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Improved detection of magnetic
interactions in proteins based on
long-lived coherences
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Living systems rely on molecular building blocks with low structural symmetry. Therefore, constituent
amino acids and nucleotides yield short-lived nuclear magnetic responses to electromagnetic
radiation. Magnetic signals are at the basis of molecular imaging, structure determination and
interaction studies. In solution state, as the molecular weight of analytes increases, coherences with
long lifetimes are needed to yield advantageous through-space magnetisation transfers. Interactions
between magnetic nuclei can only be detected provided the lifetimes of spin order are sufficient. In
J-coupled pairs of nuclei, long-lived coherences (LLC’s) connect states with different spin-permutation
symmetry. Here in, we show sustained LLC’s in protein Lysozyme, weighing 14.3 kDa, with lifetimes
twice as long as those of classical magnetisation for the aliphatic protons of glycine residues. We found
for the first time that, in a protein of significant molecular weight, LLC’s yield substantial through-space
magnetisation transfers: spin-order transfer stemming from LLC’s overcame transfers from classical
coherences by factors > 2. Furthermore, in agreement with theory, the permutation symmetry of LLC-
based transfers allows mapping interacting atoms in the protein structure with respect to the molecular
plane of glycine residues in a stereospecific manner. These findings can extend the scope of liquid-

state high-resolution biomolecular spectroscopy.

As constituents of living matter evolved from primary elements, their
structural symmetry decreased, thus enabling specific key-lock interac-
tions. Unlike basic molecules such as H,, O,, N5, CO,, etc., few amino
acids feature symmetry elements, and such elements are lost when amino
acids are included in a protein fold. The loss of structural symmetry
impacts the lifetime of nuclear-spin transitions: while interconversion
between the nuclear-spin isomers of molecular hydrogen takes hours in
solutions', nuclear-spin transitions in liquid samples of amino acids have
durations of seconds. This can be understood in terms of symmetry: due
to the equivalence of the H, protons, the intrapair dipolar interaction
does not mix spin states belonging to different spin-permutation sym-
metries i.e., antisymmetric singlet-state para-hydrogen with symmetric
triplet-state ortho-hydrogen®. For proton systems in an asymmetric

environment, such as the aliphatic protons of an amino acid - with the
notable exception of glycine - the chemical and magnetic equivalences
between 'H spins are lost. Intra-spin-pair dipolar interactions become
effective, reducing the lifetime of spin polarisation to several seconds. The
most significant outcome of reduced magnetisation lifetimes is the lim-
ited intensity of magnetisation transfer via dipolar Overhauser effects™".
For biomolecules in solution, intramolecular and inter-molecular mag-
netisation transfer is, to date, the main source for data on atomic inter-
actions. Relaxation time constants and, consequently, magnetisation
transfer for coherent spin superpositions, known as rotating-frame
Overhauser effects’, are particularly sensitive to biomolecular size: they
are scaled down as the effective molecular rotational correlation time in
solution increases.
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Solution structures of proteins can be solved by magnetic resonance
spectroscopy in liquid state with fair resolution, up to a certain size. To
date, liquid-state biomolecular structure elucidation for protein sizes
beyond 40 kDa remain challenging®’. Since protein fold and interactions
in cells are essential for cell homeostasis and function, extending the
reach of liquid-state NMR to proteins is crucial to rational drug design
and mechanistic structural biology. Other liquid-state techniques based
on chromophores can be difficult to use in molecular folds without
perturbing the structure, therefore atomic resolution is mainly obtained
non-invasively by NMR. Notable progress in surpassing the detection
limit for increasing protein size has been made via the transverse
relaxation optimized spectroscopy experiment (TROSY), relying on
coupled heteronuclei that feature spin states with long lifetimes®. The
lifetime enhancement in the TROSY experiment is due to the protection
of heteronuclear spin states by the antagonistic action of correlated
relaxation mechanisms (dipole-dipole and chemical shift anisotropy) of
similar strength®’. The current solution for structure determination for
large proteins and biomolecular complexes relies on the dilution of
strongly interacting proton spins in order to obtain the necessary
transverse lifetimes for detection”'’. However, thinning of interacting
spins in order to narrow spectral lines’ diminishes the number of
obtainable structural constraints, as these stem from the very magnetic
interactions that have been diluted'. Hydrogen spins are the first sensors
of intramolecular and inter-molecular interactions. This study relies on
detecting pairs of 'H spins with coherences that are only impacted to a
small degree by the spin-spin dipolar interaction'’. We show that a new
approach for optimizing transverse 'H relaxation and improving Over-
hauser effects based on local molecular symmetry can become useful for
the structural elucidation of large proteins and biomolecular complexes.
Lately, computational methods are increasingly employed in protein
structure determination. However, experimental data is especially nee-
ded in protein loops and at the frontiers of secondary structure regions,
where glycine residues are often found. Glycine-based magnetic inter-
actions are of importance to define mobile regions that are difficult to
model correctly using AlphaFold"” or based on solid-state constraints
derived from X-ray data. The structural flexibility of glycine-rich protein
regions in the solution enables biological interactions; many partially
disordered proteins are known to adopt biologically active conforma-
tions relying on their flexibility'*".

Glycine residues have received increasing interest as singlet-state
vessels for storing long-lived (hyper) polarization and monitoring
kinetics'*™*'. For structural purposes, there remained the challenge to
transfer the singlet-based spin order of J-coupled nuclei towards struc-
tural neighbours via Overhauser effects. It was discovered recently that
magnetic resonance experiments can be conducted under conditions that
establish local magnetic symmetry in two-spin systems, obtaining long-
lived spin populations based on singlet states’ or long-lived transitions
between the singlet and triplet states™. Introducing a magnetic field
component to eclipse differences between local magnetic environments
in aliphatic protons™, we have previously shown that local magnetic
symmetry can be enhanced even at high fields, obtaining long-lived
coherences (LLC’s)"”. This opened the way for recording 'H magnetic
resonance signals with enhanced resolution and relaxation time con-
stants extended by up to a factor of 9 compared to classical coherences™
and was used in various experiments on small molecules’*. The use of
long-lived coherences for magnetisation transfer in a protein had not
been achieved, though it was theoretically deemed possible”. We
demonstrate now that 'H-based LLC’s with lifetimes twice as long as the
lifetimes of standard transverse coherences, T;->2T, (T;,) can be
observed in the 14.3kDa protein Lysozyme. For the first time,
LLC’s are used to transfer magnetisation from glycine residues to
remote amino acids within the protein fold at high magnetic fields
(B, = 22.3T;1%, = 950MHz). We prove via theory and experiments that
the coherent superposition between singlet and triplet states within
glycine residues of Lysozyme can act as long-lived magnetisation

reservoirs capable of polarising nearby spins in a protein fold. This is a
step forward in probing protein structure and interactions based on
endogenous magnetic probes that can be detected non-invasively. Long-
lived coherences can provide a way for assignment and structural elu-
cidation of interactions while circumventing the need for isotopic
enrichment. The narrow lines afforded by these coherences may add
them to the set of NMR tools used for large proteins assignment provided
that LLC detection in the direct dimension is achieved.

Results and discussion

In the following discussion, we treat the magnetic interactions of Gly-H*>*
proton magnetic moments denoted I and S, respectively. There are two
possible orientations, («, 8); s, for each of the two-proton spins with respect
to an external magnetic field, B,. In a free glycine molecule, methylene
protons are chemically and magnetically equivalent, therefore the nuclear-
spin eigenstates™ are: the spin-permutation-antisymmetric singlet state,
So = N(loyBg) — IBorg)) and  the three symmetric triplet —states,
Ty = legag), Ty = N(leyfs) + 1Bras), Ty = |B;Bg), with N = 2712,
The decays of singlet-state-based populations and transitions are the least
perturbed by spin-permutation symmetric interactions, such as the dipole-
dipole relaxation between the two nuclei that cannot mix states with dif-
ferent symmetries.

Long-lived coherences
In the singlet-triplet basis, long-lived coherences can be expressed as
superposition between the singlet and the central triplet state (Fig. 1a):

Qurc = I1So!{Tol + 1To)(Sol 4 1So) (Tl — [T} {So1) 0

The expression of LLC’s in terms of individual coherences at the two
aliphatic proton sites of Gly residues can readily be recognised when LLC'’s
are expressed as Cartesian operators'>”: as detailed in Supplementary
Note 2, they have a real component Q{éc =1, — S, and an imaginary
component Q. = (2I 2SS, —2L,S,). LLC’s can be initialized as
P c =1, — S, but this state is inaccessible in the magnetic-equivalence
regime of free glycine and can only be excited and detected when a
symmetry-breaking mechanism is present”. When glycine residues are in
a peptide or protein fold, the two methylene protons are chemically and
magnetically inequivalent. This allows the manipulation of individual spins
via selective pulses and the initialization of LLC’s. However, magnetic
relaxation is fast-paced in this situation. The mirror plane symmetry ele-
ment afly (Fig. 1a) can be effectively reintroduced by applying a high-
amplitude radio-frequency magnetic field at the average value of the Larmor
frequencies of the two spins. In practice, we exploit the ability to shift
between magnetic regimes: after exciting LLC’s by spin-selective pulses
granted the different chemical shifts, we sustain them in a magnetic-
equivalence setting using continuous-wave (CW) irradiation. Experimen-
tally, LLC’s are excited via the permutation-antisymmetric term p?, . =
I, — S, and their coherent evolution during the mixing time T,,;, when they
are sustained by CW irradiation, is described by:

Pric(Fi) = (1, = $,)05(2 ) + (218, = 21,5, )sin (277 57,
@

where Jis is the scalar coupling constant between the two methylene
protons in the glycine moiety. LLC’s have an oscillatory evolution
(v11c = Jis) and the recorded 1D spectra consist of a superposition of in-
phase and anti-phase peaks depending on the mixing period 7,,;.. The
oscillating transfer from glycine-based LLC’s to neighbouring spins with
a frequency equal to the scalar coupling (v}, = Jjs) is dampened by
relaxation as molecular tumbling slows down™. Calculations indicate
that oscillations of observed signals stemming from the magnetisation
source are quenched both by relaxation and by small oscillations at the
transfer site K, induced by local couplings (see Supplementary Note 3 and
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Figs. S3, S4). Local anisotropic motions, cross-correlated effects and spin
diffusion are effects that go beyond the simple case of three-spin systems
that contribute to the observed transfer curves.

In order to follow individual glycine residues in a large protein, we
developed a new technique to excite p?; - = I, — S, term using a 90° dual-
frequency pulse™ suited for protein experiments due to its small excitation
windows. The excitation pulse is adapted for each glycine residue in Lyso-
zyme based on the chemical shift values of the individual proton spins (See
Supplementary Note 1 Table S1) which were measured with a workflow
based on selective long-lived state filters'”””. The LLC excitation and the
extended lifetimes were probed using the 1D / 2D pulse sequence in Fig. 1b.
For comparison, the dual-frequency pulse was adapted to excite classical
transverse magnetisation p%; = I, + S, and its decay was measured to be
up to 2 times faster than LLC’s for Gly residues in Lysozyme (Fig. 1cillustrates
the Ty ¢ fitting in Gly117 and Fig. 1d shows excitation profile of the 90° dual-
frequency pulse used to excite LLCs and standard transverse coherences). A
characteristic spectral feature of LLC experiments are the cross-peaks in the
2D Fourier-transformed spectrum obtained with the pulse sequence in
Fig. 1b where the mixing time is used as a pseudo-indirect dimension. Due to
the coherent evolution during CW irradiation (Eq. 2), SYmmetric cross-peaks
in the indirect dimension F; appear at a position ]gly Y717 5Hz from the
baseline at the Gly117 resonances (See Supplementary Note 4 Fig. S6). These
cross-peaks are absent in the 2D REF experiment, as expected. LLC-ROE
spectroscopy is a fast way of probing dipolar interactions of LLC’s with
external relaxation sources like neighbouring spins (Fig. le) in the environ-
ment of the two glycine aliphatic protons.

Magnetisation transfer via LLC-ROE experiments
The sensitivity of LLC’s to the presence of nearby nuclei yields new infor-
mation compared to classical coherences. We have previously described the
interaction of a singlet-triplet superposition with a neighbouring spin via
rotating-frame Overhauser effect (ROE) both theoretically and via experi-
ments for small-molecule systems™. Based on the derived equations, the
theoretical dependence of the maximum magnetisation transfer from LLC
to a neighbouring spin (See Supplementary Note 2) on the rotational cor-
relation time modulating the dipolar interaction, 7, is compared to the
classical transfer from transverse magnetisation in Fig. 1f, Supplementary
Note 3 Fig. S5. LLC’s feature a significant advantage in terms of transfer
yields compared to standard coherences as the rotational correlation time
increases beyond 10 ns. Moreover, the difference between LLC-based and
standard Overhauser transfer increases with the static magnetic field, B, at
which the experiment is performed. At a magnetic field corresponding to
proton Larmor frequency of 950 MHz, proteins of the molecular weight of
Lysozyme can be expected to feature LLC-based transfer comparable to or
higher than the classical transverse transfer, depending on local motions.
Magnetisation transfer from p?, . = I, — S, to the adjacent nuclei K;
occurs with different signs when K is close to either I or S, due to the fact that
pY,c is permutation antisymmetric. Figure le shows expected regions in
space outlined in green for transfer expected to occur via LLC-ROE with the
same sign as in classical ROE and in blue when transfer is expected with the
opposite sign (See Supplementary Note 3.1 Fig. S2 for the angular depen-
dence of LLC-ROE transfer). Experimentally, using the pulse sequence in
Fig. 1b, neighbour K spin signal intensities in LLC-ROE experiments
starting from p?, . = I, — S, were compared with REF-ROE experiments
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Fig. 1 | Method for the detection of LLC-based transfer in proteins. a Energy level
diagram of spin states characteristic to a J-coupled two-spin-1/2 system. Thermal
magnetisation is a population imbalance between the outer states, while long-lived
coherences are superpositions between the singlet state and the central triplet states.
Inset: glycine backbone highlighting the H*** protons denoted (1,S) and the mirror
plane Jlfly which interconverts the two spins. b The 1D/2D pulse sequences used to
excite multiple narrow bands of the protein’s proton spectrum centred around the
targeted Gly-H*® resonances and sustain LLC’s during transfer. The initial phase
offset between the two components of the 90° dual-frequency pulse can be adjusted
to generate either long-lived coherences (‘LLC’ experiment), or classical transverse
coherence (reference ‘REF experiment). (see “Materials and Methods” section).

¢ Signal decay of the LLC versus transverse magnetisation during the spin-lock
period (7,,;,,) measured at 1/ ]IGS’y intervals for Gly117 residue. d Excitation profile of
the 90° dual-frequency pulse used to excite LLCs (red) and standard transverse

coherences (black, shifted). Residual z-axis magnetisation is shown in blue. The
y-axis shows normalised magnetisation excited for each nuclear spin. e Graphic
representation of the LLC-ROE magnetisation transfer in a sphere surrounding the
two glycine protons H* (green) and H* (blue) highlighting the stereospecific
interaction of neighbouring protons. Depending on relative distances to the two
(I,S) methylene protons, surrounding spins K will display either negative (when they
are found in the space region closer to H*, outlined in green) or positive ROE build-
up curves (when they are found in the space region closer to H*, outlined in blue).
f Numerical simulations (notebook provided in Supplementary Note 3) highlighting
the dependence of maximum expected transfer towards a third spin K via rotating-
frame Overhauser effects (ROE), starting from p?; - = I, — S, (red) compared to
P%r = I, + S, (black), the rotational correlation time increases. The transfer from
LLC gradually increases and surpasses the classical ROE transfer. Structural para-
meters of the three-spin-1/2 system are provided as an inset.
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Fig. 2 | ‘LLC-ROE’ (red) versus reference ‘REF’ ROE (black). Build-up data
recorded using the pulse sequence shown in Fig. 1b for several cross-peaks of Gly49
(a), Gly67 (b) and Gly117 (c). Gly-H*** protons are highlighted in green and blue,
respectively, and residues to which Overhauser transfer is detected are rendered
using the same spatial colouring. The change in sign of the LLC-ROE build-up
matches the spatial proximity of the neighbouring atoms relative to the glycine
molecular plane ahcly ,i.e., atoms closer to H* (green) have negative build-ups, while
the ones closer to H* (blue) have positive sign. For LLC-ROEs with build-up signs
opposed to classical ones, LLC-ROE data points multiplied by —1 (dotted red line)
are shown in order to better evaluate the magnitude of transferred LLC

magnetisation compared to classical ROEs. Polar plots are given for neighbouring
atoms positions around the Gly aliphatic protons: the radius represents the distance
between the specified ‘K;’ neighbour nuclei and the middle point of the IS segment;
the polar angle is the angle between the median to IS and the distance vector relying
spin K to the middle point of the IS segment (as shown in Fig. le, f and Supple-
mentary Note 3). The ¢ angles and distances in X-ray structures ‘1DPX’, ‘“4XJF and
‘OLYZ’ are represented using triangles, squares and plus signs, respectively. The
structural data for the angle and distance values derived from the 50 NMR-derived
coordinate sets (‘1E8L’ PDB entry) are denoted by small circles, and their average is
represented by a large circle.
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starting from p%., = I, + S, as a function of the mixing time 7,,,.. The
results for Gly49, Gly67, and Gly117 residues, which yield the best-resolved
signals, are provided in Fig. 2. For each glycine residue, relative distances to
Gly-H* and Gly-H® protons were confirmed using the relative intensities of
1D horizontal slices from a standard 2D ROESY spectrum taken at the
indirect-dimension frequencies of Gly-H* and Gly-H* frequencies. As
predicted by the LLC theory, the cross-peak build-up sign was experi-
mentally observed to change in LLC-ROE with respect to REF-ROE for
neighbouring interaction sites closer to glycine’s proton S (Gly-H*) than to
glycine’s proton I (Gly-H®). For instance, the LLC-ROE signs of Gly69
neighbour D66-H® and Gly49 neighbour N46-H* are opposed to the
reference ROE signs. The opposite signs for ROE-LLC build-ups stemming
from neighbours in close proximity to Gly-H* compared to ROE-LLC from
neighbours of Gly-H® provide an easy route for deriving new biomolecular
structure constraints or for refining existing structures. LLC-ROE data can
be used for structure validation, especially in mobile loop regions where
glycine residues abound.

We have verified the consistency of the sign dependency of ROE build-
ups with both liquid-state NMR (‘1ESL’ PDB entry™®) and X-ray structures
of Lysozyme (‘1DPX’, “4XJF’, and ‘“9LYZ’ PDB entries”"'). This analysis
confirmed the spatial proximity of identified neighbour nuclei with respect
to the glycine molecular plane afly (Fig. 2). In cases where there is an
important degree of dispersion between existing structural experimental
data from the literature, LLC-ROE experiments can help choose the correct
conformation - in the case of Gly49-Ha2,3 interaction with the Thr69
methyl, the reciprocal position reflected in the '1DPX' crystal structure are
confirmed by LLC-ROE. Other structures with local conformations con-
firmed by LLC-ROE data are ‘4XJF’, ‘9LYS’, and 5 of the available 50 NMR-
based models in '1E8L'. The sign of LLC-ROE derived ¢ angles agreed with
the existing structural data, and in the case of the Gly69-Ser72H" interaction,
alarger ¢ angle measured in both X-ray and NMR structures correlates with
higher LLC-ROE intensity, as predicted by theory. The only instance where
obtained LLC-ROE data were found to be at variance with respect to existing
structural data was the position of T118 methyl with respect to Gly117. In
this case, further structural refinement based on LLC-ROE would change
the ¢ angle by ca 20 degrees. Importantly, for several of the reported
interactions in Fig. 2, the LLC-ROE reference intensity is clearly stronger
than the classical reference ROE intensity, by a factor 2 for Ser72-H®
interaction with Gly67 aliphatic protons and by almost a factor 3 for the
Trpl11-H® interaction with Glyl117 aliphatic protons. The Asp66-H®
interaction with Gly67 aliphatic protons is also more intense in LLC-ROE
than in classical ROE - with opposed sign, as predicted by the structure. The
intensities of the various local interactions in ROE-LLC and classical ROE
depend on the local effective anisotropic correlation times for molecular
motions as much as on the angles and distances. This is the first experi-
mental proof of the emergence of several more intense LLC-ROE signals
compared to classical ROE signals in a protein of significant size in solution.
These features render the newly-proposed magnetisation transfer method
useful for probing the magnetic interactions of proteins using proton
spectroscopy (the interaction of Lysozyme with its biological target is shown
in Fig. S7 of Supplementary Note 5).

In conclusion, we propose a new method to detect magnetization
transfer from long-lived coherences in glycine residues to neighbouring
atoms. We show for the first time that, in a protein of molecular weight
beyond 14 kDa, rotating-frame Overhauser effects based on long-lived
coherences can be more effective than transfer from standard coherences.
This finding agrees with predictions by theory and numerical simulations
that LLC-ROE transfer should be enhanced compared to standard ROE in
biomolecules featuring effective rotational correlation times close to 10 ns or
above. Detection at increased static magnetic field strengths B, further
improves LLC-ROE:s. Stereospecific structural constraints are derived from
LLC-ROE, as long-lived coherences yield build-ups with different signs for
interactions with 'H neighbours that are close to Gly-H” or Gly-H®,
respectively. LLC-ROE is to be considered for deriving atomic-resolution
structural constraints in the case of biomolecular complexes in solution.

Materials and methods

The Lysozyme protein (29 mg, MW =14300g mol™") with natural-
abundance spin isotopes was dissolved in D,O (0.55ml) at pH=4 as
described in ref. 44. NMR spectra were recorded at T = 310 K on a Bruker
Avance spectrometer operating at B, = 22.3 T (proton Larmor frequency
vo(*H) =950 MHz) equipped with a cryogenically-cooled probe head
optimised for 'H sensitivity (‘triple-channel inverse probe’-TCI’). Pro-
ton reference and 1D LLC experiments were recorded with 8 transients
and a recovery delay of 8 s. The Gly-(H®, H*) pairs in Lysozyme feature
Jis coupling values Jis~17 Hz and their respective frequency differences
Avig at the given By value are provided in Table S1 (See Supplementary
Note 1 Fig. S1). To record selective LLC and REF experiments, we
adapted the pulse sequence described in Fig. 1b for each glycine proton
system. The carrier frequency of the 90° dual-frequency E-BURP2 pulse
was placed on the most downfield proton and had a duration of 50 ms
with an amplitude of 80 Hz. The initial phase offset between the two
components of the 90° dual-frequency pulse can be adjusted to generate
either long-lived coherences (‘LLC’ experiment) or classical transverse
coherence (reference ‘REF experiment). The excitation range of the
selective excitation pulse was +30 Hz around each of the Gly resonances
(Fig. 1d). The excitation windows at the frequencies of I and S spins are
centred on the two Gly-Ha resonances. The initial phase offset between
the two components of the dual-frequency pulse was varied in order to
excite either p¢; - = I, — S, (LLC experiments) or p4zr = I, + S, (REF
experiments). For the ‘REF experiments, both the transverse compo-
nents of I and S spins are excited with the same sign by adapting the initial
phase offset. The CW-sustained mixing time is used to create the indirect
dimension in 2D experiments. The acquired number of points in the
indirect and respectively direct dimensions was F; = 64 and F, =2048.
The indirect-dimension increment was 1 ms. 2D LLC spectra were
recorded summing ns = 32 transients. The continuous-wave irradiation
pulse was set in the middle of the two Gly-H" resonances with an
amplitude of 4 kHz. Experimental data was processed using TopSpin 4.2,
MestreNova v15.0.1, CCPN* v3.2.0, NMRglue* v0.1, and SPARKY*
v3.1.5. Spin dynamics calculations were performed using
SpinDynamica’ v3.7.1 and Spinach® 2.7.6049 libraries within a four-
spin system (featuring spins I and S, neighbouring spin K, and an addi-
tional spin R close to K, with the only J-coupling constant active between
the two Gly aliphatic protons I and S).

Data availability

Data acquired during this study is available at https://ncloud.eli-np.ro/
index.php/s/kMxNIQBgfPYcIRT and we will answer any requests for
additional information.

Code availability

Software codes used for calculations are given in Supplementary Note 3.2.

Received: 24 January 2024; Accepted: 30 April 2024;
Published online: 16 May 2024

References

1. Bowers, C. R. & Weitekamp, D. P. Transformation of symmetrization
order to nuclear-spin magnetization by chemical reaction and nuclear
magnetic resonance. Phys. Rev. Lett. 57, 2645-2648 (1986).

2. Pileio, G. Relaxation theory of nuclear singlet states in two spin-1/

2 systems. Prog. Nucl. Magn. Reson. Spectrosc. 56, 217-231 (2010).

3. Overhauser, A. W. Polarization of nuclei in metals. Phys. Rev. 92,
411-415 (1953).

4. Solomon, |. Relaxation processes in a system of two spins. Phys. Rev.
99, 559-565 (1955).

5. Bothner-By, A. A, Stephens, R. L., Lee, J., Warren, C. D. &Jeanloz, R. W.
Structure determination of a tetrasaccharide: transient nuclear
Overhauser effects in the rotating frame. J. Am. Chem. Soc. 106,
811-813 (1984).

Communications Chemistry | (2024)7:112


https://ncloud.eli-np.ro/index.php/s/kMxNlQBgfPYc1RT
https://ncloud.eli-np.ro/index.php/s/kMxNlQBgfPYc1RT

https://doi.org/10.1038/s42004-024-01195-2

Article

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Schiitz, S. & Sprangers, R. Methyl TROSY spectroscopy: a versatile
NMR approach to study challenging biological systems. Prog. Nucl.
Magn. Reson Spectrosc. 116, 56-84 (2020).

Sprangers, R. & Kay, L. E. Quantitative dynamics and binding studies
of the 20S proteasome by NMR. Nature 445, 618-622 (2007).
Pervushin, K., Riek, R., Wider, G. & Withrich, K. Attenuated T2
relaxation by mutual cancellation of dipole-dipole coupling and
chemical shift anisotropy indicates an avenue to NMR structures of
very large biological macromolecules in solution. Proc. Natl Acad. Sci.
USA 94, 12366-12371 (1997).

Tugarinov, V., Hwang, P. M., Ollerenshaw, J. E. & Kay, L. E. Cross-
correlated relaxation enhanced 1H—13C NMR spectroscopy of
methyl groups in very high molecular weight proteins and protein
complexes. J. Am. Chem. Soc. 125, 10420-10428 (2003).

Ruschak, A. M. & Kay, L. E. Methyl groups as probes of supra-molecular
structure, dynamics and function. J. Biomol. NMR 46, 75-87 (2010).
Anglister, J., Srivastava, G. & Naider, F. Detection of intermolecular
NOE interactions in large protein complexes. Prog. Nucl. Magn.
Reson. Spectrosc. 97, 40-56 (2016).

Sarkar, R., Ahuja, P., Vasos, P. R. & Bodenhausen, G. Long-lived
coherences for homogeneous line narrowing in spectroscopy. Phys.
Rev. Lett. 104, 053001 (2010).

Tunyasuvunakool, K. et al. Highly accurate protein structure
prediction for the human proteome. Nature 596, 590-596 (2021).
Wright, P. E. & Dyson, H. J. Intrinsically disordered proteins in cellular
signalling and regulation. Nat. Rev. Mol. Cell Biol. 16, 18-29 (2015).
Arbesu, M., lruela, G., Fuentes, H., Teixeira, J. M. C. & Pons, M.
Intramolecular Fuzzy interactions involving intrinsically disordered
domains. Front. Mol. Biosci. 5, 39 (2018).

Mamone, S., Rezaei-Ghaleh, N., Opazo, F., Griesinger, C. & Gloggler,
S. Singlet-filtered NMR spectroscopy. Sci. Adv. 6, eaaz1955 (2020).
Teleanu, F., Lupulescu, A. & Vasos, P. R. Selective excitation of long-
lived nuclear spin states. J. Phys. Chem. Lett. 13, 6731-6736 (2022).
Kiryutin, A. S., Pravdivtsev, A. N., Yurkovskaya, A. V., Vieth, H.-M. &
Ivanov, K. L. Nuclear spin singlet order selection by adiabatically
ramped RF fields. J. Phys. Chem. B 120, 11978-11986 (2016).
Bornet, A. et al. Long-lived states to monitor protein unfolding by
proton NMR. ChemPhysChem 12, 2729-2734 (2011).

Sadet, A., Stavarache, C., Teleanu, F. & Vasos, P. R. Water hydrogen
uptake in biomolecules detected via nuclear magnetic
phosphorescence. Sci. Rep. 9, 17118 (2019).

Sadet, A., Fernandes, L., Kateb, F., Balzan, R. & Vasos, P. R. Long-
lived coherences: improved dispersion in the frequency domain using
continuous-wave and reduced-power windowed sustaining
irradiation. J. Chem. Phys. 141, 054203 (2014).

Carravetta, M., Johannessen, O. G. & Levitt, M. H. Beyond the T1 limit:
singlet nuclear spin states in low magnetic fields. Phys. Rev. Lett. 92,
153003 (2004).

Pileio, G., Carravetta, M. & Levitt, M. Extremely low-frequency
spectroscopy in low-field nuclear magnetic resonance. Phys. Rev.
Lett. 103, 083002 (2009).

Carravetta, M. & Levitt, M. H. Long-lived nuclear spin states in high-
field solution NMR. J. Am. Chem. Soc. 126, 6228-6229 (2004).
Sarkar, R. et al. Long-lived coherences for line-narrowing in high-field
NMR. Prog. Nucl. Magn. Reson. Spectrosc. 59, 83-90 (2011).
Bornet, A. et al. Ultra high-resolution NMR: sustained induction
decays of long-lived coherences. J. Am. Chem. Soc. 133,
15644-15649 (2011).

Mishra, R., Singh, M., Singh, H., Haridas, V. & Kurur, N. D. Revealing
signs and hidden 1H NMR coupling constants in three-spin systems
using long-lived coherences. J. Phys. Chem. Lett. 10, 7259-7263
(2019).

Singh, M., Soni, V. K., Mishra, R. & Kurur, N. D. Relaxation editing
using long-lived states and coherences for analysis of mixtures. Anal.
Chem. 88, 3004-3008 (2016).

29. Singh, M., Srinivas, C., Deb, M. &Kurur, N. D. Paramagnetic relaxation
of long-lived coherences in solution NMR. ChemPhysChem 14,
3977-3981 (2013).

30. Chinthalapalli, S. et al. Ultrahigh-resolution magnetic resonance in
inhomogeneous magnetic fields: two-dimensional long-lived-
coherence correlation spectroscopy. Phys. Rev. Lett. 109, 047602
(2012).

31. Singh, M. & Kurur, N. D. An improved method for the measurement
of lifetimes of long-lived coherences in NMR. RSC Adv. 5, 8236-8238
(2015).

32. DeVience, S. J., Walsworth, R. L. & Rosen, M. S. Preparation of
nuclear spin singlet states using spin-lock induced crossing. Phys.
Rev. Lett. 111, 173002 (2013).

33. Teleanu, F., Topor, A., Serafin, D., Sadet, A. & Vasos, P. R. Rotating-
frame Overhauser transfer via long-lived coherences. Symmetry 13,
1685 (2021).

34. Levitt, M. H. et al. Long-lived Nuclear Spin Order: Theory and
Applications (Royal Society of Chemistry, 2020).

35. Product operator formalism for the description of NMR pulse
experiments. Prog. Nuclear Magn. Reson. Spectrosc. https://doi.org/
10.1016/0079-6565(84)80005-9 (1983).

36. Freeman, R. Shaped radiofrequency pulses in high resolution NMR.
Prog. Nucl. Magn. Reson. Spectrosc. 32, 59-106 (1998).

37. Sarkar, R., Vasos, P. R. & Bodenhausen, G. Singlet-state exchange
NMR spectroscopy for the study of very slow dynamic processes. J.
Am. Chem. Soc. 129, 328-334 (2007).

38. Schwalbe, H. et al. A refined solution structure of hen lysozyme
determined using residual dipolar coupling data. Protein Sci. 10,
677-688 (2001).

39. Weiss, M. S., Palm, G. J. & Hilgenfeld, R. Crystallization, structure
solution and refinement of hen egg-white lysozyme at pH 8.0 in the
presence of MPD. Acta Cryst. D 56, 952-958 (2000).

40. Huang, C.-Y. et al. In meso in situ serial X-ray crystallography of
soluble and membrane proteins. Acta Cryst. D 71,1238-1256 (2015).

41. Ramos, J. et al. Structural insights into protein folding, stability and
activity using in vivo perdeuteration of hen egg-white lysozyme. IUCrJ
8, 372-386 (2021).

42. Hogben, H. J., Krzystyniak, M., Charnock, G. T. P., Hore, P. J. &
Kuprov, . Spinach — A software library for simulation of spin dynamics
in large spin systems. J. Magn. Reson. 208, 179-194 (2011).

43. Skinner, S. P. et al. CcpNmr AnalysisAssign: a flexible platform for
integrated NMR analysis. J. Biomol. NMR 66, 111-124 (2016).

44, Helmus, J. J. & Jaroniec, C. P. Nmrglue: an open source Python
package for the analysis of multidimensional NMR data. J. Biomol.
NMR 55, 355-367 (2013).

45. Lee, W., Tonelli, M. & Markley, J. L. NMRFAM-SPARKY: enhanced
software for biomolecular NMR spectroscopy. Bioinformatics 31,
1325-1327 (2015).

46. Bengs, C. & Levitt, M. H. SpinDynamica: symbolic and numerical
magnetic resonance in a Mathematica environment. Magn. Reson.
Chem. 56, 374-414 (2018).

Acknowledgements

We are grateful to Massimo Lucci for assistance with the experiments, to
Isabella Felli and Lucia Banci for discussions, to Marco Allegrozzi and
Rebecca del Conte for assisting with sample and data preparation. We thank
Dennis Kurzbach for reading the manuscript. We acknowledge funding from
EU project the iINEXT-Discovery-Project-18523 hosted at the Magnetic
Resonance Centre (CERM), University of Florence for NMR time

and UEFISCDI PN-III-P4-ID-PCE-2020-2642, UEFISCDI PN-IlI-P4-PED-
565, the Romanian Ministry of Research Core Program (PN), Romanian
Ministry for EU Projects PNRR-III-C9-2022-18 (contract no.760110) and
Equipments of National Interest (IOSIN). We thank Anamaria Hanganu,
Catalin Tuta, and Mihaela Matache for assistance and discussions and the
University of Bucharest for NMR time®.

Communications Chemistry | (2024)7:112


https://doi.org/10.1016/0079-6565(84)80005-9
https://doi.org/10.1016/0079-6565(84)80005-9
https://doi.org/10.1016/0079-6565(84)80005-9

https://doi.org/10.1038/s42004-024-01195-2

Article

Author contributions

O.l, F.T., ALL. and P.R.V. performed the experiments, calculations and
theoretical analysis. O.l., F.T.,A.C.,A.L.and A.S. analysed the data. A.S. and
P.R.V. conceived the research and wrote the manuscript. P.R.V. obtained
and administered funding for the research. All authors revised and approved
the manuscript.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s42004-024-01195-2.

Correspondence and requests for materials should be addressed to
Aude Sadet or Paul R. Vasos.

Peer review information Communications Chemistry thanks the
anonymous reviewers for their contribution to the peer review of this work.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Communications Chemistry | (2024)7:112


https://doi.org/10.1038/s42004-024-01195-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Improved detection of magnetic interactions in proteins based on long-�lived coherences
	Results and discussion
	Long-lived coherences
	Magnetisation transfer via LLC-ROE experiments

	Materials and methods
	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




