simultaneous appli-
cation of 90° pulses at point d (2N,Cycos(wc t1) — 2N,C,cos(w¢ t1)).
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Subsequently, in the following period (d to e), antiphase nitrogen
magnetization with respect to carbonyl is transferred to in-phase ni-
trogen magnetization with chemical shift labeling. Simultaneously,
antiphase nitrogen magnetization is generated concerning the proton.
The following terms are generated:

2N,C,— — Ny~ — 2N, H,

During this time, coupling with nitrogen and C” is suppressed by
applying the 180° pulse in the C* channel. As a result, the effective
coupling evolves for:

[tc — t/2] —[tc] +[t2/2]=0

From point e, back INEPT is initiated to the proton channel, which is
brought in phase after sensitivity enhancement block and gets detected.
This kind of analysis is possible for every triple resonance experiment.

Usually, the 3D "N NOESY-HSQC experiment is utilized, and the
NH-NH connectivities, which are characteristic of o-helices, help val-
idate the sequential assignments. For side-chain assignments, there are
numerous different experiments, such as NH-detected:”°
3D HBHA(CBCACO)NH;
3D (H)C(CO)NH;
3D H(CCO)NH;
3D 15N-edited TOCSY.

And CH-detected:”°

e 3D (H)CCH TOCSY;
e 3D H(C)CH TOCSY.

These experiments utilize TOCSY transfer for complete side-chain
assignment.

The 3D "*N-edited NOESY experiment’® and NH-NH connectivities charac-
teristic of a-helices are successfully used for sequential residual assignment
validation. Moreover, this experiment supplemented by 3D '*C-edited NOESY
can validate the side-chain assignments. It should be pointed out that
C-edited NOESY’*”” is recorded separately for aliphatic and aromatic regions
of the spectrum, with the /oy coupling constant and offset usually tuned to
140 Hz, 40 ppm and 160 Hz, 122 ppm for aliphatic and aromatic regions of the
spectrum, respectively. Notably, the NOE contacts can also be successfully used
for determining contacts between the residues placed in the interface of the
relatively small oligomeric proteins. An example of such an application was
demonstrated for a globular protein with a quaternary structure, the S100A1
protein, a dimeric protein consisting of two identical subunits forming a
homodimer. As was shown by studies of a high-resolution NMR-based struc-
ture of human S100A1, and also bacterial CylR2 homodimeric proteins, the
nature of the interactions within the interface of oligomeric proteins involves
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mainly hydrophobic interactions between the methyl-containing side chains
and several aromatic residues with weak C-H- - -t interactions.”® An example of
a weak intermolecular C-H- - - interaction is between the aromatic moiety of
Trp63 and the Hy2/3 side-chain protons of Lys48, which is observed in the
structure of the CylR2 dimeric protein.”’

1.3 Through Space Correlation

The dipole-dipole interaction between two spins enables researchers to probe
through space closed by atoms even though they are far apart in the primary
sequence and usually from different spin systems (Figure 1.5). This phenom-
enon gives special significance for magnetic resonance spectroscopy in de-
termining 3D structures of macromolecules such as proteins. There are
different techniques to measure the distance between instigated spins, such as
paramagnetic relaxation enhancement, Rotational Frame Overhauser Effect
SpectroscopY (ROESY), Nuclear Overhauser Effect SpectroscopY (NOESY) and
Heteronuclear Overhauser Effect SpectroscopY (HOESY or hetNOE). NOESY
experiments are the most common approaches in biological structure analysis,
mainly for protein structure elucidation. Hence, in this section, we present the
theory and applications of different NOESY experiments. As most of the
through-space correlations are based on the Nuclear Overhauser Effect (NOE)
phenomenon, the basic concept of NOE will be presented first.

1.3.1 Nuclear Overhauser Effect

The Nuclear Overhauser Effect (NOE) phenomenon was discovered in 1953
by Albert Overhauser, who reported spin polarization enhancements by

Unfolded polypeptid e chain Folded polypeptide chain

Figure 1.5 Folded and unfolded polypeptide chains highlighting the NOE effect.
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microwave irradiation of conductive electrons in studied metals.”® It can be
defined as enhancing a spin’s signal due to the transfer of magnetization
from one nucleus to another through a cross-relaxation mechanism in a
dipolar coupled system (through a space dipole-dipole relaxation effect).”®
As NOE occurs between different spins that are through-space coupled (di-
pole-dipole interactions), it provides important structural information.®
Indeed, NOE has been used as a tool in NMR-based protein structural an-
alysis for more than 20 years.”®*®' The NOE effect measures the distance
between two nuclei within a short distance of less than 5 A, therefore pro-
viding information on the identity of the atoms that are close together in
space to help determine the intramolecular and intermolecular distances.>'
Such information can be obtained due to the folding of the protein
(Figure 1.5), which detects the spins in proximity in space even though they
are far apart in the primary sequence. As a result, the spins being irradiated
will demonstrate the NOE effect independently from the direct connection of
the spins by the chain of chemical bonds (scalarly or j-coupled). The NOE
measurement is primarily used to provide information on the three-
dimensional (3D) structure of biomolecules in solution by measuring the
distances, and therefore calculating the global and local structures of the
protein of interest. NOE has also been used to study macromolecular
dynamics and is typically employed during the later stages of a structural
investigation after the structure of the biomolecules has been fully defined
by the use of different NMR experiments.

1.3.1.1 Basic Theory

The nuclei typically have two types of magnetic interactions: spin-spin
interactions (scalar or jJ-couplings) and dipole-dipole interactions (dipolar
couplings) and produce the NOE effect. The protein structure determination
using NMR relies mainly on the NOE effect.®’®® Theoretically, NOE is
described as the change of signal intensity, either enhancement or decrease,
of one spin when the transition of another is perturbed from its equilibrium
population (Figure 1.6). This usually occurs by either inversion or saturation,
eliminating a population difference between transitions that 2D-NOESY can
visualize.

Dipolar relaxation is considered one of the most important sources of
relaxation between the magnetic field of neighboring nuclei. For example,
assume a system consisting of two spin-1/2 nuclei, I and S (e.g., protons),
where there is no scalar coupling (J for I and S is equal to zero), are spatially
closed. This effect is described as cross-relaxation because spin I relaxes spin
S and vice versa, resulting in alteration of the spin population. Therefore, this
relaxation is distance-dependent, and the rate of relaxation that produces
the NOE is inversely proportional to the sixth power of the distance between
the interacting nuclei in space.®'

Inopocr®
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Figure 1.6 Nuclear Overhauser effect (NOE) for A and B, which are spatially close
together, and A and C, which are far apart.
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Figure 1.7 The four-spin energy level diagram and the six possible transitions of a
two-spin system.

Figure 1.7 shows the energy level diagram and spin-flip transitions for the IS
spin system, where the cross-relaxation that causes the NOE effect is repre-
sented. Such a system has four energy levels that depend on the spin-states of
I and S, which correspond to aa, off, Ba, and Bf, respectively. The dipolar
interaction of the protons will cause T, relaxation between the spin states with
the transition probabilities (w). Notably, the w’s (w41, w15, Wors, and wyrs) are
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the probabilities per unit time of the nuclear spin-1/2 that a transition will
occur between the spin energy states. In other words, the rates at which the
corresponding spin flips occur. Thus, there are two single quantum transi-
tions, w4, corresponding to oo —ofy and Pa— PP, and w,s, corresponding to
oo — PBo and Bo— PP, which is the normal transition probability that gives rise
to a peak in the spectrum that requires frequencies or magnetic field fluctu-
ations near the Larmor precession frequency. In addition, there is a zero-
quantum transition, wgs, corresponding to fa—of}, and a double quantum
transition, w,;s, corresponding to oo — Bf that are collectively referred to as
cross-relaxation pathways, which are responsible for the NOE effect.

When the spin is at equilibrium, this implies that the population of Bp is
less than that of of, and the population of Po is less than that of oo
[Figure 1.8(A)].>” When selective irradiation of the spin S is applied, it will
cause the populations of the oo and of}, and also the Ba and Bf states, to

S,
©1s Wy
@ 1+
. S
S,
[0 @
@y (0]
1t i
S, S,
w, cross-relaxation active
B (Positive NOE)

w0 cross-relaxation active
(Negative NOE)

Figure 1.8 Schematic representation of population differences in energy levels of
two spin system, S and I, that are dipolarly coupled. (A) after relaxation
through the w, process and (B) after relaxation through the w, process.
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become saturated (equalization of the o and  states of spin S through the
single-quantum transition processes) [Figure 1.8(B)].*® Then, as the relax-
ation takes place, the difference in these two populations depends on which
possible relaxation processes dominates.®®

First, domination by ®, (no NOE): upon S irradiation it will cause equal-
ization of the populations of a- and B-spin states of S. Therefore, there will be
no peak observed for S and because of the presence of only w; relaxation
(@, = wy), spin I will be unaffected, which would lead to no NOE effect on I
nuclei. Second, domination by w, (negative NOE): now we consider the o,
process to be the only one that is operative. In the w, process, when the S
spin relaxes from the off to Bo state, the I spin undergoes an o — 3 transition.
Thus, the population will flow from the of} to the o state. As S returns to its
normal population difference, it will lower the population difference for I,
resulting in a decrease in the I intensity as the S intensity decreases. If S is
irradiated continuously, then the signal for I will vanish (—100% NOE). This
is a negative NOE, which is more effective for slow tumbling rate molecules
(large molecules). Third, domination by w, (positive NOE): for the ®, pro-
cess, when the S spin relaxes from the P to the o state, I spin transfers from
BB states to oo states, again in order to recover the population differences
across the S transitions. This has the effect of increasing the population
difference across the two I transitions, therefore increasing the intensity
of the I spin in the spectrum. This is then a positive NOE, which is more
effective for small molecules due to their faster tumbling rate in a solution.

The magnitude of this transition is expressed as a relative intensity change
between the equilibrium intensity, according to the following equation:

-1

Ni(S) = ! x 100( %)

0

where N;(S) shows the NOE of spin I once it has been perturbed by spin S, I
is the intensity in the presence of NOE, and I, is the equilibrium intensity.

1.3.1.1.1 Experimental Types. Based on the NOE method, many NMR
techniques have been developed for protein structure determination
including the widely used NOESY, HOESY, and hetNOE and ROESY."’

Nuclear Overhauser Effect SpectroscopY (NOESY)

The NOESY is the most common technique that is widely used in large
molecules to determine the cross-correlation between similar nuclei (e.g.,
'H-"H) that are spatially close. The basic pulse sequence of 2D NOESY is
presented in Figure 1.9 and follows similar principles to the homonuclear
2D experiments. After applying a 90° pulse, the transverse magnetization
evolves during a free evolution t; period followed by a second 90° pulse that
creates longitudinal magnetization.”® The transfer of magnetization to other
spins occurs during the mixing time (t,,), through cross-relaxation, which
eventually establishes the correlations. A final 90° pulse is then applied to
create transverse magnetization, thus allowing the signal to be detected.
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Figure 1.9 (A) The pulse sequences used to record classic 2D NOESY spectra. (B) A

Vector model describes "H spin magnetization.

In NOESY experiments, the cross-relaxation can be observed while mag-
netization is aligned along the z-axis.”* The 2D NOESY spectrum typically
shows diagonal and off-diagonal peaks (cross-peaks). The diagonal peaks
usually indicate the proton peaks observed in the 1-D spectrum, whereas the
cross-peaks represent the dipole-dipole interaction between nuclei that are
close in space to one another showing NOE interactions between the correl-
ated spins (<5 A).”” Both types of peaks can be either the same or opposite
phases, depending on the magnitude of the rotational correlation time (z.) for
the molecular size and, hence, the molecular weight.”® The molecular correl-
ation time (t.) is the average time needed for a molecule to rotate fully through
an angle of 1 rad around any axis.”* Thus, molecules with a faster tumbling
rate will have a shorter correlation time, whereas slower tumbling molecules
have a longer correlation time.** Between these extremes of molecular tum-
bling rates, the conventional NOE can become weak and even vanishingly
small for the mid-sized molecules.*® Therefore, the rotating-frame NOE
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measurements play a vital role in such situations. The approximate rela-
tionship between the correlation time and molecular weight (MW, in Da) is
as follows:

T.AMWx10'* (S)

For instance, if the diagonal peaks are phased positively (and fully ab-
sorptive), the small-sized molecules that rapidly tumble have short correl-
ation times and positive cross-relaxation rates, resulting in weakly negative
2D cross-peak intensities. In comparison, large molecules (e.g., proteins)
that exhibit slow tumbling have negative cross-relaxation rates, leading to
intense positive cross-peaks in the 2D spectrum.’®

Through qualitative assessment of distances, the relationship between
the intensity of the cross-peaks and the internuclear distance has been
categorized into three main groups based on NOE distance restraints.””
The strong peaks correspond to the spins that are 1.8-2.7 A apart, followed
by the medium-intensity peaks, which reflect the spins that are 2.8-3.3 A
apart, and finally the weakest peaks for the spins that are 3.4-5.0 A apart.’>
The NOESY experiment is a useful tool for identifying the stereochemistry of
a molecule and the close-by residues that can be beneficial for sequence
assignment in proteins.*® NOESY can also be performed in a one-
dimensional (1D) manner by the selection of individual resonances. How-
ever, the 2D NOESY experiment has a number of advantages compared to its
counterpart 1D, including the simplicity for setting up, less time-consuming,
and it can be used for both small and large molecules.

Additionally, such experiments are nonselective, NOE can be mapped in a
single experiment, and essentially, the spectrum is easy to interpret in a
qualitative manner.’® These factors have made 2D-NOESY a favorite tech-
nique for structural chemists and biologists. However, protein structure
determination by solution NMR depends on 3D NOESY spectra to provide
interproton distance restraints, which are obtained from the intensity of
cross-peak signals.”® The 3D NOESY spectra provide better resolution, and
therefore, it can be easier to assign and measure peak intensities (necessary
for distance quantitation). The NOESY technique is applied to generate
distance restraints in structure calculations, which consider the predomin-
ant source of macromolecular structural information in structural biology.

Heteronuclear Overhauser Effect SpectroscopY (HOESY or hetNOE)

The HOESY technique is the heteronuclear version of the NOESY and is
used for cross-peaks between different nuclear species (e.g., "H with '*C) that
allow the detection of heteronuclear through-space NOE connectives between
nonbonded nuclei.”* Figure 1.10(A) shows the general feature of pulse se-
quences used to record classic 2D HOESY, and Figure 1.10(B) shows the vector
representation that describes the I spin magnetization. Let us consider a
system consisting of two spins (I and S), where I represents "H and S repre-
sents '°C, as an example. An initial 90° pulse on the I spin is applied to flip the
I spins into the x-y plane where their components (o and f) precess during ¢;.
The spins precess according to the resonance frequencies of the chemically
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Figure 1.10 (A) The pulse sequences used to record classic 2D HOESY spectra. (B) A
vector model describes I (*H) spin magnetization.

distinct nuclei. Due to the coupling between the I and S spins, 180° pulse on
the S spin at ¢,/2 is applied to be removed. Then the spins precess for another
t,/2 period, resulting in refocusing of the two vectors. A second 90° pulse on
the I spin creates longitudinal I spin magnetization followed by the mixing
time (t.,), where cross-relaxation leads to an exchange of magnetization be-
tween I and S spins through dipolar interactions. A final 90° pulse is then
applied to create transverse magnetization for signal detection.

Rotational Frame Overhauser Effect SpectroscopY (ROESY)

ROESY, on the other hand, is typically used to obtain NOE information for
mid-sized molecules that are approximately 1000-3000 Da in mass, such as
peptides and small molecules, for which regular NOESY is not applicable.
ROESY is especially suited for molecules with molecular correlation times ()
such that w..~ 1, where o is the angular frequency o = yB.%® In such cases, the
NOE for such molecules may be theoretically zero, so ROE (rotating frame
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NOE) is often preferred since the ROE is always positive. In this technique, the
homonuclear NOE effects are measured under spin-locked conditions, which
involves using a spin lock to align the spins in the rotating frame where cross-
relaxation occurs during the spinlock period (the mixing time, ¢,,).°° For the 2D
ROESY sequence, an initial 90° pulse is applied to put the net magnetization
vectors (M) of the spins in the transverse (x-y) plane followed by a low-power RF
spin-locking pulse for a time ¢,, during which magnetization transfer in the
rotating frame occurs due to cross-relaxation (Figure 1.11).>° The cross-peak
generation occurs as the spins are held constant in the x—-y plane and the
magnetic field axis of the applied RF to prevent it from processing.”> Under
ROESY conditions, the mixing time (¢,,) is typically 200-500 milliseconds de-
pending on the T, of the sample, which is sufficiently long in the case of small
molecules. As the ROESY pulse sequence is similar to TOCSY (Figure 1.11), it is
essential to run ROESY with different mixing times. In general, the mixing time
for TOCSY correlation is around 100 ms, while the ROESY ones are within
300-500 ms. Thus, running ROESY at different mixing times enables re-
searchers to separate ROESY cross peaks from TOCSY ones. In the ROESY

A
Preparatio Evolution Mixing Detection
n period period period period
90°
. | -
14— t; —  Spin Lock i,
I\‘\’,.'.‘ e .
— f —> 1L
m (i
B

Spin-Locked
alongy
¥

Figure 1.11 (A) The pulse sequences used to record classic 2D ROESY spectra. (B) A
vector model describes "H spin magnetization.
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spectrum, cross-peaks always have a sign opposite to the diagonal peaks, ir-
respective of the molecular weight. Such a technique is extensively used for
small molecules such as saccharides, but is rarely used for proteins.

In comparison to NOESY, the main disadvantages that are associated with
ROESY experiments are the lower sensitivity. Moreover, sample heating
(specifically the ones in salty solutions) due to the requirement of spinlock
during the mixing time can affect the molecular dynamics.”> However, with
small molecules, the trade between the negative and positive NOE effects can
be comparable, leading to canceling of the NOE effects and cross-peaks of
coupled spins will be undetectable, while the effect is always positive in
ROESY experiments where all the cross-peaks would be detected.

1.3.1.1.2 3D NOESY Experiments. The use of solution NMR for the de-
termination of protein structure has become a well-established technique.
However, an increasing number of challenges may be encountered due to
the size of the protein. Regularly, proteins with masses greater than 10-12
kDa with slower tumbling rates will display line broadening, causing a spec-
tral congestion, which is an overcrowded rich peaks spectrum.’® As a result,
a signal overlap occurs even with the increase of the two-dimensional spec-
tra resolution. For such proteins, both spectral crowding and rapid trans-
verse relaxation can impair the analysis of cross-peaks in NOESY spectra
that provide interproton distance restraints for structural models, therefore
they can produce a spectrum that is impossible to assign.

To improve the resolution and overcome signals overlap, since it can be a
major obstacle in the analysis of NMR spectra, three- and four-dimensional
techniques have been developed to allow the possibility to study macro-
molecules up to 30 kDa in size.”” The pulse sequence of a 3D experiment is
changed to add a vertical domain, thus the information is spread into a third
dimension resulting in a spectrum that can be visualized as a cube instead of
a plane (usually N or *C).”® The 3D techniques are a natural progression of
the 2D experiments so they are constructed from two 2D experiments
combined, resulting in a spectrum that contains two evolution and two
mixing periods that are inserted between the first mixing period and the
direct data acquisition.®®°® Each of the different indirect periods (ty, t,) is
incremented separately.®® Such a technique can aid in resolving the over-
lapped cross-peaks that show in a 2D spectrum. 3D NOESY NMR experi-
ments can be categorized into two categories. The first is homonuclear NMR
experiments where all three axes exhibit the same chemical shift of the same
nucleus. They are rarely recorded due to the two transfer steps that would
increase the number of possible correlations in the three-dimensional
space.”® The second is heteronuclear NMR experiments, which exhibit two
or three different nuclei on the three axes and exhibit an increase in reso-
lution due to the third dimension that is not compromised by an increased
number of correlations.’® The most widely used for structure determinations
by solution NMR is heteronuclear-edited NMR experiments, such as 3D
NOESY-HSQC (or HMQC), which can assist in spreading out of the signals by
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combining HSQC and NOESY in a single 3D experiment by addition of
the HSQC step into the NOESY pulse sequence.®® Alternatively, acquisition
starts after the HSQC step rather than at the end of the NOESY mixing time.
"H-"H NOESY spectra are edited by >N or °C chemical shifts. "’N-edited 3D
NOESY can exhibit peak overlap and symmetry problems, thus uncertainties
of protein calculation and structure may rise.®® Hence, *C-edited 3D NOESY
is considered to be a complementary method that can provide additional
NOE constraints.

Since NMR-based structural biology depends on NOESY to obtain struc-
ture elucidation and modeling, many new techniques have been developed
over the years to maximize sensitivity and data quality and, most import-
antly, reduce collection time. These include newly developed 3D NOESY
experiments based on fast pulsing SOFAST-HMQC, 3D SOFAST-HMQC-
NOESY-HMQC, and 3D SOFAST NOESY-HMQC experiments.”®

1.4 Summary and Future Perspectives

Here we have focused on the theory and applications of basic methods of
NMR spectroscopy that have been used for sequence-specific resonance as-
signment followed by structure elucidation. We provided some fundamental
aspects of dynamics investigation using NMR for biological molecules. One
can perform NMR measurements under physiological conditions, and real-
time dynamics information can be derived, which is unique to NMR. We
initially discussed how historically two-dimensional (2D) NMR spectroscopy
was introduced, which boosted the development of multidimensional ex-
perimental possibilities combining chemical shifts of coupled homonuclear
and/or heteronuclear spins. Later, the dipolar interactions between pairs of
nuclear spins were utilized to derive structural information. The details of
magnetization transfer, basic building blocks for polarization transfer from
one spin to other spins, were discussed at great length. We first provided a
comprehensive discussion of INEPT and reverse-INEPT building blocks,
which form the basis of all triple resonance experiments. The nomenclature
and detailed magnetization pathways for triple resonance experiments were
subsequently discussed. Numerous advances have been made during the
past two decades to achieve three- and four-dimensional spectroscopy in a
reasonable amount of time, and the corresponding research area for FAST
NMR methodologies was introduced. We have also covered the detailed
theory of dipole-dipole interaction between two spins at an advanced level.
In this direction, the Nuclear Overhauser Effect (NOE) phenomenon was
introduced first. This is the basic concept for probing the through-space
correlations by atoms and led subsequently to different techniques to
measure the distance between instigated spins, such as paramagnetic re-
laxation enhancement (PRE), Rotational Frame Overhauser Effect Spec-
troscopy (ROESY), Nuclear Overhauser Effect Spectroscopy (NOESY), and
Heteronuclear Overhauser Effect Spectroscopy (HOESY or hetNOE), which
were also discussed.
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Thus our approach has been to provide a solid foundation for the two
most important aspects of NMR. The first was the foundation of building
blocks, magnetization transfer, followed by details of the structure eluci-
dation process. Recently, selective ‘labeling’ and ‘unlabeling’ have been re-
ported as a cost-effective method for unambiguous assignment. This has
been backed by simultaneous advancement in the hardware technologies,
such as the availability of higher magnetic fields, cryogenic probes, pulsed-
field gradients, availability of separately controllable radiofrequency chan-
nels, etc. New-generation pulse programs were designed to overcome spec-
tral degeneracy and chemical shift overlap problems for different kinds of
systems. To overcome the resolution barrier, and utilize the full potential of
higher magnetic fields, nonuniform sampling and associated processing
algorithms have been developed. The most obvious advantage of NMR
spectroscopy is that it is still the only available technique to investigate
molecular dynamics at different levels, such as proteins and DNA under
physiological conditions.

With advancements in the last 10 years, some new avenues have appeared
for NMR, making it the only tool available for addressing some biological
questions. The foremost of these is understanding the dynamic picture of
the molecule on a real-time scale, which is the key to its function. The re-
sidual dipolar couplings (RDCs) also provide dynamic information at a
much wider time scale along with directional information. One key advan-
tage of NMR is that it can study proteins that are amenable to crystallization.
Normally, any protein with a large intrinsic disorder region or full in-
trinsically disordered protein cannot be crystalized.

In fact, more than 34% of eukaryotic proteins fall in this category. These
proteins can undergo disorder-to-order transition upon binding to their
biological targets, which are key to their functions. These systems access
dynamic structural preferences on various timescales, and NMR can obtain
detailed information in terms of chemical shift assignment, chemical shift
index, J-couplings, paramagnetic relaxation enhancement (PRE), and RDCs.
Now all chemical reactions involve intermediates, and hence there are also
different short-lived confirmations that serve the purpose in the case of a
biological process, which is chains of complex chemical reactions at an
atomic level. However, a detailed understanding of these intermediates re-
mains elusive as these conformers are only transiently formed and mar-
ginally populated on the energy landscape. Initially, a series of relaxation
dispersion experiments were introduced to probe these intermediates, which
are often less than a few percent of the total population. From these meas-
urements, the details of this exchange process’s kinetic and thermodynamic
parameters can be obtained. This involves the relative population, exchange
rates, and the free energy difference. However, most importantly, the minor
species’ chemical shifts can be obtained. Later, chemical exchange satur-
ation transfer (CEST) was proposed for the slow exchange process, which is
more straightforward and yields the chemical shift information more dir-
ectly for the minor species. Like relaxation dispersion, different kinds of
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CEST experiments have also been proposed, and now even the diffusion
parameters of the excited states have also been reported. The future of NMR
relies on such detailed exploration of this kind of structural information that
is directly connected to the function of biological systems. Therefore, NMR
will continue to play a dominant role in this field.

List of Abbreviations

NMR Nuclear Magnetic Resonance

1D one-dimensional

2D two-dimensional

3D and 4D three- and four-dimensional

ROESY Rotational Frame Overhauser Effect SpectroscopY

NOESY Nuclear Overhauser Effect SpectroscopY

HOESY or hetNOE Heteronuclear Overhauser Effect SpectroscopY
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