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Water hydrogen uptake in
biomolecules detected via nuclear
magnetic phosphorescence

Aude Sadet'*, Cristina Stavarache®?, Florin Teleanu’>* & Paul R. Vasos'**

We introduce a new symmetry-based method for structural investigations of areas surrounding water-
exchanging hydrogens in biomolecules by liquid-state nuclear magnetic resonance spectroscopy.
Native structures of peptides and proteins can be solved by NMR with fair resolution, with the notable
exception of labile hydrogen sites. The reason why biomolecular structures often remain elusive
around exchangeable protons is that the dynamics of their exchange with the solvent hampers the
observation of their signals. The new spectroscopic method we report allows to locate water-originating
hydrogens in peptides and proteins via their effect on nuclear magnetic transitions similar to electronic
phosphorescence, long-lived coherences. The sign of long-lived coherences excited in coupled protons
can be switched by the experimenter. The different effect of water-exchanging hydrogens on long-lived
coherences with opposed signs allows to pinpoint the position of these labile hydrogen atoms in the
molecular framework of peptides and proteins.

New spectroscopic probes for exchangeable hydrogens in biomolecules are needed, as water-exchanging
hydrogens often remain elusive for spectroscopy, and, consequently, for structural biology in the liquid state.
Biomolecular uptake of water protons is essential for cell homeostasis and for cell function. The role of water
hydrogen atoms in the mechanisms that set the tempo of living systems is reconsidered as new insights are gained
on water interactions with biomolecules: hydrogens in water are messengers in enzymatic function' and main
players in cancer radiotherapy via radiolysis®. Atomic and molecular spectroscopies explore the interactions of
water-originating protons with biomolecules within the bounds set by the intrinsic resolution and sensitivity of
each analytical method®=. Fluorescent or phosphorescent probes are used to observe water interactions occur-
ring, e.g., upon protein unfolding. The long lifetimes afforded by singlet-triplet transitions in phosphorescent
probes, which can be used for medical imaging, are known to be sensitive to inter-molecular interactions®’.
However, most chromophores are difficult to introduce in molecular folds without perturbing the structure.
Atomic resolution in liquid state can be attained by Nuclear Magnetic Resonance (NMR). In high magnetic fields,
NMR is particularly adapted to follow water molecules and their interactions with peptides or proteins. Ensemble
structural information including water in solvated structures can be obtained by 2D and higher-dimension NMR
spectroscopy?®. The interactions of water with proteins and small molecules are used in NMR-based pharmaceu-
tical drug screening®. Fundamental studies of the magnetic interactions between water and biomolecules have
shown wide-reaching practical implications in clinical imaging: water-proton magnetisation transfer to nuclear
spins in endogenous molecules is at the basis of a widely-used contrast mechanism, CEST-MRI'". The limit for
sensitivity to water interactions with other molecules is set by the magnitude of magnetic dipoles, the statistics
of their reciprocal orientations, and their motions!'. New methods for detecting water-exchanging protons by
NMR can be obtained by changing the observed magnetic dipoles. The magnitude of the involved dipoles can be,
for instance, enhanced by the use of electrons instead of nuclei, as in Paramagnetic Relaxation Enhancement'?.
Herein, we present another way of modifying the observed nuclear magnetic moments and using the mod-
ification to study interactions: grouping two or several magnets together, i.e., in paired or collective nuclear
states'*1°. For two J-coupled nuclei, the populations of nuclear singlet trickle slowly to nuclear triplet states.
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Figure 1. Preparation of LLC’s on AlaGly dipeptide. (A) 'H spectrum of AlaGly. The signal of Ala-H®is a
quadruplet CJ,_poaie-cus = 7.1 Hz) at 3.96 ppm, Gly-H*! signals are doublets (*/;;=17.2Hz) at 3.58 and 3.69
ppm, respectively, and the Ala-CHj signal is a doublet (* 4, pjo/aia.cz = 7-1 Hz) at 1.39 ppm. I and S indicate
inequivalent protons H*! and H®?, respectively. Inset: spacefill representation of AlaGly, with positions
containing water-exchangeable groups featured in blue and the Gly-(I,S) proton pair shown in red. (B) Zoom of
the LLC 'H spectrum of AlaGly dipeptide in the Gly-H® region. Opposite-phase I and Sare observed as Q" is
created. (C) Zoom of the 'H spectrum of AlaGly dipeptide in the Gly-H" region Q/’¢ LC’ is created. For (B,C) the
method (“pulse sequence”) used to excite LLC’s is outlined, featuring the selective 180° pulse (grey-filled shape)
used to invert I or S spins and the LLC evolution period, 7;;c.

This is a transition from spin-exchange antisymmetric states to symmetric ones. Singlet-based spectroscopy is
to standard NMR what phosphorescence is to fluorescence in electronic spectroscopy. The observation of singlet
states relies on slow-paced transitions that occur when a change of spin-permutation symmetry is involved. Their
population provides extended memory for nuclear spin order. Slowly-relaxing nuclear transitions for nuclei or
groups of nuclei featuring low dipolar interactions are adapted for use in hyperpolarised endogenous molecules
as magnetic resonances tracers in vivo'*~'8. These molecular biomarkers detect the rates of metabolic processes
such as glucose metabolism at different endpoints'®, harvesting functional information for medical imaging in
a non-invasive manner. Transitions between nuclear singlet and triplet configurations were first observed as
low-frequency oscillations in low magnetic fields?. In high magnetic fields, these transitions improve spectral
resolution, as singlet-triplet long-lived coherences (LLC’s)?! feature decays up to 9 times slower than those of
standard NMR transitions, yielding a proportional narrowing of the observed spectroscopic lines. The relaxation
behaviour of LLC can be used for imaging®” or to improve contrast in spectra of complex chemical mixtures, as
already demonstrated for long-lived states®.

We report in this manuscript for the first time on the sensitivity of LLC-related states to biomolecular structure,
via the permutation symmetry of the state. We have encoded LLC’s with different signs on naturally-occurring
amino-acids in peptides and proteins and observed that their interaction with water-exchanging hydrogens yields
a new way to establish the structural position of the latter.

Results and Discussion

The magnetic interactions of a pair of atomic nuclei with the outside bear the imprint of singlet and triplet func-
tions whenever the J-coupling between the nuclear magnetic moments of the two atoms overcomes their cou-
plings with other nuclei. Couples of atoms possessing nuclear spins, taken together, are perceived differently than
isolated magnetic nuclei by structural neighbours. We treat herein the interactions of two coupled protons with
angular momenta %/ in the molecular frameworks of a dipeptide and of a protein. The protons belonging to ali-
phatic glycine atoms Gly-H®? in a dipeptide (Fig. 1) are noted I and S, respectively. There are two possible orien-
tations, (o, 3); s for each of their magnetic moments with respect to an external magnetic field, B,. The symbiotic
character of two coupled spins that only interact with each other' is described by the singlet-triplet wavefunc-
tions, i.e., the nuclear spin-permutation antisymmetric singlet state, S, = N(|a;8; > — | 5,05 > ), and the three
symmetric triplet states, T, = |oyoig >, Ty = N(|oyBg > + |Bjog > ), T_ = |B,3s > , with N=27"2. The
decays of singlet-state populations are the least perturbed by spin-permutation symmetric interactions, such as
the dipole-dipole interaction between the two nuclei, making singlet-triplet transitions the nuclear-magnetism
equivalents of electronic phosphorescence. Collective spin order with reduced sensitivity to dipolar interactions
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compared to classical spin-state populations can be excited based on the population differences between singlet
and triplet states, provided that any external magnetic field are removed or eclipsed by strong radio-frequency
irradiation'*?*. In this spin order, the memory of initial magnetisation of the sample may persist for one hour and
longer'>*.

Coherent superpositions between singlet and triplet states*"2

, known as long-lived coherences (LLC’s) are:
Quc =15 > < T + 1T > < (1)

The sensitivity of LLC’s to the presence of nearby nuclei can be expected to yield new information compared
to classical coherences.

Switching the sign of LLC's.  Expressing (1) in terms of Cartesian operators?, it can be readily seen that
LLC are excited creating via guided magnetisation evolution (‘spin dynamics’) with user-applied radio-frequency
pulses, starting from I, — S,. This is performed using the pulse sequence shown in the inset of Fig. 1B, where the
selective 180° pulse inverses H*? (noted S) to transform the thermal-equilibrium Boltzmann distribution (I,+S,)
into a difference (I, — S,) or H*! (noted I) which leads to (—I,+S,).

A further 90° pulse creates seed states Q;; » ;;» With components on the two spins antiparallel to each other
and aligned with the direction of the radio-frequency irradiation field:

Q]fLC = Ix - Sx and le,Lc’ = Ix + Sx (2)

which, in an isolated two-spin system, are transformed into the eigenstates they project on: Q;; . =
L —S, + i(IZSy — IySZ) = [—Ix + S, + i(— LS, + 1 ysz)l, respectively. These two states, antisymmetric
with respect to each other upon permutation of I and S, are energy-degenerate. This is in contrast with long-lived
states (LLS)*, which remain identical when switching I and S.

When contrlbutions of external nuclei K; are accounted for, the magnetic eigenstates of the Gly molecular
subsystem, Q; % LLC, will feature perturbations compared to those of an isolated (I,S) spin pair, Q.

Qe = Quc + >TE(, S, R) =

Ix - Sx + i(IySz - IZS}’)} + ZE](L S) Kz) (3)
Ly

Interestingly, the closely-related state:

Qi = Que + B S R) = [, = 8) — i(LS, = LS,)| + S H(, S, K) “
ij 4

is no longer energy-degenerate, and no longer fully symmetric to the (I,S) permutation with respect to Q[

The structure of the states in (3) and (4) including terms F/ is detailed in the Supporting Information. These
states can be obtained by evolving, via spin-dynamics from equilibrium, Q/"%>* = (I, — S,) + K, and
QL”E’(Z;/S = (=L + S,) + K, respectively.

QL and Q"L are eigenstates of the system with relaxation time constants very close to those of LLC’s in
two-spin systems when the coupling between the two neighbouring spins I and S largely prevails over scalar cou-
plings of nuclei I and S with external spins, K;, i.e., Jig > J;. sKr The term in square brackets in Eq. (3) is reminis-
cent of a two-spin LLC. This term is formed by reciprocally-opposed magnetisation components of the two
J-coupled Gly-H® nuclei, components which are sustained in the plane transverse to the external magnetic field,
By, by a radio-frequency modulated field. The structure of the remaining components F; depends on the values of
the small J; g couplings external to the LS spin pair (Supporting Information), terms that depend on the complex
equlhbrlum between the different structures the peptide adopts in the solvent.

We treated the evolution of a spin system similar to the Gly part of the dipeptide (details in the Supporting
Information) in a spin-evolution computation performed with Spinach? and GAMMA libraries?. Considering
the Gly amide proton as external spin ‘K’ and distances similar to those between the Gly-HN and Gly-H® pro-
tons in the minimized molecular conformation in Fig. 1A and *Jysx couplings that differ by 2 Hz, we calculated
a contribution F(I,S,K) from the Gly-HN (‘K’) spin to Eq. (3) using SpinDynamica® simulation package (See
Supporting Information).

It is noteworthy that the theoretical derivation of eigenstates given here considers a simplified system with
3 spins, only to explain qualitatively the origin of the effect. Real systems contain too many parameters to be
considered in a Liouville diagonalization and Molecular Dynamics-derived distances and couplings should con-
sider multiple conformations and dynamic equilibria effects, which is beyond the scope of this study. Switching
the signs of I and S spins in Q;; results in a change of the overall sign of the operator due to the spin-exchange
symmetry of LLC’s.

Experimental results on the interactions of LLC's with water-exchangeable protons. LLC’s
evolve in time, oscillating at a frequency corresponding to the eigenvalue of the eigenstate described in Eq. (1) and
they decay according to their auto-relaxation rate constants, R;;cand R; ;-

! . !
dQrie e/t = — (Rype o + 2mivy ) Qe e (5)

where v, is the oscillation frequency The diagonalization of the full Liouvillian of a 3-spin system (I,5S,K) shows
that for small values of J-couplings to the outside spin K with respect to Jis, v, - =~ v, ~ J; when Jjsis the dom-
inant coupling for the spin system and R;; - is the relaxation rate constant, which effectively describes the decay of
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Figure 2. Observation of the effect of water- exchangeable protons on Gly-H* LLC s in the AlaGly dipeptide.
The plot on the left shows the time dependence of Q[ (open symbols) and Q%., (full symbols) intensities as
the H,0:D,0 ratio in the sample is increased. Intensity errors are of the size of the symbols. The LLC relaxation
rate enhancement effect is shown in colour coding on the right side, with blue indicating high relaxation
enhancement and red indicating low relaxation rate constants.

the signal. Experimental methods whereby the oscillation and relaxation time is chosen as multiples of the LLC
evolution period (7;;c=n/vy; ¢, with n integer) were used***. These methods enable us to derive the R;; relaxa-
tion time constant from the fit of an exponential decay, rather than fitting an oscillating function. This is a fast way
of probing interactions, compared to time-consuming 2D spectroscopy, as the entire set of experiments for one of
the experimental conditions takes less than three hours to record.

The relaxation rate constants of LLC’s are driven by dipolar interaction between coupled spins I and S, inter-
actions with external relaxation sources, K;, and coherent effects. Both types of sources can increase the observed
relaxation rate constants, as the eigenstates in Eq. (1) are altered by additional terms, F, introduced by adding
protonated water to the sample. The focus of this study is to identify the contribution of interactions with
water-exchangeable protons to Ry;c and R . relaxation rates that can be used in a structural context. The com-
plex relaxation mechanisms underlying this contribution will be detailed in a further study. We measured the
impact of water-exchangeable H-N protons on LLC relaxation by increasing the protonated: deuterated water
ratio in the sample. The sign of LLC’s with respect to water magnetization was switched between Q[ and Q<.
This leads to nuclear magnetic configurations similar to those used in ‘optimised spectroscopy’ implementation®?
and fast-acquisition spectroscopy***.

In fully-deuterated solvent, we measured distinct decays for Q" and Q/"%, (Fig. 2A). The pertaining relaxa-
tion rate constants, R;;c=0.32and R;; » = 0.25 £ 0. Olsfl, show that, in the most-populated configuration of
the AlaGly dlpeptlde in fully-deuterated water, the QLLC, configuration excited via (S, — I,) is slower-relaxing
than the Q]! configuration excited via (I,—S,). Therefore, a first observation is that the relaxation rate constants
of long-lived coherences can be optimized by selecting the most favourable proton to selectively invert. In the case
of AlaGly aliphatic coupled protons, QL has a relaxation time constant superior by 20% to that of QL. Th
relaxation contributions to Q {"LC from outside the (1,S) pair are larger than contributions to Q/ LLC” in deuterated
solvent.

Upon addition of protonated water up to a H,0:D,0 ratio of 10%:90%, both Q/"%: and Q}'**., relaxation rate
constants increase to R;; - ~ R;; - = 0.50 :I: 0.01 s~ At 90% protonated water, the relaxation rate constants
increaseto Ry, = R; - = 0. 58 +0. 01 s~ The titration of water protons in the dipeptide ensemble leads to a
differential broadening of Q¢ L and Q" LLC’ lines. This occurs due to interactions with water protons that remain in
the solvent as well as with the protons now appearing at exchangeable sites. The estimated direct solvent accessi-
bility at the positions of Gly- Hal and Gly- Ha2 is similar, both sites being highly exposed. However, the contri-
bution of external water to relaxation is estimated by numerical simulations to be small compared to
intra-molecular interactions, when effective motional correlation times on the order of the ps are considered for
the interaction. The loss of coherence mainly occurs as the aliphatic protons experience J-couplings with outside
protons altering the structure of the LLC eigenstate. The variation of these couplings due to exchange, contribu-
tion known as scalar relaxation of the first kind3¢, will further contribute to relaxation. Both these contributions
will increase relaxation rate constants with increasing values of the J-coupling. Experimentally, the relative
changes in R;;-and R e Values upon H,0 addition show that contributions of water-exchangeable protons to the
relaxation of the Q% and Q[ LC’ configurations are different. The presence of exchangeable protons enhances the
relaxation rate constant of Q}*, more than it does for Q}*.. This behaviour is consistent with computer simula-
tions of the full magnetization evolution carried out on a system of two spins featuring different couplings to a
third. The spin dynamics behaviour was simulated using GAMMA libraries? and Spinach?® within a three-spin
system (I,S,K) similar to the Gly-Hal, Gly-Ha2, Gly-HN system, featuring (*Jsx — *Jix)/*Jis = 0.1 (Supporting
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Figure 3. Observation of the effect of water-exchangeable protons on coherences derived from Gly-H® based
LLC’s in Ubiquitin. The plot on the left shows the time dependence of Q[ and the one on the right the
dependence of Q"% as H,0 is added to the solution. Intensity errors are of the size of the symbols.

Information). Water-exchangeable protons in the terminal carboxyl group, N-terminal amine and the glycine
amide intervene in the structure of eigenstates when LLC’s are excited. We only took into account the contribu-
tions to relaxation from Gly-HN protons, the closest to the site of aliphatic-protons where LLC’s were excited.
Magnetisation evolution predict that the configuration wherein the magnetization of spins S, which feature the
strongest coupling to external spins K, is excited pointing in the same spatial direction as water magnetisation,
configuration accessed via Q["%%*, suffers the highest variation of its relaxation rate constant upon interaction with
the external spin (See Figure S1.3 and further discussion). The effect of the outside spin K on the R relaxation
rate was found to be 10% smaller than on R .. It was verified that most of the perturbation arises via coherent
evolution, i.e., the perturbation via the coupling with the ‘K’ spin, rather than via dipolar interactions. This is
consistent with experimental data in Fig. 2, where Gly-Hal corresponds to spin I and Gly-Ha2 to spin S.
Therefore, the experimentally-observed behaviour of R;;cand R;; - values, correlated with the expected enhance-
ment in relaxation rates based on theoretical considerations and computer simulations, assigns I and S spins to
Gly-Hal and Gly- Ha2, respectively. We verified the bijective correspondence between the positions of these
hydrogens in the molecular structure with respect to Gly-HN and the positions of their signals in the 1D spec-
trum, which were the only information used to encode long-lived coherences with different signs
(Gly-Hal,Ha2) <= (LS). Gly residues in proteins are adapted probes for interactions, especially in loops or intrin-
sically disordered proteins® where LLC lifetimes are expected to be favourable. Other probes have been proposed,
in addition to Gly aliphatic protons®.

We applied the same LLC symmetry-based method for the study of Ubiquitin, in a part of its structure where
LLC lifetimes are sufficient to enable this type of observation, the C-terminus Gly-76 (Fig. 3). Again, marked
variations between the behaviour of Q"% and Q" states are observed between the samples in deuterated and
protonated water. These variations occur in a relaxation-rate zone superior to that of AlaGly, as the number of
outside neighbours and the overall tumbling time are larger in the protein. Simulations with Spinach?® show that
the variation in the two diastereotopic protons is correlated with their positions with respect to the Gly-76 HN
(Supporting Material). It was noted (Figure S1.6) that the state excited via a seed in which the more strongly cou-
pled aliphatic proton has the same sign as its coupling partner, K, Q"% = —I + S, + K,
(I = Hal, S = Ha2 and K = HN) has a larger enhancement of the relaxation rate constant when transitioning
from deuterated to protonated water. This behaviour is similar to the one observed in AlaGly.

We observed that, between the two coherent configurations based on Gly-H*! and Gly-H®, the presence of
exchangeable protons will affect coherences excited via Q%% to a higher degree than those excited by Q['%*. This
is because in Q/"%%* the magnetic structure features positive magnetisation of the proton (here, Gly-H*?) that has
a stronger J-coupling with the exchangeable site (here, Gly-HY). The structural information is obtained faster
using long-lived coherences than using two-dimensional correlation-spectroscopy transfer via J-couplings®*4.
2D proton correlation spectroscopy takes sixteen hours to acquire in a 10%:90% protonated:deuterated water
mixture, as the intensity of HY signals is merely 5% that of the aliphatic protons, due to exchange broadening.
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LLC’s can provide structural information even in the absence of the signal of exchangeable peaks, as information
is acquired on aliphatic hydrogens.

To summarise, we show that the lifetimes of long-lived coherences in a small peptide and the C-terminus of
a protein are sensitive to interactions with water-exchangeable protons. Structural information on the proximity
between aliphatic and water-exchanging protons in peptides and protein disordered loops, where Gly residues
are frequent, can be obtained by switching the sign of the permutation-antisymmetric long-lived coherences with
respect to water protons magnetisation. The new proposed NMR method requires no isotopic enrichment and
only two 1D experiments of selectively created LLC’s are needed.

Methods

The AlaGly dipeptide (70 mg, MW = 146.14 g.mol ') with natural-abundance spin isotopes, purchased from
SigmaAldrich (product A0878) was dissolved in D,O (1 ml), D,0:H,0 = 90:10 and D,0:H,0 = 10:90 solutions.
The Ubiquitin experiment in deuterated water was conducted by dissolving 10 mg of UBQ (SigmaAdrich prod-
uct code U6253) in 585 pL of D,0 while UBQ experiment in D,0:H,0 = 10:90 mixture was done by dissolving
15.1 mg UBQ in 540 pL H,0 and 60 pL D,O (Cy,=2.93 mM. NMR spectra were recorded at T'=300 K on a Bruker
Avance spectrometer operating at B,=11.75T, i.e., at the Larmor proton frequency v,=500.13 MHz, equipped
with a 5-mm BBO BB/19F/'H/D probe. Spectral intensities were extracted using TopSpin. The dependences of
spectral intensities on evolution delays were fitted using the dedicated Matlab function and errors were calculated
from a Monte-Carlo analysis performed using 100 variations within the spectral noise level for each fit.

Proton reference 1D spectra and LLC experiments were recorded with 8 transients and a recovery delay of
1.82s. The (H™!, H?) pair of nuclei feature a 2J;5 coupling value J;;=17.2 Hz and a frequency difference of
Avs=55.7 Hz at the given B, value. To record an LLC’s experiment with the inversion of one Gly-H®, we used the
pulse sequence describes in Fig. 1. The carrier frequency was placed in the middle of the two Gly-H* doublets. In
practice, LLC and LLC’ terms are excited by placing the transmitter frequency in the middle of Gly-H* doublets,
aty,, = YtV — 1820Hz and applying a selective 180° pulse at an offset Avy, corresponding to the centre of the
resonances of I or S. For the inversion of the I, Av= —27.85 Hz, and for the inversion of the Gly-S,
Av=—27.85Hz. The selective pulse is followed by a 90° with phase y pulse in order to reach the observable coher-
ence (I, — S,). Finally, a continuous wave radiation, B,(#), converts opposite-orientation vectors into Q;; or
Q¢ (Fig. 1B,C). The intensity of the 90° hard pulse was B, = 14908 Hz and its duration was 749 =16.83 us.
LLC’s were sustained during variable delays 7;; using continuous-wave (c.w.) irradiation with a radio-frequency
(RF) amplitude v, = 2.5 kHz. The amplitude of the selective pulse at 180° was yB, =40.5Hz and its duration was
T(p11) =30ms.

Received: 9 January 2019; Accepted: 16 October 2019;
Published online: 19 November 2019

References
1. Chaplin, M. Do we underestimate the importance of water in cell biology? Nat. Rev. Mol. Cell Biol. 7, 861-866 (2006).
2. Desouky, O., Ding, N. & Zhou, G. Targeted and non-targeted effects of ionizing radiation. J. Radiat. Res. Appl. Sci. 8,247-254 (2015).
3. Carugo, O. & Bordo, D. How many water molecules can be detected by protein crystallography? Acta Crystallogr. D Biol. Crystallogr.
55, 479-483 (1999).
4. Billeter, M. Hydration water molecules seen by NMR and by X-ray crystallography. Prog. Nucl. Magn. Reson. Spectrosc. 27, 635-645
(1995).
. Denisov, V. P. & Halle, B. Protein hydration dynamics in aqueous solution. Faraday Discuss. 103, 227-244 (1996).
6. Zhen, X. et al. Ultralong Phosphorescence of Water-Soluble Organic Nanoparticles for In Vivo Afterglow Imaging. Adv. Mater. 29,
1606665 (2017).
7. Yang, J. et al. The influence of the molecular packing on the room temperature phosphorescence of purely organic luminogens. Nat.
Commun. 9, 840 (2018).
8. Otting, G., Liepinsh, E. & Wuethrich, K. Proton exchange with internal water molecules in the protein BPTI in aqueous solution. J.
Am. Chem. Soc. 113, 4363-4364 (1991).
9. Dalvit, C,, Fogliatto, G. P,, Stewart, A., Veronesi, M. & Stockman, B. WaterLOGSY as a method for primary NMR screening: Practical
aspects and range of applicability. . Biomol. NMR 21, 349-359 (2001).
10. van Zijl, P. C. M., Lam, W. W,, Xu, J., Knutsson, L. & Stanisz, G. ]. Magnetization Transfer Contrast and Chemical Exchange
Saturation Transfer MRI. Features and analysis of the field-dependent saturation spectrum. Neuroimage 168, 222-241 (2018).
11. Solomon, I. Relaxation Processes in a System of Two Spins. Phys. Rev. 99, 559-565 (1955).
12. Aime, S., Botta, M., Ermondi, G., Fasano, M. & Terreno, E. Paramagnetic water proton relaxation enhancement: From contrast
agents in MRI to reagents for quantitative “in vitro” assays. Magn. Reson. Imaging 10, 849-854 (1992).
13. 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).
14. Ahuja, P, Sarkar, R,, Vasos, P. R. & Bodenhausen, G. Diffusion coeflicients of biomolecules using long-lived spin states. J. Am. Chem.
Soc. 131, 7498-7499 (2009).
15. Pileio, G. Singlet NMR methodology in two-spin-1/2 systems. Prog. Nucl. Magn. Reson. Spectrosc. 98-99, 1-19 (2017).
16. Ardenkjaer-Larsen, J. H. et al. Increase in signal-to-noise ratio of >10,000 times in liquid-state NMR. Proc. Natl. Acad. Sci. USA 100,
10158-10163 (2003).
17. Vasos, P. R. et al. Long-lived states to sustain hyperpolarized magnetization. Proc. Natl. Acad. Sci. USA 106, 18469-18473 (2009).
18. Theis, T. et al. Direct and cost-efficient hyperpolarization of long-lived nuclear spin states on universal 15N2-diazirine molecular
tags. Sci. Adv. 2, 1501438 (2016).
19. Mishkovsky, M. & Comment, A. Hyperpolarized MRS: New tool to study real-time brain function and metabolism. Anal. Biochem.
529,270-277 (2017).
20. Pileio, G. & Levitt, M. H. Theory of long-lived nuclear spin states in solution nuclear magnetic resonance. I Singlet spin locking. J.
Chem. Phys. 130, 214501 (2009).
21. Sarkar, R, Ahuja, P,, Vasos, P. R. & Bodenhausen, G. Long-Lived Coherences for Homogeneous Line Narrowing in Spectroscopy.
Phys. Rev. Lett. 104, 053001 (2010).
22. Sadet, A., Fernandes, L., Kateb, E, 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).

w

SCIENTIFIC REPORTS |

(2019) 9:17118 | https://doi.org/10.1038/s41598-019-53558-8


https://doi.org/10.1038/s41598-019-53558-8

www.nature.com/scientificreports/

23. DeVience, S. J., Walsworth, R. L. & Rosen, M. S. Nuclear spin singlet states as a contrast mechanism for NMR spectroscopy. NMR
Biomed. 26, 1204-1212 (2013).

24. Carravetta, M. & Levitt, M. H. Long-Lived Nuclear Spin States in High-Field Solution NMR. J. Am. Chem. Soc. 126, 6228-6229
(2004).

25. Stevanato, G. et al. A Nuclear Singlet Lifetime of More than One Hour in Room-Temperature Solution. Angew. Chem. Int. Ed. 54,
3740-3743 (2015).

26. Pileio, G., Carravetta, M. & Levitt, M. Extremely Low-Frequency Spectroscopy in Low-Field Nuclear Magnetic Resonance. Phys.
Rev. Lett. 103, 083002 (2009).

27. Serensen, O. W,, Eich, G. W, Levitt, M. H., Bodenhausen, G. & Ernst, R. R. Product operator formalism for the description of NMR
pulse experiments. Prog. Nucl. Magn. Reson. Spectrosc. 16, 163-192 (1984).

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

29. Smith, S. A,, Levante, T. O., Meier, B. H. & Ernst, R. R. Computer Simulations in Magnetic Resonance. An Object-Oriented
Programming Approach. J. Magn. Reson. A 106, 75-105 (1994).

30. SpinDynamica code for Mathematica, programmed by Malcolm H. Levitt, with contributions by Jyrki Rantaharju, Andreas
Brinkmann, and Soumya Singha Roy, available at, www.spindynamica.soton.ac.uk.

31. Levitt, M. H. Singlet and Other States with Extended Lifetimes. In eMagRes, https://doi.org/10.1002/9780470034590.emrstm1036
(American Cancer Society, 2010).

32. 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).

33. Pervushin, K., Vogeli, B. & Eletsky, A. Longitudinal 'H Relaxation Optimization in TROSY NMR Spectroscopy. J. Am. Chem. Soc.
124, 12898-12902 (2002).

34. Schanda, P, Kupce, E. & Brutscher, B. SOFAST-HMQC experiments for recording two-dimensional heteronuclear correlation
spectra of proteins within a few seconds. J. Biomol. NMR 33, 199-211 (2005).

35. Szekely, O., Olsen, G. L., Felli, I. C. & Frydman, L. High-Resolution 2D NMR of Disordered Proteins Enhanced by Hyperpolarized
Water. Anal. Chem. 90, 6169-6177 (2018).

36. Cavanagh, ], Fairbrother, W. J., Palmer, A. G., Rance, M. & Skelton, N. J. In “Protein NMR Spectroscopy” (Academic Press 2006).

37. Varadi, M. et al. pE-DB: a database of structural ensembles of intrinsically disordered and of unfolded proteins. Nucleic Acids Res.
42, D326-D335, https://doi.org/10.1093/nar/gkt960 (2014).

38. Saul, P, Mamone, S. & Gloggler, S. Nuclear singlet multimers (NUSIMERs) with long-lived singlet states. Chem. Sci. 10, 413-417
(2019).

39. Jeener, J. & Alewaeters, G. “Pulse pair technique in high resolution NMR” a reprint of the historical 1971 lecture notes on two-
dimensional spectroscopy. Prog. Nucl. Magn. Reson. Spectrosc. 94-95,75-80 (2016).

40. Aue, W. P, Bartholdi, E. & Ernst, R. R. Two-dimensional spectroscopy. Application to nuclear magnetic resonance. J. Chem. Phys.
64, 2229-2246 (1976).

Acknowledgements

The authors thank Dr. P. Ghenuche for useful discussions and acknowledge support from the core project of
the Romanian Ministry of Research, projects PN 19 06 01 05/2019, UEFISCDI project number PN-III-P4-ID-
PCE-2016-0887. Work has been supported by the Extreme Light Infrastructure Nuclear Physics (ELI-NP) Phase
I1, a project co-financed by the Romanian Government and the European Union through the European Regional
Development Fund and the Competitiveness Operational Programme (1/07.07.2016, ID 1334). Computational
resources were provided by the high-performance computational facility of the Babes-Bolyai University
(MADECIP, POSCCE,COD SMIS 48801/1862) co-financed by the European Regional Development Fund of the
European Union.

Author contributions
PR.V.and A.S. conceived the study, A.S. and C.S. performed experiments, ET. performed spin dynamics and
molecular dynamics simulations. A.S., ET. and P.V. wrote the paper.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-53558-8.

Correspondence and requests for materials should be addressed to PR.V.
Reprints and permissions information is available at 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 Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted 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 license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:17118 | https://doi.org/10.1038/s41598-019-53558-8


https://doi.org/10.1038/s41598-019-53558-8
https://doi.org/10.1002/9780470034590.emrstm1036
https://doi.org/10.1093/nar/gkt960
https://doi.org/10.1038/s41598-019-53558-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Water hydrogen uptake in biomolecules detected via nuclear magnetic phosphorescence

	Results and Discussion

	Switching the sign of LLC’s. 
	Experimental results on the interactions of LLC’s with water-exchangeable protons. 

	Methods

	Acknowledgements

	Figure 1 Preparation of LLC’s on AlaGly dipeptide.
	Figure 2 Observation of the effect of water-exchangeable protons on Gly-Hα LLC’s in the AlaGly dipeptide.
	Figure 3 Observation of the effect of water-exchangeable protons on coherences derived from Gly-Hα based LLC’s in Ubiquitin.




