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Abstract

Among the tools of structural biology, NMR spectroscopy is unique in that it not only derives
a static three-dimensional structure, but also provides an atomic-level description of the local
fluctuations and global dynamics around this static structure. A battery of NMR experiments
is now available to probe the motions of proteins and nucleic acids over the whole
biologically relevant timescale from picoseconds to hours. Here we focus on one of these
methods, relaxation dispersion, which resolves dynamics on the micro- to millisecond
timescale. Key biological processes that occur on this timescale include enzymatic catalysis,
ligand binding, and local folding. In other words, relaxation-dispersion-resolved dynamics
are often closely related to the function of the molecule and therefore highly interesting to the
structural biochemist. With an astounding sensitivity of ~0.5%, the method detects low-
population excited states that are invisible to any other biophysical method. The kinetics of
the exchange between the ground state and excited states are quantified in the form of the
underlying exchange rate, while structural information about the invisible excited state is
obtained in the form of its chemical shift. Lastly, the population of the excited state can be
derived. This diversity in the information that can be obtained makes relaxation dispersion an
excellent method to study the detailed mechanisms of conformational transitions and
molecular interactions. Here we describe the two branches of relaxation dispersion, R> and
Rip, discussing their applicability, similarities, and differences, as well as recent

developments in pulse sequence design and data processing.



1. Introduction

Many life scientists may associate NMR spectroscopy with the structure determination of
proteins and other biomolecules; however, a survey of the Protein Data Bank shows that the
number of newly determined NMR structures has slightly decreased in recent years (Fig. 1a).
While X-ray crystallography and electron microscopy continue to show an upward trend, the
primary role of NMR in structural biology has increasingly shifted to address issues other
than de novo structure determination. In this light, the two main applications of biomolecular
NMR now seem to be studying the dynamic motion of biomolecules and deciphering the
interactions between molecules. Indeed, in the past ~60 years since the first three-
dimensional structures of proteins were deduced [1,2], we have learned that most proteins are
actually rather dynamic. Describing them by a single structure can be a helpful and
instructive simplification; however, to understand the function of proteins at a detailed level,
we must also characterize their conformational dynamics. An important example are enzymes,
in which highly concerted conformational changes take place along the catalytic trajectory [3].
Unexpectedly, we also recently learned that seemingly stiff and rigid molecules such as DNA
undergo surprising dynamic motions [4].

The success of NMR in elucidating the dynamics of proteins, RNA, and DNA at atomic
resolution is not due to a single type of experiment. Over the past decades [5—7], numerous
NMR experiments have been developed to study biomolecular dynamics on a wide range of
timescales (Fig. 1b). For instance, pico- to nanosecond motions can be resolved by measuring
R1 and R relaxation rates and heteronuclear nuclear Overhauser effect values. Examples of
biomolecular motions on these timescales include methyl-group rotation and local dynamics
such as loop motion [5,8]. Residual dipolar couplings report on submicro- to millisecond

dynamics [9]. Much slower dynamics on the timescale of seconds to hours can be studied by



CLEANEX-PM [10,11], hydrogen-exchange [12], and real-time NMR experiments [13,14].
Frequently, these NMR methods can be integrated with data from other biophysical methods
including ultraviolet—visible, Raman, infrared, and fluorescence spectroscopy, time-resolved
X-ray crystallography, and molecular dynamics simulations to yield a comprehensive picture
of the underlying motion [15,16].

Relaxation dispersion resolves motion on the micro- to millisecond timescale. This time
window is particularly interesting from a biochemical point of view because many
functionally important dynamic processes, such as a ligand binding to a protein,
conformational changes during enzymatic catalysis, and interdomain motions, occur on this
timescale. In contrast to pico- to nanosecond motions, which are generally rather localized,
the dynamics resolved by relaxation dispersion are often highly correlated motions that have
primary importance for the function of the biomolecule.

Here, we provide an overview over the field of relaxation dispersion NMR. A series of
examples illustrating the use of the method to understand biomolecular function of various

kinds is given in Table 1.



2. Relaxation dispersion

2.1. A brief background and purpose of the method

NMR spectroscopy probes the energy levels of individual atomic nuclei. Therefore,
information extracted from NMR experiments is generally obtained in a site-specific manner
at atomic resolution. In biomolecules such as proteins, nucleic acids, and carbohydrates, the
most commonly studied nuclei are 'H, 13C, and '>N. After Fourier transform, the individual
signals of an NMR spectrum have characteristic resonance lines that are rich in information
on their dynamic behavior. In a relaxation dispersion experiment, we are quantifying an
intensity modulation of the resonance lines. Chemical exchange between a highly populated
ground state and one or more “invisible” excited states during a spin-lock or repetitive spin-
echo building block of the pulse sequence results in a damping of the peak intensities in a
manner that varies with the frequency of the applied field. Thus, we can retrace and study the
exchange process in a biological macromolecule by quantifying the peak intensities obtained
from a relaxation dispersion experiments, thereby revealing conformational states that are not

directly observed in a conventional NMR spectrum.

A relaxation dispersion experiment can yield structural, kinetic, and thermodynamic
information about the exchange process and the hidden excited states (Fig. 2). For simplicity,
the following discussion assumes the presence of a single excited state. Structural
information does not mean that the structure of the excited state is directly obtained; instead,
what can be derived is the difference in chemical shift between the ground state (A) and an
excited state (B), Awaps. The excited state chemical shift op can then be interpreted,
compared with theoretical or calculated chemical shifts, or used as a restraint in a structure

calculation routine. Kinetic information is obtained as the exchange rate between the ground



and excited states, kex, which is the sum of the reaction rates ka—.s and k4 in the exchange

process:

A===B (M

B—A

Lastly, the population of the excited state, ps, relative to that of the ground state, pa, can be
derived. Strikingly, the excited state can be observed with high sensitivity to a detection limit

as low as p = 0.5%.

It is important to note, however, that not all of these parameters are always obtainable.
Due to the nature of the equations governing the chemical exchange process [17], the
information accessible from a relaxation dispersion experiment critically depends on the
exchange rate. In the case of slow exchange on the chemical shift timescale, it is often
possible to obtain all parameters: namely, Awas, pa, pB, and kex [7]. For a fast exchange

process, by contrast, the populations and Awap are often not accessible because these
quantities are obtained as a mixed variable ®_ = p, pBAUJiB, which generally cannot be
broken down into its individual components [7]. Unfortunately, ®.x has no direct physical
interpretation; for fast-exchange dynamics, therefore, only the site of the exchange process,
its exchange rate kex, and the intrinsic transverse relaxation rate R(_,) are available for

discussion. Intriguingly, it has been recently shown that this critical limitation may be
overcome by off-resonance Ri, relaxation dispersion experiments, although high-quality
experimental data, thorough error estimation, and extremely careful analysis of the flat and

local minima-rich y? surface are necessary [18].

2.2.  Variants of the relaxation dispersion experiment



Over the years, two distinct approaches to relaxation dispersion have been devised and

further developed: R relaxation dispersion and Ri, relaxation dispersion.

2.2.1. R»relaxation dispersion

In the R> relaxation dispersion experiment, the effective transverse relaxation rate R“:_‘”.,

composed of the intrinsic transverse relaxation rate R‘_' and an additional contribution from

exchange, R,,,

is obtained from a Carr—Purcell-Meiboom—Gill (CPMG) [19-21] pulse
sequence. In the presence of millisecond-scale chemical exchange, Rg'i'i varies as a function
of the delay, tcp, between two successive refocusing pulses in the CPMG pulse train (note

that some groups define this delay as 2tcp). An R relaxation dispersion profile plots _“ asa

function of the CPMG pulsing frequency vqpp; Or, alternatively, the inverse delay I— (Fig.
n('p

2). Both descriptions are equivalent and can be interconverted as — = 2vepme - At high
cp B

pulsing frequencies, the exchanging coherence is efficiently refocused and-high intensity (low

R™) signals are obtained. At a low pulsing frequenc , refocusing is not as efficient and thus
2 g p g Ireq y g

low intensity signals (high RS"

) are seen. If the spin of interest does not exhibit millisecond
exchange, the same value of RS” will be obtained (within error) for each CPMG frequency,
resulting in a flat relaxation dispersion profile.

Importantly, the inverse statement is not valid, that is: a flat profile does not prove the
absence of exchange. For example, consider a backbone amide group in a protein. If the N
chemical shift difference between two exchanging states is zero, the N relaxation dispersion
experiment will yield a flat profile. The 'H chemical shift difference may not be zero and a
'H relaxation dispersion experiment would yield a profile that is not flat. Concluding from
the flat >N relaxation dispersion profile that there are no dynamics at this amide site would

have been incorrect. Thus, it has to be kept in mind that relaxation dispersion experiments are



insensitive to exchange processes, where A is zero. Another limitation is the time window
that can be resolved by the CPMG experiment. If the exchange is too fast or too slow, the
resulting relaxation dispersion profile would seem to be flat or almost flat, even in the
presence of exchange (see section 2.2.3.). An overview of published R; relaxation dispersion

experiments on different nuclei is given in Table 2.

2.2.2. R, relaxation dispersion

In the second approach, the effective rotating frame relaxation rate R‘,‘g, comprising the

. L . 0 . . .
intrinsic relaxation rate R} , and the exchange contribution R,,, is measured. Numerous Ri,

relaxation dispersion pulse sequences on different nuclei have been published (Table 2). In
principle, the experiment consists of the application of a simple spin-lock for a time 7, which
is on the order of 30-50 ms. In the presence of the spin-lock, a coherence decays at the
eff

effective rotating frame relaxation rate R, Py which is a function of the applied spin-lock

power and the spin-lock offset. Thus, either spin-lock power-dependent or offset-dependent
profiles can be obtained (Fig. 3). The offset-dependent profile has the convenient aspect that
the signed value of Awas can be simply read from the profile, although more data points are

generally required to obtain a high-quality offset-dependent profile.

2.2.3. Similarities and differences in the approaches

If we choose to vary the spin-lock power and apply the spin-lock on resonance (offset Q = 0),
then R,'pl = RE’T. Moreover, at a very high pulsing frequency, vi-pp. the pulse train can be
considered to be approaching a spin-lock, thereby illustrating the fundamental similarity

between the CPMG and spin-lock experiments (Fig. 4). In practice, the spin-lock power must



be lower than that of the CPMG refocusing pulses, as indicated by the decreased height of the
spin-lock boxes in the lower part of the panel of Fig. 4. The highest possible spin-lock power
is instrument-dependent; trying to apply a higher power can result in power loss due to

drooping of the amplifier [22].

An important difference between the two methods is the time window of dynamics that
can be resolved by each respective method. Although the time ranges are similar and partially
overlapping (Fig. 1b), somewhat faster dynamics can be studied by R, relaxation dispersion
because higher effective fields can be applied. The requirement for an exchange process to be
observable by relaxation dispersion is that its exchange rate, kex, 1S comparable to the

maximally achievable effective field, w}'**:

ex €
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where Q denotes the spin-lock offset (frequency difference between the resonance of interest
and the spin-lock carrier), and ; refers to the amplitude of the applied spin-lock field. The
angular frequencies Q, 1 and o, have units of rad s, whereas the regular frequencies v, and
vepmc have units of Hz. For a >N nucleus, for example, the applied field strength in R»
relaxation dispersion experiments, vepy, commonly ranges from 25 to 1000 Hz. By
comparison, on-resonance spin-lock fields as high as 6 kHz have been used in R, relaxation
dispersion experiments at a similar lower field limit of = 25 Hz [23,24]. Using an offset Q >
0 further increases the effective field (eq. 2); however, too large an offset maximizes R over

R», and thus does not report on chemical exchange.



The differences in experimentally achievable «, thus dictate the time resolution of the
experiment for fast exchange processes, while the slow exchange limit is given by the order
of the relaxation time 7. So far, the CPMG experiment seems to be more popular among
protein NMR spectroscopists; however, the spin-lock experiment has recently been shown to
be extremely fruitful in providing unexpected insight into the dynamic internal chemistry of

nucleic acids (Table 1).

2.2.4. Relationship of relaxation dispersion to CEST and DEST

Chemical exchange on the millisecond timescale can also be studied by chemical exchange
saturation transfer (CEST) or dark state exchange saturation transfer (DEST) [25,26] (Fig.
1b). While the pulse train frequency is varied in CPMG-type relaxation dispersion
experiments, CEST experiments vary the position of the B field between experiments. When
the varied B field is neither on resonance with the major (A) nor the minor (B) state, the
peak intensity of A remains unaltered. However, once the swept B frequency becomes on-
resonance with the minor state, then saturation of the minor state decreases the peak intensity
of the major state due to chemical exchange between A and B. Thus, plotting the relative
(without/with saturation) intensity of the major state over the varied B; frequency yields a
large dip for the major state and an additional dip for the minor state. This sweeping of the B
field to unveil the resonance frequency of the minor state in CEST experiments resembles
off-resonance R, relaxation dispersion experiments, which yield a peak corresponding to the
minor state, when the offset equals the separation of the major and minor peaks, Awag (Fig.
3). An important distinction between CEST and relaxation dispersion is that chemical
exchange is studied using longitudinal magnetization in CEST, whereas relaxation dispersion

employs transverse magnetization. Due to the slower decay of longitudinal magnetization,
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this means that CEST can be used to study relatively slower processes. CEST resolves kinetic
processes most efficiently, when the exchange rate kex is 20 to 400 s™! [26]. The very similar
DEST experiment employs larger B; fields (~ 500 — 2000 Hz) than CEST (10 — 100 Hz) and
discriminates states by differences in linewidth between the states (A Rg) instead of the
difference in chemical shift (Awag) [26]. For example, DEST can resolve the exchange

between a monomeric protein having a rather small RS and a protein oligomer having a very

large value of R(_) An in-depth comparative discussion of relaxation dispersion, CEST, and

DEST is found in ref. [26].

2.3.  Pulse sequences for relaxation dispersion
2.3.1. R»relaxation dispersion
The heart of the R relaxation dispersion experiment is repeated refocusing of transverse
magnetization for a defined relaxation time 7" by application of the CPMG pulse train. For
heteronuclei such as N and '3C, this transverse magnetization is generally obtained by an
INEPT sequence. The CPMG pulse train that is applied to the prepared coherence is a
repeated spin-echo sequence (t—180°—21—180°—t),, in which 7 is an integer. The interval
2t between the two refocusing 180° pulses is termed tcp, and it is varied between
experiments to obtain Ré” as a function of the CPMG frequency.

During the CPMG pulse train, in-phase and anti-phase coherences continually interconvert.

Thus, apart from the exchange term R,,, the measured effective transverse relaxation rate

exo
Rg“ contains contributions from the in-phase transverse relaxation rate R’ and the anti-phase

transverse relaxation rate Rg““. To average the different contributions of in-phase and anti-

phase transverse relaxation, a relaxation-compensation element can be introduced into the

middle of the CPMG pulse train [20]. This element converts anti-phase (e.g. —2H;Ny) into in-
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phase coherence (e.g. Nx). The net relaxation rate during the relaxation time 7 is given as the
average of Ri_,” and Rg”“. A simplified pulse program focusing on evolution of a °N
transverse magnetization through the relaxation block is presented in Fig. 5. The full pulse
program additionally contains the preparation block INEPT to obtain —2H,Ny, and a #
evolution period for frequency labeling of N before transferring the coherence back to the
amide proton for detection (#;). Resonance offset effects and pulse imperfections can be
sources of artifacts in the measured Rgn'. These artifacts can be alleviated by suitable CPMG

phase cycling [27]. For further experimental details, the interested reader is referred to the

original publications (Table 2).

2.3.2. R, relaxation dispersion

As summarized in Table 2, a couple of distinct Ri, relaxation dispersion pulse sequences
have been reported. Most of these experiments probe all spins at the same time, similar to
CPMG-type experiments, by 2D NMR. However, probing all spins at one time has the
inherent limitation that comparably strong spin-lock fields have to be used to achieve suitable
locking of all spins at the same time. For example, placing the spin-lock carrier frequency at
the center of the '°N spectral region accurately locks on-resonance and near-resonance spins
in the xy plane; for the far off-resonance spins, however, the effective field exhibits a

considerable tilt, 8, towards the z-axis if the spin-lock is weak relative to the offset

elt

Ip> which is not

(tanB = '(—)') A large tilt maximizes the contribution of R; (rather than R») to R

desirable, because chemical exchange is imprinted only on R, not on R;.

To resolve this issue, recently an alternative strategy has gained popularity [23]. In this
approach only one spin is probed at a time. As a result, very weak spin-locks (o1 / 2m = 25

Hz) can be used. Now each spin has its own "N spin-lock carrier center frequency (on-
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resonance). Therefore, each spin is kept in the xy plane (Q2 = 0) or near the xy plane (2 > 0),
even if the spin-lock power is low. Thus, this selective experiment extracts the maximal
information on chemical exchange (Rex), while using weak spin-lock fields. This is
advantageous because use of a weak spin-lock extends the time resolution of the experiment

for studies of slow-exchange processes [23,28].

For simplicity, we will describe the pulse program for the special case of >N (Fig. 6).
After dephasing equilibrium nitrogen magnetization, proton equilibrium magnetization is
excited and converted to transverse magnetization. Now, matched weak-power cross-
polarization (CP) fields are applied on both channels at the 'H and '°N frequencies of a single
'"H-'>N amide resonance of interest [29]. This selective CP element transfers proton to
nitrogen coherence for the target resonance. The selectivity of the CP element depends on the
amplitude of the CP fields, wcp. Weaker fields have higher selectivity. The smallest CP field

amplitudes that still ascertain complete coherence transfer from a spin / to a scalar-coupled
spin S are calculated from the scalar Jis-coupling [29]: eqp / 21 = ‘TJ is- For the "H-°N

amide spin pair, this evaluates to wcp / 2n = 40 Hz. Under ideal circumstances, such as
narrow resonance lines and good 'H-'N chemical shift dispersion (either completely isolated
peaks or peaks that can be isolated by using a simple delay-90°-gradient filter [23,30]), only
the 1N magnetization of a single resonance of interest is obtained. The experiment can then
be recorded as a series of 1D spectra [23,28]. More generally, in crowded 'H-'°N chemical
shift regions, the CP selectivity will not be perfect and nearby signals may be partially
excited [30,31]. It is then advisable to collect 2D spectra to avoid obfuscation of the target
peak volume by peak overlap [31]. Because only a few points in F; have to be acquired to
resolve residual peak overlap at a narrow F spectral width of ~100 Hz, measurement time is

not markedly affected by the transition from a 1D to a 2D experiment.
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After CP, the "N magnetization of the spin of interest is stored on the z-axis and a
gradient (G2) is applied to dephase unwanted residual transverse magnetization. An
equilibration period, Teq, of the order of ~5 ms is then applied to allow the populations of the
ground and excited states to reach their equilibrium values. Non-equilibrium values can arise,
for example, if Awas is comparably large. In such a case, the CP element may have selected
A, but the coherence of B would have been dephased, resulting in perturbed relative
populations, pa = 1 and ps = 0. After the equilibration element, transverse magnetization is
generated and a spin-lock is applied for a time 7 of 30~50 ms. Between experiments, the

spin-lock power or offset is varied to obtain R,; as a function of either of these parameters.

Subsequent '°N frequency labeling (optional), coherence transfer back to 'H by INEPT (2D

version [31]) or CP (1D version [23,30]), and acquisition conclude the experiment.

2.4. Sample, equipment, and workflow

2.4.1. Sample

Although relaxation dispersion data are generally obtained as 2D spectra, many data points
have to be acquired to yield a full profile. Thus, the experiments have a pseudo-3D nature. In
fact, the pulse program can be conveniently written as a pseudo-3D version with the third
dimension being the relaxation dispersion-specific parameter, €.g., Vepy- As a result, the
sample requirements for relaxation dispersion are similar to those for conventional 3D triple-
resonance NMR experiments. The sample should be a high-purity mono-disperse solution
with a concentration of ~1 mM. For proteins and RNA, it should be verified that the sample
does not undergo degradation at the measurement temperature or for the duration of the
experiment. In the ideal case, the sample solution would be stable at room temperature for a

couple of weeks. For simple '*C and >N experiments, the isotopic enrichment should be as
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high as possible, although experiments on unlabeled nucleic acids have been reported [28];
the pulse sequences for several other spin probes dictate more sophisticated isotope labeling

schemes (Table 2).

2.4.2. Equipment

Similar to all NMR experiments, highly specialized equipment is necessary to obtain

relaxation dispersion data:

e Experimental sample (e.g., °N-isotope-labeled protein)

e NMR spectrometer (e.g., Bruker Avance 500 MHz or higher magnetic field and/or
newer console)

e Cryogenic probe (optional)

e NMR acquisition software (e.g., Bruker TopSpin)

e Relaxation dispersion pulse program

e Software suitable for fitting the experimental data to a theoretical model (Table 3)

For R relaxation dispersion data, it is also advisable to collect data at two different static
magnetic fields. Most pulse sequences are generally not included in the default pulse program
library of the acquisition software and have to be obtained from the developing laboratory.
Pulse programs for ’N-based R> and Ri, relaxation dispersion experiments can be found on
the homepage of our laboratory (http://www.moleng.kyoto-
u.ac.jp/~moleng 01/nmr/index.html; demo data for R, and Ri, relaxation dispersion
experiments and automated analysis software [32] for R, relaxation dispersion are also

available).
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2.4.3. Workflow for acquisition of relaxation dispersion data

2.4.3.1. R> relaxation dispersion

After a specific R, relaxation dispersion pulse program for the spin probe of interest is
selected and set up, and all pulses are correctly calibrated, the relaxation delay 7 is chosen.
To be traceable, the dynamic process in question must lead to a measurable intensity
modulation within the time 7. A delay of 30-50 ms is generally appropriate: 50 ms may be a

good first choice, with subsequent optimization. A rule of thumb is to choose 7 so that half of

the reference intensity /o remains after 7, i.e. 1{7T) = Ly 0-

Next, the variable parameter tcp must be defined. Between experiments, tcp is varied by
changing the loop counter that directs the amount of CPMG cycles during execution of the
pulse program. For example, one acquires a set of 20 spectra while varying the number of
CPMG cycles as 0, 1, 2, 3, ..., 50, which correspond to the tcp values 0, 25, 12.5, 8.3, ..., 0.5
ms for 7= 50 ms. A fraction of data points must be acquired in duplicate in order to estimate
the experimental error. Once all parameters are set, the experiment can be started by

acquiring either the series of 2D spectra in separate measurements or all spectra in a single

pseudo-3D experiment.

2.4.3.2. R, relaxation dispersion

Non-selective Ri, relaxation dispersion experiments are set up equivalently to the CPMG
experiment; however, recent selective versions (Fig. 6) apply a slightly different workflow.
After setup of the pulse program and calibration of the pulse powers, a high-resolution
heteronuclear single-quantum coherence experiment is required to obtain accurate 'H and °'N
amide chemical shifts. Only a portion of the residues actually exhibit micro- to millisecond
chemical exchange, and these dynamic residues are identified by a screening experiment [32].

Separating screening and acquisition in this way serves to save spectrometer time. The

16



screening procedure amounts to probing each target resonance by a weak (w1 / 2n =~ 50 Hz)
and a strong (o1 / 2m =~ 3000 Hz) spin-lock, and comparing the peak intensities. In the
absence of chemical exchange, these intensities should be equal within experimental error; in
the presence of chemical exchange, by contrast, a lower intensity is expected in the weak
spin-lock experiment. This process can be visualized as collecting and comparing only the
first and last data point of the relaxation dispersion curve shown in Fig. 2.

After the dynamic residues have been identified, the full experiment is started by varying
spin-lock power (o1 / 2m = 50 to 3000 Hz) or offset frequency (2 = —1000 to 1000 Hz). As
in the CPMG experiment, the relaxation time 7 is 30~50 ms and set to O for the reference
experiment. In particular, the seemingly tedious procedure of collecting all residues by
separate measurements is greatly simplified by acquisition as a pseudo-4D experiment
(dimensions: 'H chemical shift, "N chemical shift, spin-lock power/offset, residue).
Moreover, processing of the pseudo-4D dataset from raw data to curve fitting has been
automated [32].

An important practical difference from the CPMG experiment is that experimentally
applied spin-lock amplitudes have to be empirically determined by a separate measurement

because they may not equal the values set in the acquisition software [22].
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3. Data analysis and interpretation

3.1.  Data analysis

After the NMR measurement, the series of free induction decays collected at varying CPMG
frequency (R relaxation dispersion), spin-lock power (R, relaxation dispersion), or spin-lock
offset (R1, relaxation dispersion) are subjected to Fourier transform. Linear prediction is not
used. The peak intensities /(7) are then extracted and the value of R in which the asterisk
refers to either 2 or 1p, is calculated as:

eff _ 1 I(T)
R, ——?111]— (3)

0

where 7 is the length of the relaxation time, and /o is the signal intensity in a reference
spectrum in which 7 is set to 0. For a typical vpyi;- or @-dependent profile, 15~20 data
points including repeated measurements for error estimation are necessary. Spin-lock offset-
dependent profiles require more (~40) data points. The values of R are plotted as a function

of vepnas @1, or €, and then fitted to a theoretical equation, yielding the final values for ke,

A®, and R”, and the relative populations. Error analysis based on standard deviation,
jackknife, or Monte Carlo methods is crucial because variations in the individual parameters

can be significant even for apparently clean datasets.

When interpreting the results, one may want to separate local motion from correlated
motion. In this case, multiple spin probes of residues that are in close vicinity in the
secondary (e.g. correlated folding) or tertiary (e.g. correlated structural changes) structure can
be combined into a single cluster. A global fit can then be performed in which a parameter
such as kex is defined as a global variable that is identical for all members of the cluster. This

type of cluster analysis both reduces the total parameter space by introducing the global
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variable(s) and helps with interpretation of the results from a structural biology point of view.
For example, a researcher might want to know how fast a given a-helix (cluster) folds
relative to other parts of the protein, rather than looking at these parameters for all individual

residues of the protein.

3.2.  From measurement to results

For the processing of R relaxation dispersion experiments, we have previously reported a
straightforward workflow using NMRPipe for data processing, NMRView for peak picking,
and GLOVE for curve fitting [33]. Recently, CcpNmr analysis [34] has gained tremendous
popularity in the NMR community. Because CcpNmr can write NMRView peak list (.xpk)
output files, the GLOVE tools [33] pkfit and cpmg2glove can be used to quickly process data
to the curve fitting step. Regarding R, relaxation dispersion experiments, we have recently
described an automated toolkit that performs all steps from Fourier transform of the raw data

to curve fitting of the final relaxation dispersion profile in a single execution [32].

The theoretical model that is chosen to fit a relaxation dispersion profile needs careful
consideration. Researchers have proposed various equations (Table 4), some of which use
different approximations and assumptions of the underlying exchange process. The most
general form is a full matrix description given by the Bloch-McConnell equations [17]. The
numerical solution to this is computationally expensive, but a convenient shortcut is to first
obtain values from an approximate model and then solve the full matrix form using these

values as initial input parameters.

A suitable approximation of R> relaxation dispersion of a two-state exchange process (eq.
1) was derived by Carver and Richards [35]. This equation is valid for both fast and slow

exchange regimes. The effective transverse relaxation rate R:" is
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where D, ., and 'V are given by:

Dx=l il+lp+2Am§B
2 hp2+C2

nt=rcp\/%(i‘1’+\/‘3[’2+§2) (4)
W=k -Ao,
£ =2hw,,(k

A—>B

k

BeA)

The transverse relaxation rates in the absence of exchange are assumed to be equal for both
0 0 0 . D
states, thus Rz A= R2B = R2 . This approximation is commonly used, because k> ‘Rg \ R;)B‘.

There are however exceptions: consider for example, a bound state with a large value of R(_,,J,

such as observed for a monomeric amyloid protein (R(_*-),\ ~ 10 s~") bound to the surface of a

protofibril (R(_,)B ~ 20000 s™') [25]. Equations have been developed to tackle the scenario of
0

unequal R(:.).:\ and R,y [36]. The population of the excited state, ps, the exchange rate, kex and

the chemical shift difference between states A and B, Awag (in units of rad s!), can then be
obtained from curve fitting. Examples of relaxation dispersion profiles fitted to eq. 3 are

given in Fig. 7.

4. Protein—ligand interactions

So far, we have focused on intramolecular chemical exchange such as interconversion

between two distinct conformations of a protein. It is important to note that the use of
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relaxation dispersion is not confined to studies of intramolecular phenomena. Indeed, the
method is well-suited to study protein—ligand interactions. Analogous to eq. 1, the protein—

ligand system can be written

A+B%AB (5)

where A is a protein and B is an arbitrary ligand (a small chemical compound or a
macromolecule). The chemical exchange of the interaction between A and B can be
quantified by relaxation dispersion. By redefining kex = [Blkon + kotr, and assuming A to be
the free (unbound) and AB the bound state, eqs. 3—4 can be employed. Here, the
concentration of the unbound ligand, [B], is a new unknown variable that must be determined.
If, for example, one wants to determine kon to calculate the dissociation constant Kp, it is
necessary to determine [B] in order to separate [B]kon into [B] and kon. This can be achieved

by conducting relaxation dispersion experiments at different ratios of protein to ligand [37].

Relaxation dispersion can also provide great insight into protein—ligand interactions that
do not follow a simple one-step binding mechanism. In the case of an intrinsically disordered
protein (IDP), for example, binding to a target molecule may induce structure formation in
the IDP; thus, binding and folding can be coupled. In the case of the interaction between the
IDP pKID (a domain of the transcription factor CREB) and the KIX domain of CBP/p300,

the binding can be described by a three-state exchange model:

AtBee s AB—tis AR
koff k—l (6)
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where the association is described by the first step, and the folding (k1) and unfolding (k1) are
described by the second step. Thus, the intermediate state AB is bound but not yet

completely folded into the final conformation AB. This model has been used to fit relaxation
dispersion data from four samples with varying concentration ratios of KIX to pKID at two
static fields (Fig. 8). The chemical shift differences between the free and intermediate states,
Awri, and the free and bound states, Awrs, were defined as global parameters for each residue.
The global folding and unfolding rates were defined by clustering based on secondary
structure proximity because residues that are in close proximity in the same secondary
structure element are expected to fold and unfold cooperatively. From the site-specific kon and
kofr rates, site-specific Kp values were calculated. Strikingly, the mean of the site-specific Kp
values obtained from relaxation dispersion NMR agreed well with the macroscopic Kp
measured by isothermal titration calorimetry [38]. Overall, the experiment shows that pKID

uses its unfolded form to engage with KIX and, upon binding to KIX, assumes a partially but
not completely folded intermediate, AB . After the formation of AB, pKID folds into the

final conformation (AB). More examples of the application of relaxation dispersion to the

study of protein—ligand interactions have been reported (see refs. [39,40]).
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5. Future perspective

Over the past decades, NMR has seen tremendous improvements in probe and console design
and electronics, sample labeling techniques, pulse sequences, and analysis software. In
particular, the molecular weight of a sample has long been an intrinsic limitation of
biomolecular NMR. With the advent of sophisticated labeling schemes and TROSY-based
experiments, however, this limitation has been largely overcome. Nevertheless, the use of
NMR as a method for de novo structure determination seems to be declining in recent years
(Fig. 1). As the “easy” structures are already solved today, it is likely that the remaining
“difficult” structures of tomorrow will be resolved by cryo-EM and X-ray crystallography. In
this light, NMR will continue to make a crucial contribution to the field of structural biology
in elucidating the dynamic character of proteins and nucleic acids. The importance of this
contribution is reflected in the fact that dynamic interconversion of distinct protein
conformations in solution is now part of first-year undergraduate education [41,42].

There is no doubt that relaxation dispersion, the method of choice to study functionally
important micro- to millisecond timescale motions, will continue to make important
contributions to the understanding of biochemical processes in the future. In particular, the
possibility of determining the complete structure of an excited state of a protein in solution is
highly intriguing. After all, no other method can derive such an “invisible” structure [43—45].
It would be exciting if NMR hardware, pulse schemes, sample preparation techniques, and
analysis software could be optimized to the level that such invisible structures could be
reported for many more proteins of biological relevance.

Apart from NMR itself, a convenient development is that standard desktop computers are
now powerful enough to solve the Bloch-McConnell equations numerically. Thus, given

experimental data of suitable quality, non-approximate results can be obtained. Large
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molecules still present substantial challenges. On the NMR side, signal overlap can affect
both R, and R, relaxation dispersion measurements, but selective spectroscopy [29,31],
difference spectroscopy [46], and TROSY methods [47,48] are actively being developed to
overcome this limitation. On the preparative side, larger proteins are sometimes expressed
and folded relatively poorly in recombinant bacteria, and are more prone to undergo
degradation after preparation. Future advances in cell-free expression systems [49] that
maximize yield and labeling efficiency, and minimize the cost of an NMR sample are highly
anticipated.

A potential disadvantage of relaxation dispersion may be its indirectness. That is, we do
not directly “see” the excited state. Even if the method detects the presence of an excited state
with a measurable population, it is difficult to give a straightforward answer to the question:
what is the excited state? In other words, the excited state must be assigned. If Awas
including its sign can be obtained, the chemical shift of the excited state may provide an
important clue to the nature of the state. For instance, a '"H chemical shift of 8.1 ppm would
suggest an unfolded state. Thus, expected or calculated (either by quantum chemistry or
semi-empirical approaches [50]) chemical shifts can be used for comparison. Combining the
chemical shift information with the CS-ROSETTA approach [51] may also present a
powerful strategy. Ideally, some reasonable model for the excited state is available. Such a
model might be a ligand-bound form of a protein, or a biomolecule in an unfolded or partially
unfolded state. Then equilibrium chemical shift differences (Ad) can be compared to the
chemical shift differences obtained from relaxation dispersion (A®) by plotting Aw against
Ad. A good overall correlation would imply that the chosen model of the excited state is
reasonable, while possible outlier residues may identify regions in which the character of the

excited state may not be fully represented by the chosen model.
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If relaxation dispersion data are acquired at multiple temperatures, a full kinetic—
thermodynamic analysis becomes possible and the relative energy levels can be estimated [4].
Energy calculations from molecular dynamics simulations can then be used for comparison,
in addition to providing a visual picture of the transition between the ground and excited
states. Including other theoretical and experimental biophysical methods, such as
fluorescence spectroscopy, time-resolved X-ray crystallography, and site-directed
mutagenesis, will further illustrate the sketch of chemical exchange derived by relaxation

dispersion.
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Fig. 1. Resolution of structure and dynamics of biomolecules by NMR. a. New structures
deposited in the Protein Data Bank by NMR (red), EM (blue), and X-ray crystallography
(black). While the number of macromolecular structures determined by X-ray crystallography
shows a steady increase (left), since ~2007 the opposite trend is seen for NMR (right,
expanded view of the shaded area of the left panel). Source: Protein Data Bank statistics

(https://www.rcsb.org/stats/ — Growth of Released Structures Per Year). b. NMR experiments
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used to detect and quantify molecular motion on various timescales. The two types of

relaxation dispersion experiment are highlighted.
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Fig. 2. Relaxation dispersion profile. NMR resonance lines contain information on dynamic
exchange processes, for example, the chemical exchange between two distinct conformations
A and B in a biomolecule. In a relaxation dispersion experiment, chemical exchange during a
fixed delay of the pulse sequence modulates the NMR signal intensities as a function of the
amplitude of the applied field. In the presence of chemical exchange, high intensity signals
(low effective R», blue) are obtained at strong fields, whereas low intensity signals (high
effective R», red) are observed at weak fields. In the absence of exchange, the signal
intensities (and thus Rex) do not vary and a flat profile is obtained. The experimental data
points can be fitted to a theoretical model to obtain structural, kinetic, and thermodynamic

information on the dynamic process in question.
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Fig. 3. Examples of Ri, dispersion profiles. The two variants of the experiment are shown.
In the left panel, the spin-lock power is varied; in the right panel, the power is kept constant

while the spin-lock offset is varied. Figure reproduced with permission from ref. [32].
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Fig. 4. Visualization of the similarity of CPMG and spin-lock experiments by a thought
experiment. The CPMG sequence is shown with decreasing delay, tcp, between the

refocusing pulses. As tcp is decreased to 0, the CPMG sequence approaches a spin-lock.
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Fig. 7. Examples of R relaxation dispersion data fitted to a theoretical model. The
Carver—Richards model was used (solid line). Relaxation dispersion data (filled circles) were
collected for the KIX domain of CBP/p300 at two >N magnetic fields of 60.83 MHz (black)

and 76.01 MHz (red). Figure reproduced with permission from ref. [33].
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Fig. 8. Using relaxation dispersion to study protein-ligand interactions. R relaxation
dispersion profiles (reproduced from [37] with permission) were measured at >N magnetic
fields of 81.08 MHz (filled circles) and 50.65 MHz (open circles). Data for the backbone '*N
nucleus of pKID Argl24 are shown. The concentration of pKID was constant (1 mM); the
KIX concentration was varied from 0.95 to 1.10 mM. Analysis of the combined dataset

yielded kon, kott, k1, k-1, Kp, A®ri, and Awrs.
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Tables

Table 1. Examples of biochemical processes studied by relaxation dispersion

Functional process References
Allosteric regulation [52,53]
Enzymatic catalysis [3,54-57]
Ilj;);?;ir;gs and binding of intrinsically disordered [37.40]
Post-translational modification [58]
Protein folding [43,59-63]
Structure determination of invisible states [43-45]
Structural transitions in nucleic acids [4,64-67]
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Table 2. Published relaxation dispersion experiments

Nucleus Spin probe Remarks Ref.
R> 'H Methyl proton [68,69]
R; 'H Amide proton [70]
R> 'H H® proton [71]
R> 'H Side-chain proton [72]
R> 'H Nucleic acid proton [73]
R> 'H Small-molecule ligand proton [74]
R> H H® proton Gly-specific [75]
R> 13C Methyl carbon [76-79]
R> 13C Carbonyl carbon [80,81]
R> BC Side-chain carbonyl carbon Asx/Glx-specific [82]
R> 13C Carbonyl carbon [83,84]
R> 13C C, carbon [85]
R> BC C, carbon Gly-specific [75]
R> BC Cp carbon [86]
R> 13C Aromatic carbon TROSY [87]
R> SN Amide nitrogen [88]
R> N Amide nitrogen 'H decoupling [89]
R> BN Amide nitrogen Improved 'H decoupling [90]
R> N Amide nitrogen Relaxation compensation ~ [20,59]
R> SN Amide nitrogen TROSY [91]
R> BN Amide nitrogen Resiiiﬁliilg olar [92]
R> SN Side-chain nitrogen Asn/Gln-specific [93]
R> 3p Nucleic acid phosphorus [94]
R> BC-TH Side-chain methyl *C-'H Residual dipolar [95]

coupling

R:  7Q,DQ Amide 'SN-H [96]
R> TQ Side-chain methyl *C-'H [97]
R> MQ Side-chain methyl *C-'H TROSY [47]
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R MQ Amide 'SN-'H [98]

Ri, 'H Methyl proton [99]
Ri, 'H Amide proton [100-
102]
Ri, BC Methyl carbon [103]
Ri, BC Carbonyl carbon [83]
Ri, BC C, carbon [104]
Ri, 13C Nucleic acid carbon [28]
Ri, N Amide nitrogen [105-
107]
Rip N Amide nitrogen Adiabatic pulse to align [108]
spins
Ri, N Amide nitrogen Selective 1D NMR [23,30]
Ri, N Amide nitrogen Selective 2D NMR [31]
Ri, N Amide nitrogen TROSY [109]
Ri, N Amide nitrogen Rip— R [110]

R>, CPMG-type R> relaxation dispersion experiment; Rip, spin-lock type Ri, relaxation
dispersion experiment; MQ, multi-quantum coherence; ZQ, zero-quantum coherence; DQ,

double-quantum coherence; TQ, triple-quantum coherence.
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Table 3. Software packages available for the analysis of relaxation dispersion data

Name URL Remarks Ref.
http://www.scripps.edu/wr
GLOVE ight/?page id=17 Open source [33]
https://code.google.com/ar .
GUARDD chive/p/guardd/ requires MATLAB [111]
Mathematica https://www.wolfram.com/ Commercial
mathematica/
https://www.mathworks.co .
MATLAB m/products/matlab.html Commercial
NESSY https:/nmr- Open source [112]
nessy.sourceforge.io
RELAX http://www.nmr-relax.com Open source [113]

38



Table 4. Theoretical models to describe relaxation dispersion

Exchange sites Remark Ref.
R+ N Complete description (Bloch—-McConnell matrix) [17]
R> 2 Fast-exchange approximation [114]
R> 2 Slow-exchange approximation [59]
Ry 2 Skewed populations [115]
Ry 2 All timescales [35,116]
R> 2 Exact solution [117]
R> 3 Fast-exchange approximation [118]
Ry, 2 Complete description (Bloch—-McConnell matrix) [17]
Ry, 2 Fast-exchange approximation; On-resonance [116]
Rip 2 Fast-exchange approximation; Off-/on-resonance [11 21 19]_
Ry, 2 Unequal transverse relaxation rates of states A and B [36]
Ri, N Skewed populations; Off-/on-resonance [122]
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Abbreviations

CPMG

EM

NMR

NOE

TROSY

Carr—Purcell-Meiboom—Gill
Electron microscopy
Nuclear magnetic resonance
Nuclear Overhauser effect

Transverse relaxation-optimized spectroscopy
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