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The function of biomolecular systems, including biological macromolecules, often crucially depends on
their dynamics. Nuclear magnetic resonance (NMR) is one of the most informative methods used to
study biomolecules and their internal mobility, with atomic resolution, in near-physiological conditions.
NMR relaxation profiles, obtained from the field dependence of the nuclear relaxation rates, in particular,
offer the possibility to probe dynamic processes over a wide range of time scales. Relaxation profiles are
routinely acquired using field-cycling relaxometers operating at a maximum field of the order of 1 T.
These measurements however suffer from a lack of resolution. On the other hand, relaxation rates
measured at the high magnetic fields (>4 T) of high resolution NMR spectrometers contain poor
information on motions on timescales longer than few nanoseconds. The possibility to acquire
relaxation profiles extended to low fields but with high resolution, obtained by shuttling the sample back
and forth in the stray field of a high-field spectrometer, is expected to dramatically improve the
potentialities of NMR relaxometry. Here, we review investigations of relaxometry in a wide range of
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biomolecular systems, such as proteins, phospholipids, or biological fluids. Although multiple models of
motions have been developed to describe the relaxation rates and their field dependence, most
DOI: 10.1039/d4cp04306e experimental investigations rely on the model-free approach. A variety of relaxation profiles of both

diamagnetic and paramagnetic biomolecular systems are here reviewed and analysed using point
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Introduction

Nuclei in NMR samples possess spin magnetic moments,
which are oriented isotropically in the absence of magnetic
fields, so that no macroscopic magnetization arises. Conver-
sely, in the presence of a magnetic field B,, the spin magnetic
moments process around the magnetic field direction, with an
energy which depends on the direction, either parallel or
antiparallel, of the magnetic moments with respect to the
magnetic field. This difference in energy is responsible for a
different population of the spin states, and thus for a net
magnetization. The larger the applied magnetic field, the larger
the differences in energy and thus the resulting magnetization
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dipole—point dipole interaction models.

at equilibrium. If the magnetization is perturbed by a change in
the applied magnetic field or by external radiofrequency pulses,
it recovers its equilibrium value with a process called spin
relaxation.’™ The longitudinal relaxation rate R; is the expo-
nential rate constant for recovering the equilibrium magnetiza-
tion along the direction of the external magnetic field.
Relaxation rate values depend on the time-dependent inter-
actions present between the observed nuclei and the surround-
ing. In fact, the fluctuations in the energy of these interactions
can determine transitions between spin states and thus allow
for the recovery of the equilibrium conditions. Therefore, the
evaluation of the nuclear relaxation rates can permit to obtain
information on the interactions occurring in the system and
on their dynamics (like molecular reorientation, translational
diffusion, chemical exchange...). Each type of interaction can
be the source of a different relaxation mechanism and can be
modulated by a different motional process. In many cases, the
measured relaxation rates are the sums of the contributions
arising from many mechanisms. Each relaxation mechanism
has a specific dependence on the applied magnetic field and on
the relevant time constants of fluctuations. In many cases the
measurement of the relaxation rates at a single magnetic field
does not provide enough information to recover the relaxation
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mechanisms and all parameters used to describe them. On the
other hand, the availability of the nuclear relaxation profile as a
function of the applied magnetic field can be very informative
on the type of interaction and dynamic processes driving the
spin relaxation mechanisms, and on their time constants.

In biomolecules, the time-dependent interactions responsible
for spin relaxation are usually (i) the dipole-dipole interaction (i.e.
the interaction between nuclear magnetic moments)," (i) the
quadrupolar interaction (i.e. the interaction between the molecu-
lar electric field gradients and the electric quadrupole moment of
the nucleus, due to the anisotropic distribution of the nuclear
electric charge, for nuclear spin quantum numbers greater than 1),
and (iii) the chemical shift anisotropy (i.e. the interaction between
the nuclear magnetic moment and the magnetic field generated by
the electronic distribution around the nucleus).” In paramagnetic
systems, Ze. in the presence of unpaired electrons, the interaction
between the nuclear magnetic moment and the electron magnetic
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moment should also be considered, and is often the dominant
relaxation mechanism. The dynamic processes modulating all
these interactions, and thus causing relaxation, can be of different
types, mainly molecular reorientation, internal mobility, chemical
exchange, translational diffusion, diffusion on a surface, etc. The
time constants describing the persistence of a correlation in the
energy values during these dynamic processes are commonly called
correlation times.

Field-dependent relaxation profiles are most often collected
with field-cycling (FC) relaxometers.”® FC relaxometry can
allows for the measurement of nuclear relaxation rates
from fields as low as 0.01 MHz proton Larmor frequency
(Bo ~ 200 pT), up to tens or more than one hundred of MHz,
i.e. over 3-4 orders of magnitude. No spectral resolution is
however possible due to the low field strength and relatively
poor field homogeneity, so that only the collective relaxation of
all nuclei of a given isotope in the sample can be measured."®
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"H relaxometry measurements on water solutions of biomolecules
are thus typically dominated by the relaxation rates of bulk water
protons, so that the relaxation profiles can report only the
relaxation rates of these protons. Therefore, information on the
dynamic processes occurring in the system can be retrieved by
modelling the effect that the different time-dependent interac-
tions between water molecules and biomolecules have on water
proton relaxation and its field-dependence.

The effective magnetic field that is sensed by nuclear magnetic
moments, although mainly dictated by the external field, is slightly
affected also by the field generated by electrons. Therefore, in high-
resolution spectrometers, with a high homogeneity of the external
field, all nuclei experiencing a different chemical environment
sense a slightly different magnetic field with respect to one
another. This results in a different chemical shift of the nuclei
with different chemical environment, ie. in a resolved NMR
spectrum. The relaxation rates of individual nuclei present in a
macromolecule can thus be measured, as well as the rate of bulk
solvent nuclei. In order to obtain the field dependence of these
relaxation rates, measurements can be performed by shuttling the
sample between different positions inside the NMR spectrometer,
in such a way to cycle between different magnetic fields. Shuttling
the sample back and forth in the stray field of a high-field
spectrometer thus permits to polarize and detect the signals at
the high-field position while letting polarizations relax at low field.
Measurements performed in the high field position can thus
report on the relaxation rates of individual nuclei at lower
fields,""** so that high-resolution relaxometry can be performed.

Both FC relaxometry and high-resolution relaxometry performed
with the use of sample shuttling have been applied for obtaining
the field-dependent relaxation profiles of biomolecular systems. FC
relaxometry measurements, performed by switching the magnetic
field generated by an electromagnet, has the advantage of being
able to measure relaxation rates from tenths to thousands s, but
with no spectral resolution. This technique is therefore particularly
informative if the large majority of the detected nuclei present in
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the sample have the same rate, as for instance in the case of
solvent protons in diluted solutions. In this case, observing the
signal of the solvent nuclei probes the dynamic of the solute
molecules, which can be quantified by modelling the nature of
the interactions between solute and solvent molecules. On the
other hand, high-resolution relaxometry, which exploits the high
sensitivity of high-field NMR spectrometers, provides access to the
relaxation rates of the individual nuclei, thus allowing for the
characterization of the local mobility of specific molecules or
chemical groups and over time scales of nanoseconds or longer.
The application of this technique is however still limited by the
time needed to shuttle the sample between the positions corres-
ponding to the different magnetic fields, which restricts the
observable relaxation rates to maximum values of tens of s~*. In
addition, the stray field in a region of ca. 1 m above the magnetic
centre of a shielded high-field magnet decays to ca. 10 mT, two
order of magnitude above the minimum magnetic field accessible
to common FC relaxometry apparatus. This limits the access to
dynamics with correlation times in the high nanosecond range.

High-resolution relaxometry can also take advantage of the
possibility of easily detecting nuclei different from protons,
thanks to the availability of NMR probes for heteronuclear detec-
tion. Due to the intrinsically different properties (magnetogyric
ratios and chemical shift ranges) of heteronuclear spins compared
to protons, "N and "*C direct detection, for instance, can be very
informative in biomolecular NMR applications. It can in fact
provide alternative spectroscopic solutions when proton detection
finds its limitations, such as in the case of too fast relaxation rates,
as occurring in large proteins, or in the case of a small chemical
shift dispersion, as in intrinsically disordered proteins.*

FC relaxometry
Diamagnetic macromolecules in solution

FC relaxometry measurements of water solutions provide the
relaxation rates of solvent nuclei, which are enhanced by their
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intermolecular interactions with the macromolecules present
in the solution. In diluted water solutions of diamagnetic
macromolecules, the dynamics of the water molecules on the
coordination surface of the macromolecules, or transiently
trapped into their cavities, is slowed down. Therefore, the
proton dipole-dipole interactions of these molecules are modu-
lated with a correlation time given by the shortest between their
lifetime onto the macromolecule surface and the reorientation
time of the macromolecule. In the presence of internal (local)
dynamics, the time constant of the occurring faster mobility
can also act as a limit for the correlation time. Chemical
exchange allows for the propagation of the relaxation enhance-
ment of these surface water molecules to the bulk, as well as of
the exchangeable protons of the macromolecules.’

In the simple case that dipole-dipole interactions are modu-
lated by stochastic fluctuations occurring with a correlation
time 7., the relaxation rates are given by ref. 4

Te 41,
1 + wPtd 1 +dwptd

Ri =+ | (1)

where w; = —);B, is 27 times the nuclear Larmor frequency, with

B, the applied magnetic field and y; the nuclear magnetogyric
Mo Tryx

ratio, ff = fm—= ( ir

the squared interaction energy (f is the molar fraction of water
molecules modulated with correlation time t.) and « is the
relaxation rate of solvent molecules in the absence of the
macromolecule.

Fig. 1a shows the field dependences of R; when the correla-
tion time 7. is 50 ns. This model accounts for the appearance of
a “dispersion”, i.e. of relaxation rate values which are constant
at low fields and then decrease with increasing the magnetic
field. The dispersion is centered at the nuclear frequency
v = 1/(2nt.). It is thus apparent that longitudinal relaxation
rates measured at the high fields of high-resolution NMR
spectrometers are most informative about motions in the
subnanosecond time scale, whereas information on dynamics

) I(I +1) is a constant proportional to
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easily accessible at lower magnetic fields (below 100 MHz
proton Larmor frequency).

Usually, the relaxometry profiles of water solutions of bio-
macromolecules cannot be well fitted with eqn (1), containing a
single correlation time. An “extended” model-free approach is
thus often used, where multiple correlation times are considered.
Therefore, the water proton longitudinal relaxation rate can be

empirically analyzed as the sum of Lorentzian dispersions,"”®
410(/1)
Ry = b 2
LAt Z n l:l + WTZTC (n) 1+ 4(,012‘[c(”)2 ( )

where ¢, are weight coefficients summing to 1 and 7, are the N
correlation times.

This approach can be justified considering that the very
many interactions occurring between the many solvent mole-
cules and the macromolecules are modulated with a variety of
correlation times, due to the different time constants for the
internal dynamics of the macromolecule, the anisotropy of its
reorientation time (in case of non-spherical macromolecules)
and the different solvent lifetimes. The correlation time for
each interaction can be described by the relationship 7. " =
R L+ 1+ 1y Y, where 1 is the reorientation time of the
macromolecule (assumed spherical), 7; the internal local mobi-
lity experienced by that specific nuclear pair and 1y its lifetime.
In the presence of large macromolecular systems, the reorien-
tation time is likely the largest of the ., values, in the absence
of fractional macromolecular aggregation.

In eqn (2), the parameter b depends on the squared energy of
the dipole-dipole interactions and on the number of long-living
(ie. for a time >t.(,) water molecules and exchanging macro-
molecular protons, and the parameter a on the contribution to
the relaxation rate from interactions modulated with correlation
times shorter than 7., (e.g. from very labile water molecules,
with very short lifetime) and from non-dispersive terms.

The analysis of the FC relaxometry profiles using eqn (2) can
thus inform on the time scales of the motions occurring in the
system and on their relative importance in modulating the protons
dipole-dipole interactions. Different values of the correlation
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(a) Field dependence of the nuclear relaxation rate according to the dipole—dipole interaction model where stochastic fluctuations are modulated

with a correlation time 1. of 50 ns (eqn (1), with « = 0, f = 5 x 10° s72); (b) field dependence of the nuclear relaxation rate according to the two-

dimensional translational diffusion with tp = 50 ps and 7,5 = 1 ps (last term in egn (3), with f+ =5 x 10

This journal is © the Owner Societies 2025

8572,

Phys. Chem. Chem. Phys., 2025, 27,1756-1771 | 1759


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cp04306e

Open Access Article. Published on 03 January 2025. Downloaded on 3/28/2026 7:25:17 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

times thus indicate the occurrence of different global reorientation
times, internal fast dynamics and/or lifetimes of the water mole-
cules interacting with the macromolecule.

Fig. 2 shows the water 'H relaxometry profiles of the catalytic
subunit of the cAMP-dependent protein kinase A (PKA),"’
r-asparaginase II (ANSII),>**' «707 proteasome solutions,"®
and bovine serum albumin (BSA),”> at 298 K. The protein
PKA, with a MW of 43.5 kDa, is expected to have a reorientation
time of ca. 26 ns, as it can be estimated with HYDRONMR.??
The analysis of the relaxation profile actually shows contribu-
tions from correlation times of 28 ns (30%) and 5 ns (70%),
with a very small contribution (0.4%) from a much longer
correlation time of 240 ns which may point out to the presence
of some aggregated form. The large contribution from the short
correlation time indicates the relevance of the extensive fast
local mobility for relaxation. The profiles of asparaginase can
also be fitted with two correlation times, equal to 60 ns (42%)
and 9 ns (58%). The former value confirms that the protein
forms tetrameric assemblies, being close to what is expected for
globular proteins with MW of ca. 140 kDa. In the case of a7a7
proteasome (360 kDa) in 40% v/v glycerol, four correlation
times were needed to optimally fit the relaxation profile. Also
in this case, the longest time, of 0.8 us, is in nice agreement
with HYDRONMR estimations of the overall reorientation time
of the protein. In the case of BSA, three correlation times
should be considered to achieve a good fit of the experimental
data: the longest correlation time, equal to 270 ns and with a
weight of 1.7%, may suggest the occurrence of partial aggrega-
tion; the protein (66 kDa) is in fact expected to have a reor-
ientation time of about 45 ns. This value is actually in close
agreement with the correlation time of 53 ns (42%), obtained
together with a shorter time of 12 ns (56%). The fit performed
with eqn (2) and the contributions from the different correla-
tion times are shown in the left panels of Fig. 2.

An alternative model that can be used to fit these profiles is
considering the presence of solvent molecules that can be
subjected to translational diffusion on the macromolecule
surface.”** The contribution from the two-dimensional
translational diffusion of these water molecules thus sums
up to the contribution from water molecules rigidly reorienting
by macromolecular tumbling (the contribution from three-
dimensional translational diffusion of water molecules is
expected to be negligible, due to its field dependence and the
short diffusional correlation time, of the order of 30 ps). The
profiles can thus be fitted using eqn (3)

TR 4‘L’R

R, =
: x +ﬁ 1+ CU]Z‘(R2 + 1 +4w121R2

6)
1 2. 2 1 4 2. 2
‘|‘ﬂTTD In - 2+w D L 4n 2+ W Tp

(25
+ Cl)z‘l,'])2

+ 46021'])2

2 2

Tres Tres

where 1 is the correlation time for the two-dimensional
translational diffusion and 7. is the lifetime of the water
molecules undergoing two-dimensional translation diffusion

1760 | Phys. Chem. Chem. Phys., 2025, 27, 1756-1771

View Article Online

Review

in the vicinity of the surface of the macromolecule. This
diffusion can be interrupted by leaving the macromolecule
surface or binding to the protein, with subsequent dynamics
characterized by the correlation time 7. The field dependence
of the 2D translation diffusion to nuclear relaxation is shown in
Fig. 1b for the case of 7 and 7, of 50 ps and 1 ps, respectively.
As obvious from the functional form shown in eqn (3), the
relaxation contribution due to 2D translation diffusion depends
on the logarithm of the field, i.e. it appears to have a linear
shape when the rates are plotted linearly and the frequencies in
logarithmic scale (Fig. 1b), except at very low fields. To be more
precise, for long residence lifetimes (w15 > 1) the expression
converges to the form: tpIn[1 + (wtp)~]; then for wtp « 1 it
reaches the linear dependence on logarithm of the resonance
frequency.

The water 'H relaxometry profiles previously fitted with
eqn (2) can actually be well reproduced also using eqn (3) (right
panels of Fig. 2). In all these cases the best-fit value of 3 is in
nice agreement with the expectations (25 ns in PKA, 49 ns in
ANSII, 0.7 us in o707 proteasome, and 50 ns in BSA), whereas 1,
values from few tens of picoseconds to nanoseconds and 7es of
the order of microseconds or longer are found. Of note, the
number of fitting parameters is reduced with respect to those
used in eqn (2). The same model has been applied to analyze
the relaxation profiles of concentrated BSA solutions.**

In general, a good fit of the relaxation profiles with the
extended model-free approach is always possible, and this
analysis may be informative on the spread and order of
magnitude of the correlation times characteristic of the
motional processes driving relaxation. Although in some cases
these times may indeed report on different dynamical pro-
cesses occurring at different time scales, such as reorientation
of supramolecular adducts, global molecular reorientation,
local mobility, or water exchange, it may also be possible that
no physical meaning can be attributed to them. In fact, they
may be just parameters allowing a good fit of the data under the
assumption that the spectral density functions have a Lorent-
zian shape. It is however possible that the intervening mobility
processes cause non-Lorentzian spectral density functions.
Therefore, when fitting experimental data, it may be important
to evaluate the presence of characteristic frequency depen-
dences of the relaxation rates, in order to apply the correct
model able to provide physically meaningful correlation times,
which are really related to the motional mechanism.

Diamagnetic macromolecules in the solid state

FC relaxometry can also shed light on the dynamics of biological
samples in the solid state, as for instance dry (lyophilized)
proteins and frozen protein solutions, or in sedimented systems
or low-level rehydrated lyophilized protein systems.®*****”*” In
these cases, the relaxation profiles can be described by a power
law in proton Larmor frequency (R, = Aw™® with B = 0.76-0.78),
resulting from rotationally immobilized protein protons with
mobility restricted to geometries having lower dimensionality
than the usual three dimensional diffusion, and considering an
efficient magnetization transfer between protein and water

This journal is © the Owner Societies 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cp04306e

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 03 January 2025. Downloaded on 3/28/2026 7:25:17 PM.

(cc)

View Article Online

Review PCCP

N
o

. o 9
> o o

©
N
1

Proton Relaxation rate (s™)

o
o 90
o
—

—

-
o

o
o

Proton Relaxation rate (s™)

p O

N
o
1

-
()]

N
o
1

Proton Relaxation rate (s™)

.0 . . 0.0 ; ;
0.01 0.1 1 10 0.01 0.1 1 10
Proton Larmor Frequency (MHz) Proton Larmor Frequency (MHz)

Fig. 2 Water proton relaxometry profiles of the catalytic subunit of the cAMP-dependent protein kinase A (PKA, 0.5 mM, in the presence of the inhibitor
peptide PKI),'® L-asparaginase Il (ANSII, 0.8 mM),2%2! 4767 proteasome (3.6 mM) with 40% glycerol,*® and bovine serum albumin (BSA) (1.56 mM),?? at
298 K. The fit performed with eqn (2) and (3) are shown in left and right panels, respectively (solid lines). Dashed lines represent the contributions
corresponding to the correlation time in agreement with the molecular reorientation time, dash-dot lines the contributions from additional correlation
times, dotted lines the contributions from 2D translational diffusion.
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protons.”® The low field relaxation rates can be as large as
hundreds or thousands of s™*, and then the rates progressively
decrease with increasing frequencies. These profiles have also
been fitted using the model free approach (eqn (2)), with correla-
tion times usually ranging between 10 ° and 10~° 5.>%>%?°

Nuclei with I > 1, like for instance '*N, are characterized by
an anisotropic distribution of the nuclear electric charge, which
gives rise to an electric quadrupole moment of the nucleus,
interacting with the electric field gradients present in a mole-
cular system. This interaction, independent of the magnetic
field, should be considered together with the interaction of the
nuclear magnetic moment with the external magnetic field
(Zeeman interaction), which, on the other hand, is field depen-
dent. Both these interactions contribute to the energy of the **N
states. In immobilized systems, a magnetization transfer arises
when the transition energies between the states of the N
nucleus match those between the states of a I = ; nucleus (like
for instance 'H) which is dipole-dipole coupled with the "N
nucleus. This process causes a fast decay of the 'H magnetiza-
tion at specific frequencies, and thus the appearance of peaks
with a high relaxation rate, called quadrupolar peaks. The
contribution to the 'H relaxation rates due to the coupling with
™N nuclei can be described by eqn (4)**

RN =

CHN

| 2 ) Q Q
——+sin”fOcos +
(3 ¢ 1+ (-0 )Yt 1+(o+o )1
1 .2 .2 ) Q 7Q
+ ( =+sin~Osin +
<3 ¢ I+ (w—0)tg* 1+ (0+w) g2

1
+ (ﬂ—cos2 9) LS LS
3 l+(w—wo) 1 1+ (w+wo) 10

4)
with wi:2naQ<1:|:g), wp = Wy — W_, aq is the quadrupole

coupling constant, 5 is the asymmetry parameter, C'N=

2(@714“/@

2
= 3 and tq is the correlation time characterizing
4 r HN

3
the fluctuations of the 'H-'*N dipole-dipole coupling. The
angles 0 and ¢ describe the orientation of the principal axis
system of the electric field gradient tensor with respect to the
'H-"*N dipole-dipole axis.

The relaxation profile of 40% w/w of BSA in water at 263 K
shows for instance the occurrence of three quadrupolar peaks
(see Fig. 3),>* which can be nicely analyzed with eqn (4). These
relaxation peaks are placed on the top of a relaxation decrease,
which can be reproduced assuming contributions from dipole-
dipole interactions modulated with a distribution of correlation
times (eqn (2)).

Relaxation profiles have been measured also for healthy
muscles and tumour tissues.*?”?* In these cases, the water
proton relaxation rates are of the order of few tens of s™' at
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Fig. 3 Water proton relaxometry profiles of 40% BSA at 263 K. The fit
performed with egn (2) and (4) to take into account both the contributions
from the dipole—dipole interaction and the quadrupolar interaction are
shown with dashed lines and dot-dashed line, respectively. Figure taken
from ref. 24.

0.01 MHz, due to the relatively large amount of water molecules
present in the extracellular space and in exchange with those
present in the intracellular compartment. The relaxation rates
decrease with increasing the magnetic field, usually quite fast
at low fields and more slowly at high fields (see Fig. 4). The
overall shape of the relaxation profiles should be related to
the dynamics of the water molecules in the two different
compartments, where they are subjected to a restricted mobility.
The relaxation profiles can be fitted with a sum of Lorentzian
functions (eqn (2)) or with including contributions from two-
dimensional translational diffusion (eqn (3)). Quadrupolar
peaks are often visible. Interestingly, at low magnetic fields the
relaxation rates of tumour tissues are often significantly smaller
than those of healthy tissues, probably because of the shorter
residence time of the water molecules in the intracellular
compartment, where dynamics is slower.*”

<30 ; ; .
)
25 1

= a2 N
o o o1 O

Proton Relaxation rate

T

0 T L | T T T
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Fig. 4 Water proton relaxometry profiles of mouse leg tissue.*?
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Paramagnetic systems

In paramagnetic systems, characterized by the presence of
unpaired electron(s) in molecular orbitals, a further interaction
occurs, which is the dipole-dipole interaction between the
electron magnetic moment and the nuclear magnetic moment.
Since the magnetic moment of the free electron is 658.2 times
larger than the magnetic moment of the proton, this inter-
action can contribute to the relaxation rate of a hydrogen
nucleus at distance r from the unpaired electron(s), e.g. from
a paramagnetic metal ion, much more than the dipole-dipole
interaction between proton magnetic moments, even if the
distance r is larger than the distance between hydrogen nuclei.
In the presence of chemical exchange, this paramagnetic
enhancement can be transferred to all water protons. The
paramagnetic enhancement to the nuclear relaxation of bulk
water protons (R;p) is often described by the Solomon-Bloem-

bergen-Morgan (SBM) equations®?*
Ryp :fM(R1M71 + TM)71 (5)
2 /1o 118182 Tte 3¢

Riv =< (G2 152) (5 4+ 1 6
M= T15\Un 3 ) (S+1) 1+wszrcz+l+w]2‘5c2 ©)
T S o U (7)

247 T 4z

1 t v v
=SS+ 1) — 3 8
T =S SIS+ =3 {1 Fogi? 1 4(05213} (8)

where fy; is the mole fraction of bound water molecules
(with protons at distance r from the paramagnetic moiety), ws
is the electron Larmor frequency, tg, T and 7ty are the
reorientation time, electron relaxation time and residence
time, respectively, S is the electron spin quantum number,
A2 is the mean squared fluctuation of the zero-field
splitting (for S > 1/2) and 7, is the correlation time for the
instantaneous distortions of the coordination polyhedron of
the paramagnetic metal.

The field dependence of Ry and Ry, shown in Fig. 5, is
thus characterized by two Lorentzian dispersions separated by
a factor 658.2 and centred at the proton Larmor frequencies
(2n658.27.) ' and (2nt.)”". Depending on the value of the field
dependent 7. with respect to those of the field independent z,
and 1y, the correlation time 7. can increase with increasing the
magnetic field or can be field independent (for S = 1/2 systems,
7. is always field independent). When 7. is field dependent,
a peak appears in the relaxation profile due to the increase in 7.
due to the wst, dispersion, and the subsequent decrease due to
the wyt. dispersion.

Eqn (6)~(8) were derived under a number of approximations,*”
among which the absence of static zero-field splitting and hyper-
fine coupling between the electron magnetic moment and the
magnetic moment of the paramagnetic metal nucleus. These
effects can drastically modify the values and the field dependence
of the relaxation rates, especially at low fields.**”

An additional contribution to the paramagnetic enhance-
ment is provided by water molecules freely diffusing around the
paramagnetic moiety up to a distance of closest approach d.>%3°
According to the hard-sphere model,**** the modulation of the
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Fig. 5 Field dependence of the water proton relaxation rate (R;,) accord-
ing to the SBM model (eqn (5)—-(8)) for 1 water molecule coordinated to a
Gd** ion (S = 7/2, in 1 mM concentration) at distance of 3.0 A with ty =
20 ns, 4, = 0.02 cm™, 7, = 20 ps and g of 100 ps (black line) or 3 ns (red line).

dipole-dipole interaction between the unpaired electron(s) and
the diffusing water protons provides a translational diffusion
contribution, given by

out _ 321(@)21000NA[M](y1uBgc>2S<S +1)
! 405\4n d(D; + Dy) )

x [1J(ws, D, Te) + 3J (w1, D, Te )]

(u2 + ‘L'D/‘L'C)
0 81+ 92 = 2u* +ub (12 4 1 /1.)*+(wtD)?

(10)

72 [ 2
J(w7TDaTe) = J -

5

where N, is the Avogadro’s constant, [M] is the concentration
of the paramagnetic centers, expressed in mol dm , D; and D,
equal to the diffusion coefficient of the water molecule and of
the molecule bearing the paramagnetic moiety (usually negli-
gible) and 1y, = d*/(D; + D,). The spectral density function J can
be calculated using the analytical expression*”

Q1/2
1 +T
J(w7 TDaTe) =Re 40 O (11)
14+ Q12 tot o

with
Q = iwtp + Tp/Te

In the case that the tp/7. term can be neglected, at low fields
this three-dimensional translational diffusion depends linearly
on the square root of the frequency, as shown in Fig. 6, with a
coefficient related to the diffusion coefficients. The same
dependence is not apparent when the electron relaxation also
contributes to modulate the electron-nucleus dipole-dipole
interaction.
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Fig. 6 Field dependence of the water proton relaxation rate according to the outer-sphere relaxation model (egn (9) and (11)) for water molecules
diffusing, up to a distance of closest approach of 3.6 A, around spherical molecules containing a Gd** ion (S = 7/2, in 1 mM concentration), with diffusion
coefficient Dy + D, of 2.4 x 10~° m? s~* and electron relaxation described by the parameters 4, = 3.77 x 10° s~* (corresponding to 0.02 cm~Y) and (i) 7, =

71

20 ps (solid lines) or (ii) 0.2 ps (dotted lines). In the second case, the dipole—dipole interaction is modulated only by the diffusional time tp <T—) < 1). In

the right panel, the rates are plotted against the square root of the frequency to show its linear dependence at low fields in the case that electron
relaxation is negligible (red dotted line) and that the same does not hold when this is not the case (black solid line).

Since the paramagnetic enhancements are linear with
respect to the concentration of the paramagnetic centers, in
the absence of concentration dependent changes in molecular
structure and dynamics, it is common to define a quantity
called relaxivity r, as the enhancement due to 0.001 mol dm >
(1 mM) of paramagnetic centers in solution.

Fig. 7 shows the relaxivity profile of the protein 1-
asparaginase II, where a gadolinium(m)-DOTA derivative has
been attached via amide bond formation.>" The relaxivity of
this paramagnetic macromolecule is much larger than that
measured for the free gadolinium complex and the profile
shows a peak in the high-field region. These effects are due
to a reorientation time 7y that is much longer for the

Water 'H relaxivity (mM™" s

T T T

0.1 1 10
Proton Larmor frequency (MHz)

Fig. 7 H relaxivity profiles of Gd-DOTA (empty symbols) and GdDOTA-

conjugated ANSII (solid symbols) at 25 °C. Best fit profiles obtained with
the Florence NMRD program are also shown.?

0.01 100

1764 | Phys. Chem. Chem. Phys., 2025, 27, 1756-1771

macromolecule than for the Gd-DOTA complex, so that
the correlation time for the electron-nucleus dipole-dipole
interaction (eqn (7)), is largely determined by iz for the
gadolinium(m) complex, and mostly given by the electron
relaxation time for the biomolecule. Contributions from both
the water molecule coordinated to the gadolinium(m) ion and
from freely diffusing water molecules are considered. The SBM
model appeared however insufficient for a satisfactory fit of the
relaxivity profile, which required to consider the presence of
static zero-field splitting, as done for instance in the Florence
NMRD program.**~*> The temperature dependence of the relax-
ivity profiles also showed that the coordinated water molecule
is in slow exchange.*!

High-resolution relaxometry

FC relaxometry performed with electromagnets operating at a
maximum field of the order of 1 T is a powerful method to
probe molecular dynamics but the absence of high resolution
prevents site-specific investigations as commonly performed in
NMR spectroscopy. An alternative that preserves the high
resolution and sensitivity of high-field NMR is to use the stray
field of a high-field magnet (typically larger than 4 T) as the
variable magnetic field. High-resolution (HR) relaxometry con-
sists in polarizing a sample and detecting the NMR signals at
high field. The sample experiences lower fields between polar-
ization and detection times by shuttling in the stray field of an
NMR spectrometer.'*%%® A large range of magnetic fields is
reached by simply varying the shuttling distance in the bore of
the magnet. In this way, it is possible to measure longitudinal
relaxation rates at low fields with the resolution and the
sensitivity of high-field NMR. The availability of the relaxation
profiles extended over 2-3 orders of magnitude of magnetic
fields provides a sensitivity to longer correlation times, i.e. to
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much slower motions, than achievable with standard high field supported both the timescale and collective nature of motions
>N relaxation measurements.*’ of the B-hairpin.

High-resolution relaxometry has been used to determine This seminal study was followed by investigations by high-
site-specific motions on pico- to nanosecond timescales in resolution relaxometry, combined with traditional high-field
proteins. The first application was performed by the groups NMR, of the internal dynamics of proteins such as ubiquitin."?
of Redfield and Kern and allowed them to detect rigid-body To measure site-specific low-field relaxation rates, a pneumatic
motions in the B-hairpin and adjacent loops of N-terminal shuttling system was developed,” enabling rapid transfer of
domain of the SARS (Severe Acute Respiratory Syndrome) samples between the magnetic center and the chosen position
nucleocapsid protein (SARSN), with a timescale of approxi- of the stray field. This system facilitated high-resolution mea-
mately 0.8 nanoseconds.*® These HR relaxometry experiments surements of longitudinal relaxation rates at low fields,
utilized a stepper motor-driven shuttle system to move the although with reduced sensitivity compared to high-field
sample between high and low magnetic fields, replacing experiments (about ten times less sensitivity) due to system
the previous pneumatic system, both developed by Redfield."* design. This setup allowed the measurement of relaxation rates
This setup allowed for controlled deceleration of the sample, over a wide range of fields (0.5-14.1 T), correcting for systema-
avoiding issues like protein denaturation that occurred with the tic deviations of decay rates due to cross-relaxation using an
more abrupt deceleration of the pneumatic system. The inclu- iterative correction approach called ICARUS, which accounts
sion of low-field data, more sensitive to slower mesodynamic  for the effects of cross-relaxation pathways during shuttling.*®
fluctuations, provided a fuller picture of protein dynamics. The ICARUS corrections for backbone nitrogen-15 decays varied

The ensemble of relaxation rates in the p-hairpin and between 4.5% and 13%, with greater corrections needed at
adjacent loops were best described by an extended model-free fields below 3 T.
spectral density function, with separate order parameters for The analysis of low-field longitudinal relaxation rates
fast and slow motions (S¢, Si°), confirming the presence of revealed dynamics in the fB;-f, turn of ubiquitin on the
slower correlated motions within this structural unit. Despite nanosecond timescale, which exhibited nanosecond motions
the success of the combined high- and low-field approach, that were not identified with a similar amplitude in earlier
some discrepancies arose, particularly in the R, values at lower studies at a single high magnetic field but highlighted by the
fields. These deviations were attributed to cross-relaxation analysis of residual dipolar couplings.’®”" These motions were
due to the cross correlation of chemical shift anisotropy (CSA) best described by an extended model-free analysis, occurring
and dipolar relaxation mechanisms in the absence of control with a timescale of ~2 ns, suggesting a collective motion in
of relaxation pathways during the relaxation period. This this region."® Relaxometry dispersion profiles (Fig. 8) highlight
problem was later addressed in different ways by Ferrage the differences between mobile and rigid residues, with
and coworkers (see below). Molecular dynamics simulations nanosecond motions dominating at lower fields. While the
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Fig. 8 !N longitudinal relaxation rates as a function of the static field R1(Bo) (so-called “relaxometry dispersion profiles”) for eight selected residues in
ubiquitin. The blue and red dots show corrected longitudinal relaxation rates, adjusted to compensate for relaxation during shuttling, while the lines show
dispersion profiles calculated from the microdynamic parameters obtained in our analysis. Figure taken from ref. 13.
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experimental data mostly align with theoretical predictions,
some discrepancies in the dispersion profiles, particularly for
highly mobile residues like Gly75 and Gly76, suggested limita-
tions in models of spectral density functions.

High-resolution relaxometry was also used to determine
motions of protein sidechains. HR relaxometry was used to
measure site-specific carbon-13 relaxation rates in protein
methyl groups in the model protein ubiquitin.*® Specific iso-
topic labeling of methyl groups in isoleucine side chains was
employed to obtain isolated “C'H’H, groups, for which
carbon-13 relaxation is slow enough to minimize polarization
losses during the transfer between high and low fields. Relaxa-
tion rates were measured over two orders of magnitude in
magnetic field strength, down to 0.33 T. Heteronuclear nuclear
Overhauser effects (NOEs) allowed to capture high-frequency
motions, while parameters of slower motions were constrained
by low-field longitudinal relaxation rates. It was possible to
decompose motions of methyl group dynamics into three
independent components: fast methyl group rotation, orienta-
tional motion of the CC bond, and global rotational diffusion of
the protein. Fast methyl-group rotation was modeled using an
order parameter set by the geometry of the methyl group and a
single correlation time 7,,e, while the orientational motion of
the CC bond was described with an extended model-free
approach with two order parameters (Sf and S,°) and their
associated correlation times (t; and t) for fast and slow
motions, respectively.

Correlation times (7, for methyl group rotation ranged
from 5.5 ps to 22 ps, with faster timescales observed for surface-
exposed residues like Ile44 (e = 5.5 ps) and slower ones for
core residues like Ile23 (Tyner = 22 ps), possibly due to steric
interactions.’” For residues without well-defined nanosecond-
scale motions (Ile3, Ile23, Ile30, Ile61), relaxometry-derived fast-
motion order parameters (Sf) aligned well with those from
high-field deuterium relaxation.>® However, for residues with
defined nanosecond motions (Ile13, Ile36, Ile44), the analysis
of relaxometry gave lower order parameters than those
obtained from deuterium relaxation. Measurements of dipolar
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couplings in solids®* and nanoparticle assisted spin relaxation
(NASR)*>°® in solution are in very good agreement with the
lower order parameters obtained by relaxometry. Note that, of
these three approaches, only relaxometry can determine the
effective timescale for these motions.

In HR relaxometry, cross relaxation during the transfer
between high and low magnetic fields is often not negligible,
which leads to deviations of the decay rate from the longitudinal
relaxation rate, as observed in the first investigation by Kern and
Redfield. Several approaches have been implemented to take
these effects into account.® Alternatively, a two-field NMR
spectrometer, with radiofrequency pulses at the low-field center,
allows to select the proper nuclear spin operator at low field and
suppress cross-relaxation pathways during the relaxation delay.
In addition, both transverse and longitudinal relaxation rates
can be measured.’” The combination of high-field relaxation
rates and relaxation rates at a single low frequency provided
more information than high-field relaxation alone when specifi-
cally labeled 61 methyl groups of isoleucine residues in ubiquitin
were considered®” as shown in Fig. 9.

Accurate relaxation measurements at a single low magnetic
field, coupled with high-field data can also be used to validate
the procedure implemented to estimate longitudinal relaxation
rates from the decay rates at low field. Such an approach was
implemented both for carbon-13 relaxation in methyl groups in
ubiquitin® and backbone nitrogen-15 relaxation in a disor-
dered protein region.”®

Proteins are not the only type of biomolecule has been
investigated by high-resolution relaxometry. For instance,
Roberts and Redfield® have investigated dynamics in a DNA
octamer using *'P and 'H field-cycling NMR. Internal order
parameters for CSA interactions were determined, as well as
overall correlation times for rotational diffusion but a precise
determination of internal dynamics was not possible based on
the analysis of *'P relaxation alone.

The dynamics of lipids in membranes can span many orders
of magnitude of timescales. Redfield and Roberts investigated
the dynamics of phospholipids from **C and *'P field-cycling

S S T, (ps) t. (ns)
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Fig. 9 Distribution of parameters for internal dynamics of isoleucine-44 from Markov-Chain Monte-Carlo analysis of relaxation rates, showing order
parameters (S¢%) and (Ss3) for fast and slow motions, with corresponding correlation times (z;, 75, Tmet). Analysis was conducted under various conditions:
(a) relaxation rates at 20 magnetic fields, with longitudinal relaxation measured at fields B < 9 T without any RF pulse at low field; (b) parameters derived
from longitudinal, transverse relaxation, and dipolar cross-relaxation rates at high fields only (9.4 T, 14.1 T, 18.8 T, and 22.3 T); and (c) high-field relaxation
rates from (b), supplemented by accurate longitudinal and transverse relaxation rates at 0.33 T using a two-field spectrometer. Reprinted (adapted) with
permission from ref. 57. Copyright 2019 American Chemical Society.
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relaxometry. Field-cycling *'P NMR of phospholipids in vesicles
and micelles demonstrated that increased phospholipid
motion of zwitterionic phosphatidylcholine (PC) contributed
to enhance phosphatidylinositol-specific phospholipase C
(PLC) activation.®® This insight underscores the importance of
lipid—protein interactions in membrane function.

This approach was also used to investigate the reorientation
of phospholipids at the lipid/water interface via HR relaxometry
of *'P, highlighting how temperature and cholesterol impact
lipid dynamics.®" This study showed that cholesterol reduced the
energy barrier for phospholipid motion, thereby contributing to
membrane fluidity and stability. Supporting this, Sivanandam
et al.®® applied "*C high-resolution field-cycling NMR to assess
the “wobble” of PC in vesicles, showing that cholesterol signifi-
cantly increases lipid motion correlation times, further illustrating
its role in modulating membrane properties. In addition, Roberts
et al.® investigated phospholipid dynamics in vesicles, revealing
that *'P relaxation rates reflect varied lipid motion profiles in
bilayers. They identified a residual dipolar interaction between
phosphorus and nearby glycerol C3 protons, providing estimates
of the P-H vector orientation relative to the membrane surface.
This method was also used to monitor the interaction of micelles
of PC with the peripheral membrane protein Bacillus thuringiensis
phosphatidylinositol-specific phospholipase C (PI-PLC). This
interaction helps anchor the enzyme to the membrane, high-
lighting the importance of lipid-protein interactions in regulating
enzyme activity.

HR relaxometry can also allow for easily identifying weak
interactions between ligands and macromolecules. The detec-
tion of the relaxation profiles of ligand nuclei permits to
observe the occurrence of binding from the field dependence
of their relaxation rates. In the absence of binding the rates are
expected to be basically field independent, as a result of the
short reorientation time of the ligand molecule, whereas in
the presence of binding the reorientation time becomes that of
the macromolecule, so that a dispersion in the relaxation
profile must appear.

HR relaxometry of *'P was used by Pu et al.** to determine the
binding of inositol 1,2-(cyclic)-phosphate (cIP) to PLC (Fig. 10).
The addition of about 0.03 equivalent of phosphatidylinositol-
specific phospholipase C spin-labelled at residue H82C (H82C-SL),
leads to a clear dispersion at low field, indicative of binding of cIP
to PLC. This dispersion is more pronounced in the presence of
diC,PC micelles, which is due to an increase of the size of the
complex and thus of its rotational correlation time.** Building on
these observations, a series of investigations by Roberts, Redfield
and coworkers exploited this method to further characterize inter-
actions of small molecules with proteins. *'P NMR relaxometry was
used to analyse enzyme-substrate dynamics in guanosine mono-
phosphate reductase (GMPR), revealing distinct binding modes for
guanosine monophosphate (GMP) and inosine monophosphate
(IMP) during deamination and hydride transfer steps.®® Similarly,
in phosphatase and tensin homolog (PTEN), this method identified
a phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2)-binding site
distinct from the active site, providing new insights into PTEN’s
regulatory mechanisms.®®
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Fig. 10 Field dependence of the longitudinal relaxation rate of 3P in cIP
(concentration 5 mM) without (+) or with (O) 14.4 uM phosphatidylinositol-
specific phospholipase C spin-labelled at residue H82C (H82C-SL), as well as
with H82C-SL and 5 mM diC7PC micelles (®). Reprinted (adapted) with
permission from ref. 64. Copyright 2009 American Chemical Society.

Redfield and Roberts also introduced the use of electron
spin labels on proteins to identify the binding modes of small
molecules thanks to paramagnetic relaxation enhancements at
low field. Gradziel et al®” demonstrated that spin labelling
combined with *'P NMR high-resolution relaxometry could be
used to study the binding of cytotoxic amphiphiles to the Akt1
PH domain. They identified two distinct binding sites, con-
tributing to our understanding of how these molecules regulate
protein activity, offering potential therapeutic targets. In addi-
tion, Pu et al.®® employed spin-labeled proteins to reveal dis-
crete binding sites on PLC for PC and substrate analogs.
Similarly, Roberts et al.® identified specific phospholipid bind-
ing sites on PTEN and Aktl PH domain, illustrating how
phosphoinositides and alkylphospholipids anchor these pro-
teins to membranes and modulate their activity.
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Fig. 11 Relaxation profiles for the methyl protons of TSP (blue crosses)
and alanine (orange crosses) in the presence of bovine serum albumin.
Reprinted (adapted) with permission from ref. 70. Copyright 2021 Amer-
ican Chemical Society.
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It was shown that the analysis of the relaxation profile can also
allow for determining the size of ligand-protein complexes as well
as that of metabolite-protein complexes in human blood serum.”®
In the case of a water solution of alanine, sodium 3-(trimethyl-
silyl)propionate-2,2,3,3-d, (TSP) and bovine serum albumin, the
relaxation profiles measured for the methyl protons of alanine
and TSP are quite different as a result of the absence (for alanine)
or of the presence (for TSP) of binding with albumin (Fig. 11). The
position of the low field dispersion in the relaxation profile of TSP
is consistent with a correlation time of ca. 40 ns, in good
agreement with the reorientation time that has been estimated
for albumin. On the other hand, a reorientation correlation time
of 36 ps was obtained from the relaxation rates of alanine.”

This method was used to probe interactions of metabolites
in human blood serum. The interactions of lactate and creati-
nine with serum albumin were clearly identified. Interestingly,
the competition between lactate and TSP on serum albumin
could be quantified in blood serum, opening the way for
titrations and competition binding within biological fluids.

Conclusions and perspectives

NMR relaxometry has proven to be an invaluable tool for
elucidating the dynamic processes occurring within biological
macromolecules, both in solution and in the solid state. The
application of FC and HR relaxometry enables the investigation
of nuclear spin relaxation rates over a wide range of magnetic
fields, revealing detailed information about molecular inter-
actions and dynamics. For diamagnetic macromolecules in
solution, FC and HR relaxometry have been instrumental in
identifying the various correlation times associated with differ-
ent dynamic processes, such as the global reorientation of the
macromolecule, internal mobility, and the lifetimes of water
molecules interacting with the macromolecule. For example,
studies on proteins like the catalytic subunit of protein kinase A
(PKA), r-asparaginase II (ANSII), and o707 proteasome have
demonstrated the presence of multiple correlation times,
reflecting complex internal and overall molecular dynamics.
Similarly, in the solid state, FC relaxometry has provided
insights into the restricted mobility and magnetization transfer
mechanisms in lyophilized proteins.

The extended model-free approach and the two-dimensional
translational diffusion model have both been effective in fitting
relaxometry profiles, offering complementary perspectives on
the dynamic processes at play. The former, which uses a sum of
Lorentzian dispersions, can accommodate the variety of corre-
lation times present in complex systems, while the latter
provides a specific framework for understanding the field
dependence of relaxation rates in terms of two-dimensional
diffusion dynamics.

In paramagnetic systems, the presence of unpaired electrons
introduces additional complexity to the relaxation mecha-
nisms. The Solomon-Bloembergen-Morgan (SBM) model has
been successful in describing the paramagnetic enhancements
to nuclear relaxation rates, accounting for the contributions
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from electron-nuclear dipole-dipole interactions. The ability of
this model to characterize field-dependent relaxation rates
highlights the importance of electron relaxation times and
their interplay with nuclear relaxation mechanisms.

Looking forward, the continued development and refinement
of relaxometry techniques will further enhance our understanding
of molecular dynamics in biological systems. Advances in relaxo-
metry instrumentation and data analysis methods will allow
for even more precise measurements and more detailed inter-
pretations of relaxation mechanisms. High-resolution relaxome-
try, in particular, holds great promise for studying individual
nuclei in complex macromolecular assemblies, offering the
potential to dissect the contributions of various interactions and
dynamic processes at an unprecedented level of detail.

In conclusion, NMR relaxometry, through its ability to probe
dynamic processes over a wide range of timescales and mag-
netic fields, remains a powerful tool in the study of biological
macromolecules. Its applications in both solution and solid-
state systems, as well as in paramagnetic and diamagnetic
contexts, continue to provide valuable insights into the mole-
cular mechanisms underlying biological function. Future devel-
opments in this field will undoubtedly expand its utility and
impact, driving forward our understanding of molecular
dynamics in increasingly complex biological environments.
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