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Introduction

There is no doubt that the nuclear Overhauser effect (NOE) is one of the most important tools for the evaluation of distances between atomic nuclei within molecules, since the NOE magnitude is related to dipolar coupling strength, which is itself related to these distances. The effect was first described in 1953 by A. W. Overhauser, as a large polarization of nuclear spins in metals, and was observed by saturation of electronic spin magnetization. [START_REF] Carver | Polarization of Nuclear Spins in Metals[END_REF][START_REF] Overhauser | Polarization of Nuclei in Metals[END_REF][START_REF] Carver | Experimental verification of the overhauser nuclear polarization effect[END_REF] Two years later a description of the nuclear analogue, the NOE, was published by Solomon and still remains the fundamental basis of NOE theory. [START_REF] Solomon | Relaxation Processes in a System of Two Spins[END_REF] Two events subsequently contributed to the practical uptake of the NOE. The first was the publication of the book by Noggle and Schirmer [START_REF] Noggle | The Nuclear Overhauser Effect: Chemical Applications[END_REF] that summarized the state of the art of the NOE in the early 1970s when only continuous-wave 1D NMR was available and was employed to characterize small molecules. The second event occurred in the '80s with the determination of the 3D structures of small proteins and DNA fragments based on NOE measurements using 2D FT-NMR spectra. [START_REF] Wüthrich | NMR of proteins and nucleic acids[END_REF] NOE studies then became an integral part of structural, conformational and dynamic analysis in liquid-state NMR.

The theoretical maximum value of the NOE, whether resulting from the steady-state or the transient effect, depends on , where is the Larmor angular frequency and is the molecular rotational correlation time, whose value depends strongly on solution viscosity. The microviscosity description by Gierer and Wirtz gives a theoretical framework to the relationship between viscosity, temperature and rotational correlation time [START_REF] Gierer | Molekulare Theorie der Mikroreibung[END_REF] In the absence of external relaxation, the maximum positive steady-state NOE of 50% is reached (for a two-spin system) when << 1, in the so-called extreme narrowing limit, while the most negative NOE of -100 % occurs when >> 1, corresponding to the spin diffusion limit. However, when ~ 1 the NOE may become vanishingly small for mediumsized molecules of masses in the 500 -2000 g mol -1 range when dissolved in a low-viscosity medium. A simple way of addressing this issue is to resort to a lower operating frequency in order to decrease and therefore to observe positive NOEs, at the price of a reduction of sensitivity and resolution. Another way of reducing is to increase the sample temperature, within the limits of solute chemical stability and solvent boiling point. Keeping the NOE positive is possible without altering the sample, by using rotating frame NOESY experiments (formerly known as CAMELSPIN [START_REF] Bothner-By | Structure Determination of a Tetrasaccharide: Transient Nuclear Overhauser Effects in the Rotating Frame[END_REF] and renamed ROESY [START_REF] Bax | Practical aspects of two-dimensional transverse NOE spectroscopy[END_REF]). Because of the different dependence of the rotating frame NOE on motional frequencies, positive NOEs are observed for all values of and . The maximum theoretical ROE intensity varies between 38.5 % and 67.5 % and does not reach the 100% limit (in absolute value) of the NOE. Moreover, complications due to Hartmann-Hahn transfers between scalar coupled protons and the practical difficulties in setting up this experiment limit its practical use, and consequently the following discussion will be limited to the NOE. One way to enhance the NOE in small molecules by moving them towards the spin diffusion limit is to anchor them to larger molecules such as cyclodextrins or crown ethers, so that the tumbling rate of the anchored compounds is slowed down.

[10] Considering the limitations of having a single NMR spectrometer field available, of avoiding the addition of a tumbling speed reduction agent to the sample, and of preferring low temperatures to high ones, the easiest way to favour the observation of the NOE is to operate in conditions of spin diffusion by increasing the solvent viscosity, and to modulate it by the choice of the sample temperature.

Molecules reach then the negative NOE regime and the maximum negative value of 100 % is accessible. Moreover, full intramolecular magnetization exchange can occur through spin diffusion for long saturation (steady-state NOE) or mixing times (transient NOE). However, in the case of very active spin diffusion, the determination of interproton distances and thus of molecular structure and conformational may be complicated.

In this review, we report the reasons for which it is particularly useful to manipulate the sign and size of the NOE by means of viscous solvents, first in structure and conformation elucidation (section 2), and then in mixture analysis taking advantage of spin diffusion (section 3).

Section 2 is organized into sub-sections according to the alphabetic order of the solvent (or solvent blend) names, whereas sub-sections in section 3 are chronologically ordered.

The reader is encouraged to read selected publications, reviews and books in order to access a comprehensive theoretical and practical description of the nuclear Overhauser effect (NOE). [START_REF] Noggle | The Nuclear Overhauser Effect: Chemical Applications[END_REF][START_REF] Mo | Intermolecular interactions characterized by nuclear Overhauser effects[END_REF][START_REF] Kumar | Encyclopedia of Spectroscopy and Spectrometry[END_REF][START_REF] Neuhaus | The Nuclear Overhauser Effect in Structural and Conformational Analysis[END_REF][START_REF] Williamson | The Nuclear Overhauser Effect[END_REF][15] The reader should keep in mind that the basic steady-state NOE experiment associated with NOE difference spectroscopy that is mentioned several times in the following section is no longer employed for the study of small and medium-sized molecules in structural organic chemistry. These days, the steady-state difference NOE experiment has been replaced by more efficient 1D or 2D gradient-enhanced transient NOESY experiments.

Structure and conformation elucidation 2.1. Acetic acid-d4

Acetic acid-d4, as a polar protic solvent, has the advantages of dissolving polar compounds such as inorganic salts (dielectric constant ε is 6.2 at 25°C) and being sufficiently viscous (viscosity of 1.06 cP at 25°C) [START_REF] Cases | Density, Viscosity, and Refractive Index of Formamide, Three Carboxylic Acids, and Formamide + Carboxylic Acid Binary Mixtures[END_REF] to lower the tumbling rate of mid-sized compounds in solution in order to give rise to relevant negative NOE enhancements.

In 1981, Neuhaus et al. took advantage of the viscosity of acetic acid-d4 [START_REF] Neuhaus | Assignment of the structure of dihydrodaphnine diacetate by nuclear Overhauser effect difference spectroscopy[END_REF] to enhance negative NOEs in order to resolve an issue of positional isomerism in dihydrodaphnine diacetate, a bisbenzylisoquinoline derivative isolated from the Queensland plant Daphnandra repandula, by means of 1D steady-state NOE difference spectroscopy, at 250 MHz ( 1 H), at room temperature (Fig. 1).

Fig. 1. Positional isomers of dihydrodaphnine diacetate. Reproduced from [START_REF] Neuhaus | Assignment of the structure of dihydrodaphnine diacetate by nuclear Overhauser effect difference spectroscopy[END_REF].

Each NOE difference spectrum in Fig. 2 was calculated by subtracting the conventional proton spectrum from the spectrum in which the marked resonance peak (shown truncated in Fig. 2) had been partially saturated by a very low power saturation field of high selectivity. The authors assessed the magnitude of the resulting steady-state NOEs at about -5%. Vertical amplitude is only approximately constant within the difference spectra, being roughly four times that of the normal spectrum. Reproduced from [START_REF] Neuhaus | Assignment of the structure of dihydrodaphnine diacetate by nuclear Overhauser effect difference spectroscopy[END_REF].

Clear negative NOEs appeared between H3' and the methyl group N2', between H3' and H4', between H4' and the peak a, and between peaks a and d. The latter established a chain of proximity relationships at the periphery of rings C and D which led to the assignment of the peak a to H5, and suggested that H5 was adjacent to a methoxy group. This deduction was validated by the presence of a similarly intense negative NOE between peak c (assigned to H5) and peak e (assigned to the C6 methoxy group), and by the absence of strong effects involving peak b (assigned to H8').

As a result, the correct dihydrodaphnine diacetate structure was assigned as 1a.

Chlorotrifluoroethylene polymer (CTFEP)

CTFEP is a hydrogen-free extremely viscous solvent. [START_REF] Lienin | Rotational Motion of a Solute Molecule in a Highly Viscous Liquid Studied by 13 C NMR: 1,3-Dibromoadamantane in Polymeric Chlorotrifluoroethene[END_REF] It is aprotic, chemically inert, and much more viscous ( = 1550 cP at 25°C) than any of the other viscous solvents described in this review such as dimethylsulfoxide ( = 2.003 cP at 25°C), [START_REF] Cowie | Association in the binary liquid system dimethyl sulphoxide -water[END_REF] sulfolane ( = 10.295 cP at 30°C), [START_REF] Jannelli | Thermodynamic and physical behavior of binary mixtures involving sulfolane II. Viscosity, dielectric constant, solid + liquid phase diagram of mixtures of benzene + sulfolane[END_REF] ethylene glycol ( = 17 cP at 25°C), [START_REF] Artemchenko | Viscosity and structure of potassium iodide solutions in ethylene glycol[END_REF] phosphoric acid ( = 63 cP at 25°C), [START_REF] Jiang | Density, viscosity, and thermal conductivity of electronic grade phosphoric acid[END_REF] glycerol carbonate (= 85.4 cP at 25°C) [START_REF] Sonnati | Glycerol carbonate as a versatile building block for tomorrow: synthesis, reactivity, properties and applications[END_REF] or glycerol ( = 934 cP at 25°C). [START_REF] Sonnati | Glycerol carbonate as a versatile building block for tomorrow: synthesis, reactivity, properties and applications[END_REF] It is readily miscible with all usual organic solvents such as chloroform or dichloromethane, and easily dissolves non-polar compounds.

The resulting solvent blend constitutes a medium in which organic synthesis may be carried out, and which increases the molecular correlation time . The manipulation of the NOE enhancement therefore makes possible the structure and conformational elucidation of non-polar compounds in solution. However, its low dielectric constant value of 2.6 at 25°C does not favour the dissolution of polar compounds. In 1992, Luck et al. also considered the use of CTFEP mixed with an organic solvent for extending solution structure determinations to small, non-polar reactive organometallic complexes and organic compounds by taking advantage of large and negative NOE enhancements using 1D steadystate NOE difference and 2D transient NOE spectroscopy, at 500 MHz ( 1 H) and 10°C. [START_REF] Luck | Aprotic, Viscous Solvent Mixtures for Obtaining Large, Negative NOE Enhancements in Small Inorganic and Organic Molecules: Ideal Solvent Systems for Deducing Structures by NMR Techniques[END_REF] The authors illustrated the utility of CTFEP/benzene-d6 binary solvent systems in the study of three non-polar compounds: bis(benzyl)bis(tertbutylcyclopentadienyl)zirconnium(IV) [START_REF] Carver | Polarization of Nuclear Spins in Metals[END_REF], (S,S)-1,2-ethanediylbis[(o-methoxyphenyl)-

phenylphosphine oxide] (Dipampo, 2), and a dipeptide, Nacetyl-L-prolyl-D-alanine methylamide (3) (Fig. 5). The use of the CTFEP/benzene-d6 (8:2 w/w) solvent blend clearly gave rise to full magnetization exchange over compounds 1 and 2 due to spin diffusion after respectively selective saturation of the benzylic protons (largest negative NOE = -42%) and aromatic proton 4 (largest negative NOE = -29%), in 1D steady-state NOE difference experiments (Figs. 6 and7). In contrast, compounds 1 and 2 did not present any relevant negative NOE enhancement in pure benzene-d6 due to its low viscosity. Reproduced from [START_REF] Luck | Aprotic, Viscous Solvent Mixtures for Obtaining Large, Negative NOE Enhancements in Small Inorganic and Organic Molecules: Ideal Solvent Systems for Deducing Structures by NMR Techniques[END_REF].

The authors also demonstrated the applicability of the CTFEP/CDCl3 (7.5:2.5 w/w) solvent blend to the 2D NOESY experiment in a study of compound 3. Despite its low molecular mass (MW = 241 g mol -1 ), the NOESY spectrum of dipeptide 3 reveals distinct large and negative NOE enhancements all over the molecule due to a considerably lowered overall correlation time (Fig. 8).

Luck and co-workers proved the significance of the use of viscous and aprotic CTFEP/benzene-d6 binary solvent in the determination of solution structure of non-polar compounds with molecular mass as low as 241 g mol -1 by means of 1D and 2D NOE spectroscopy. Reproduced from [START_REF] Luck | Aprotic, Viscous Solvent Mixtures for Obtaining Large, Negative NOE Enhancements in Small Inorganic and Organic Molecules: Ideal Solvent Systems for Deducing Structures by NMR Techniques[END_REF]. for 2 taken with a 500 ms mixing time. Reproduced from [START_REF] Luck | Aprotic, Viscous Solvent Mixtures for Obtaining Large, Negative NOE Enhancements in Small Inorganic and Organic Molecules: Ideal Solvent Systems for Deducing Structures by NMR Techniques[END_REF].

In 1995, Landis and co-workers considered CTFEP in mixture with CDCl3 (7.5:2.5 w/w) for conformational analysis of the dipeptide Ac-(L)Proline-(D)Alanine-NHMe using negative NOE data from 2D transient NOESY experiments, at 500 MHz ( 1 H) and 10°C. [START_REF] Landis | Multiconformational Analysis of Solution NOE Data for the Ac-(L)Proline-(D)Alanine-NHMe Dipeptide in a Nonprotic Solvent[END_REF] This dipeptide is known to adopt at least three conformations in non-hydrogen bond-donating solvents giving environments similar to those inside proteins (Fig. 9). [START_REF] Rose | Turns in Peptides and Proteins[END_REF][START_REF] Pietrzynski | Conformational investigation of α,β-dehydropeptides. Part. IV. β-turn in saturated and α,β-unsaturated peptides Ac-Pro-Xaa-NHCH3: NMR and IR studies[END_REF] Examination of such compounds in organic solvents was considered worthy of interest for providing insights into the factors responsible for the secondary and tertiary structures of proteins. [START_REF] Pietrzynski | Conformational investigation of α,β-dehydropeptides. Part. IV. β-turn in saturated and α,β-unsaturated peptides Ac-Pro-Xaa-NHCH3: NMR and IR studies[END_REF][START_REF] Cung | βI-and βII-Turn Conformations in Model Dipeptides with the Pro-Xaa Sequences[END_REF][START_REF] Liang | Thermodynamic analysis of .beta.-turn formation in Pro-Ala, Pro-Gly, and Pro-Val model peptides in methylene chloride[END_REF][START_REF] Liang | Variations in the turn-forming characteristics of N-acyl proline units[END_REF] Under high viscosity conditions, the dipeptide exhibits large and negative NOE enhancements due to very slow molecular tumbling ( = 1 ns), allowing multi-conformational analysis of the quantified 2D NOESY data by means of the conformer population analysis (CPA) tool. [START_REF] Landis | Elucidation of Solution Structures by Conformer Population Analysis of NOE Data[END_REF][START_REF] Giovannetti | Molecular Mechanics and NOE Investigations of the Solution Structures of Intermediates in the [Rh(chiral bisphosphine)] + -Catalyzed Hydrogenation of Prochiral Enamides[END_REF] An example of a 2D

NOESY spectrum of the dipeptide (published in 1992) is shown in Fig. 8. [START_REF] Luck | Aprotic, Viscous Solvent Mixtures for Obtaining Large, Negative NOE Enhancements in Small Inorganic and Organic Molecules: Ideal Solvent Systems for Deducing Structures by NMR Techniques[END_REF] After recording 2D NOESY spectra in the viscous solvent blend, the CPA procedure consisted of 1) building trial ) by means of 13 C NMR relaxation studies and (steady-state) NOE measurements, at 400 and 600 MHz ( 1 H).

[18] They focused on the relaxation properties of the methine 13 C in the hope of deriving an appropriate motional model in the accessible temperature-dependent viscosity range between 10 2 and 10 5 cP. They concluded that the relaxation data of 1,3-dibromoadamantane in highly viscous CTFEP could not be explained by isotropic, or by realistically anisotropic, tumbling in a single environment, but only by considering rapid exchange between at least two different environments. Lienin and co-workers pointed out that the tumbling behaviour of small solute molecules in highly viscous solvents such as CTFEP was not as simple as expected when intramolecular motion was taken into account.

Dimethylformamide-d7 (DMF-d7)/water blend

Pure dimethylformamide (DMF) and water respectively have viscosity values of 0.808 [START_REF] Yang | Densities and viscosities of N,Ndimethylformamide + formic acid, and + acetic acid in the temperature range from[END_REF] and 0.898 cP [START_REF] Cowie | Association in the binary liquid system dimethyl sulphoxide -water[END_REF] at 25°C, and freezing points of -60.5°C, and 0°C. [START_REF] Douzou | Proteins at work: "stop-action" pictures at subzero temperatures[END_REF] Their mixture produces a viscous solvent blend whose viscosity and freezing point depend on composition. The melting point can reach temperatures down to -100°C. [START_REF] Douzou | Proteins at work: "stop-action" pictures at subzero temperatures[END_REF] Change of the sign and intensity of NOEs over a wide temperature range is possible due to the ability of the solvent blend to become highly viscous at sub-zero temperatures. In addition, the values of the dielectric constants, respectively to 38.45 and 80.4 for DMF [START_REF] Corradini | Static dielectric constants of the N,N-dimethylformamide/2methoxyethanol solvent system at various temperatures[END_REF] and water [START_REF] Douzou | Proteins at work: "stop-action" pictures at subzero temperatures[END_REF] at 20°C, allows a wide range of polar or moderately apolar compounds to be dissolved, provided that the compound of interest is initially dissolved either in DMF-d7 or water alone. Furthermore, similarly to DMSO/water and ethylene glycol/water, the DMF-d7/water blend is cryoprotective, owing to its very low freezing point and the capability to mimic water behaviour even at sub-zero temperatures, a property that makes it suitable for the study of biomolecules. [START_REF] Douzou | Proteins at work: "stop-action" pictures at subzero temperatures[END_REF][START_REF] Picone | Conformational preferences of [Leu 5 ]enkephalin in biomimetic media: Investigation by 1 H NMR[END_REF][START_REF] Spadaccini | Natural peptide analgesics: The role of solution conformation[END_REF][START_REF] D'ursi | Conformation -Activity relationship of peptide T and new pseudocyclic hexapeptide analogs[END_REF][START_REF] Pastore | When "IUPs" were "BAPs": How to study the nonconformation of intrinsically unfolded polyaminoacid chains[END_REF] At equal amounts of DMF and water (by volume), the dielectric constant value is similar at -20°C to that of pure water at +20°C. [START_REF] Douzou | Proteins at work: "stop-action" pictures at subzero temperatures[END_REF] Even though DMF-d7 is expensive, it is commercially available at a relatively high enrichment level (99.5%), so that residual proton solvent resonances are weak in the spectra.

An example of the use of DMF-d7/water blend as cryoprotective solution in the conformational study of enkephalins is described in section 2.12.2.

Dimethylsulfoxide-d6 (DMSO-d6)

DMSO has a relatively low viscosity (2.20 cP at 20°C), [START_REF] Angulo | Characterization of dimethylsulfoxide/glycerol mixtures: a binary solvent system for the study of "friction-dependent" chemical reactivity[END_REF] but sufficient to enhance the NOE of medium-sized molecules in structure elucidation investigations by 1D and 2D NOE spectroscopy. The observation of relevant negative NOE enhancements in DMSO-d6 should be of general applicability for rigid molecules of molecular weight > ~700 g mol -1 that tumble isotropically in solution, at Larmor frequencies above 300 MHz and at room temperature. In addition, the high dissolution power of DMSO-d6 (ε = 46.02 at 20°C) [START_REF] Angulo | Characterization of dimethylsulfoxide/glycerol mixtures: a binary solvent system for the study of "friction-dependent" chemical reactivity[END_REF] opens the way to NMR investigation of a very wide range of polar and moderately apolar organic compounds.

From the late '70s to date, neat DMSO-d6 has been used in many NMR studies, carried out at various temperatures, for the observation of negative NOE enhancements. The following examples focus on the investigation of several well-known antibiotics such as Vancomycin, Valinomycin, and Ristocetin, all dissolved and analysed in pure DMSO-d6. This solvent also has the ability to minimize labile proton exchange by comparison to aqueous solutions. (Fig. 12 and Table 1). [START_REF] Williams | Detailed Binding Sites of the Antibiotics Vancomycin and Ristocetin A: Determination of Intermolecular Distances in Antibiotic/Substrate Complexes by Use of the Time-Dependent NOE[END_REF] Fig. 10. Chemical structure of Ristocetin A. Reproduced from [START_REF] Williams | Detailed Binding Sites of the Antibiotics Vancomycin and Ristocetin A: Determination of Intermolecular Distances in Antibiotic/Substrate Complexes by Use of the Time-Dependent NOE[END_REF]. Distances are ± 0.1 Å. In each case the first named proton of the pair was irradiated and the NOE buildup to the second observed. In most cases the reverse NOE could not be measured; this is not surprising as NOEs to methyl groups would be expected to be small. In 1978, a further advance was then offered by the resolution of the crystal structure of CDP-1, a degradation product of Vancomycin. [START_REF] Sheldrick | Structure of vancomycin and its complex with acetyl-D-alanyl-D-alanine[END_REF] However, the resulting structure proposal for Vancomycin was incorrect, in particular the conformation of the chlorinated aromatic ring and the incorporation of an isoasparagine residue (rather than of an asparagine residue) was misinterpreted. The former error was corrected in 1981 by Williamson and co-workers, [START_REF] Williamson | Structure Revision of the Antibiotic Vancomycin. The Use of Nuclear Overhauser Effect Difference Spectroscopy[END_REF] and latter by Harris and Harris, [START_REF] Harris | Structure of the glycopeptide antibiotic vancomycin. Evidence for an asparagine residue in the peptide[END_REF] to give the presently accepted structure (Fig. 13). In 1981, Williamson and co-workers also established the extent to which reaching the negative NOE regime could be useful in structure elucidation. It is still correct to write that the initial rate of buildup of the NOE is proportional to even though spin diffusion may take over at longer irradiation times.

Structural and conformational study of Ristocetin

Structural and conformational study of Vancomycin

As a result, rates of NOE buildup that are derived from data gathered over longer irradiation times will lead to inaccurate (too small) values of . These authors undertook a study of the buildup rates of negative NOEs in the antibiotic Vancomycin [START_REF] Williamson | Structure Revision of the Antibiotic Vancomycin. The Use of Nuclear Overhauser Effect Difference Spectroscopy[END_REF] to complement the theoretical and experimental studies already published. [START_REF] Bothner-By | Time Development of Nuclear Overhauser Effects in Multispin Systems[END_REF][START_REF] Wagner | Truncated driven nuclear overhauser effect (TOE). A new technique for studies of selective 1 H-1 H overhauser effects in the presence of spin diffusion[END_REF][START_REF] Szeverenyi | Kinetics of spin diffusion in the protons of brucine-d2 in solution in deuteriophosphoric acid[END_REF] (10:3 v/v) binary mixture. [START_REF] Williams | Detailed Binding Sites of the Antibiotics Vancomycin and Ristocetin A: Determination of Intermolecular Distances in Antibiotic/Substrate Complexes by Use of the Time-Dependent NOE[END_REF] The molecular tumbling of Vancomycin alone and of the Vancomycin/Ac-D-Ala-Ala complex were sufficiently slow for relevant negative NOEs to be observable and for intermolecular distances to be deduced (Fig. 14 and Table 2). As a result, the authors managed to define the formation of a "carboxylate anion binding pocket" upon complexation with Ac-D-Ala-D-Ala. This pocket has hydrophobic walls on two sides, composed of aromatic and aliphatic hydrocarbon groups, so consolidating the hydrogen bonds that happen within it. The occurrence of a similar pocket was established in the complex between Ristocetin A and Ac2-L-Lys-D-Ala-D-Ala. However, in this case, the two walls of the pocket were composed of aromatic hydrocarbon groups. 

Structural and conformational study of Valinomycin

Valinomycin was first described by Brockmann [START_REF] Brockmann | Valinomycin I, XXVII. Mitteil. über Antibiotica aus Actinomyceten[END_REF] and synthesized by Shemyakin. [START_REF] Shemyakin | The structure and total synthesis of valinomycin[END_REF] It is a naturally occurring cyclic dodecadepsipeptide antibiotic that is known for drastically altering the ionic permeability of natural [START_REF] Moore | Mechanism of action of valinomycin on mitochondria[END_REF] and artificial lipid membranes. [START_REF] Lev | Cation specificity of model bimolecular phospholipid membranes with incorporated valinomycin[END_REF] This effect is based on the ability of Valinomycin to form, with high selectivity, a hydrophobic inclusion complex with potassium ions and to transport them through membranes. [START_REF] Ovchinnikov | Second FEBS-Ferdinand Springer lecture: Membrane active complexones. Chemistry and biological function[END_REF] The solution structure and conformation of Valinomycin (Fig. 15) have been extensively described in the past. [START_REF] Shemyakin | Cyclodepsipeptides as chemical tools for studying ionic transport through membranes[END_REF][START_REF] Haynes | Application of Nuclear Magnetic Resonance to the Conformational Changes in Valinomycin during Complexation[END_REF][START_REF] Urry | Spectroscopic Approaches to Biomolecular Conformation[END_REF][START_REF] Patel | Solvent-dependent conformations of valinomycin in solution[END_REF] In 

Dimethylsulfoxide-d6 (DMSO-d6)/water blend

The physical properties of DMSO-water blends have been thoroughly studied for more than 50 years. [START_REF] Cowie | Association in the binary liquid system dimethyl sulphoxide -water[END_REF][START_REF] Douzou | Proteins at work: "stop-action" pictures at subzero temperatures[END_REF][START_REF] Havemeyer | Freezing point curve of dimethyl sulfoxide-water solutions[END_REF][START_REF] Packer | Nuclear spin relaxation and self-diffusion in the binary system, dimethylsulphoxide (DMSO)+ water[END_REF][START_REF] Schichman | Viscosity and local liquid structure in dimethyl sulfoxide-water mixtures[END_REF][START_REF] Tokuhiro | Contribution of relaxation and chemical shift results to the elucidation of the structure of the water-DMSO liquid system[END_REF][START_REF] Fox | Component interactions in aqueous dimethyl sulphoxide[END_REF][START_REF] Schott | Determination of Extent of Hydration of Water-Miscible Organic Liquids in Aqueous Solution from Viscosity Data[END_REF][START_REF] Madigosky | Ultrasonic measurements and liquid structure of DMSO-water mixture[END_REF][START_REF] Luzar | Structure and hydrogen bond dynamics of water-dimethyl sulfoxide mixtures by computer simulations[END_REF][START_REF] Catalán | Characterization of binary solvent mixtures of DMSO with water and other cosolvents[END_REF][START_REF] Palaiologou | Viscosity Studies on Lithium Bromide in Water + Dimethyl Sulfoxide Mixtures at 278[END_REF][START_REF] Płowaś | Relative Static Permittivity of Dimethyl Sulfoxide + Water Mixtures[END_REF][START_REF] Wen | Nuclear Magnetic Resonance Spectroscopy Investigation on Ultralow Melting Temperature Behavior of Dimethyl Sulfoxide-Water Solutions[END_REF] Some of the unexpected properties of this blend have been attributed to a very strong molecular cross interaction through hydrogen bonds. [START_REF] Fox | Component interactions in aqueous dimethyl sulphoxide[END_REF][START_REF] Schott | Determination of Extent of Hydration of Water-Miscible Organic Liquids in Aqueous Solution from Viscosity Data[END_REF][START_REF] Madigosky | Ultrasonic measurements and liquid structure of DMSO-water mixture[END_REF] One of the remarkable properties of DMSO-water blends is their high viscosity compared to those of the pure components. [START_REF] Cowie | Association in the binary liquid system dimethyl sulphoxide -water[END_REF][START_REF] Catalán | Characterization of binary solvent mixtures of DMSO with water and other cosolvents[END_REF][START_REF] Palaiologou | Viscosity Studies on Lithium Bromide in Water + Dimethyl Sulfoxide Mixtures at 278[END_REF] At 25°C, a maximum viscosity of 3.764 cP is measured for a DMSO/water (6.5: 3.5 χ/χ; χ: molar fraction) mixture, while pure DMSO and water have viscosities respectively equal to 2.003 and 0.898 cP. [START_REF] Cowie | Association in the binary liquid system dimethyl sulphoxide -water[END_REF] Even though the viscosity of the binary solvent mixture at 25°C may be sufficient for the observation of negative NOE enhancements, another advantage of this solvent blend is its great increase in viscosity upon temperature decrease. For instance, 3-and 10-fold increases in viscosity are achieved respectively for a 30% molar fraction of DMSO in water at 0°C (η = 9.1 cP) and -25°C (η = 32 cP) compared to 25°C [START_REF] Madigosky | Ultrasonic measurements and liquid structure of DMSO-water mixture[END_REF] and the freezing point falls down to -130°C. [START_REF] Havemeyer | Freezing point curve of dimethyl sulfoxide-water solutions[END_REF][START_REF] Wen | Nuclear Magnetic Resonance Spectroscopy Investigation on Ultralow Melting Temperature Behavior of Dimethyl Sulfoxide-Water Solutions[END_REF]. As a result, the sign and intensity of NOEs can be effectively modulated simply by changing the experiment temperature over a wide range from -130°C to room temperature and even higher. [START_REF] Gierer | Molekulare Theorie der Mikroreibung[END_REF] This ability to control the size and number of NOEs turns out to be extremely useful in structural and conformational studies, in particular when several NMR distance constraints are necessary to define three-dimensional structures accurately.

[ [137] They illustrated how easily the NOE sign can be modulated in 2D NOESY spectra (Fig. 17) recorded at 300

MHz ( 1 H). At 40°C and 25°C, the NOEs were positive. In contrast, at 0°C, the NOEs became largely negative because the blend viscosity was three times higher than that measured at 25°C. [START_REF] Madigosky | Ultrasonic measurements and liquid structure of DMSO-water mixture[END_REF] At 0°C, of sucrose was estimated at from 5 to 10, corresponding to a slow-motion regime and an isotropic tumbling time more reminiscent of a large molecule for which would be from 2 to 5 ns in usual conditions of solvent and temperature.

The authors highlighted the potential to observe large negative NOEs under viscous conditions for structure elucidation and conformational analysis. hypertension. This study involved 2D NOESY experiments, molecular modelling and molecular dynamics calculations.

[135] At 30°C and 500 MHz, the 3-4 fold increase of the blend viscosity compared to that of water alone [START_REF] Cowie | Association in the binary liquid system dimethyl sulphoxide -water[END_REF] enhanced the magnitude of the observed positive cross the increase of the global correlation time of GGRA with the increase of the medium viscosity (Fig. 19 and20). [START_REF] Cowie | Association in the binary liquid system dimethyl sulphoxide -water[END_REF][START_REF] Catalán | Characterization of binary solvent mixtures of DMSO with water and other cosolvents[END_REF][START_REF] Palaiologou | Viscosity Studies on Lithium Bromide in Water + Dimethyl Sulfoxide Mixtures at 278[END_REF] In comparison, the detection of negative NOEs was possible by using DMSO-d6 (at room temperature for a MW > 700 g mol -1 ( > 1) from 300 MHz to higher operation frequencies.

In water, LH-RH and S-peptide NOESY spectra display almost fully negative NOE enhancements respectively at 295 Studies of the application of DMSO-d6/water blends as cryoprotective mixtures in the determination of bioactive conformations of small linear peptides are described in section 2.12.1.

Ethylene glycol (EG)

EG and its deuterated forms, EG-d4 and EG-d6, are highly viscous solvents (EG: η = 17 cP at 25°C, EG-d6: η = 19.9 cP at 15°C) [START_REF] Artemchenko | Viscosity and structure of potassium iodide solutions in ethylene glycol[END_REF] with a melting point of -12.5°C [START_REF] Douzou | Proteins at work: "stop-action" pictures at subzero temperatures[END_REF]. In addition, they have a high dissolution power for a large variety of polar compounds owing to the high dielectric constant value (ε = Theoretical calculation of the NOE and spin diffusion effects expected requires exact geometries and conformational dynamics of GS, and would have involved a heavy computational load. However, the use of simplified ideal models (sequential chain of spins, isolated "islands", two islands in weak contact and single bridging proton), made it possible to highlight qualitatively the specificity of the effects observed in GS. In particular, the structural and conformational study suggested that there was fast and efficient spin diffusion within closely connected "islands" of protons, and less efficient spin-diffusion between islands. The results were compatible with the accepted solution conformation of GS. [START_REF] Dygert | Use of a Symmetry Condition to Compute the Conformation of Gramicidin S[END_REF] The authors highlighted the fact that when exceeds 25, proton cross-relaxation may become very active, and the possibility of observing selective effects, with the goal of structural and conformational elucidation in particular, may be elusive in large molecules like proteins. Their structured hydrophobic cores will have residues in close contact, so that spin diffusion within the core will probably be fast and extensive. However, side chains with shorter than the overall of the molecule will have fewer close contacts, so they will probably exhibit specific effects. It may be difficult, nonetheless, to find and assign unique resonances to be irradiated (or inverted) in such large and complex molecules. These pitfalls are more easily overcome for small and medium-sized molecules.

In 1986, ethylene glycol-d6 was also considered by LaMar and co-workers for enhancing negative nuclear Overhauser effects, in particular for resonance and structure assignments of paramagnetic hemin derivatives in solution. [START_REF] Yu | NOE experiments for resonance and structure assignments of paramagnetic hemin derivatives[END_REF] In lowspin ferric complexes, the pattern of heme hyperfine shifted resonances, as sensitive to substituents, has delivered information on the type of  electron distribution [START_REF] La Mar | NMR studies of low-spin ferric complexes of natural porphyrin derivatives. 1. Effect of peripheral substituents on the π electronic asymmetry in biscyano complexes[END_REF] and has been used as a model for understanding the heme methyl shift pattern in low-spin ferric hemoproteins. [START_REF] La Mar | Proton nuclear magnetic resonance characterization of heme disorder in hemoproteins[END_REF] In both cases, isotopic labelling was the only method available at that time for obtaining unambiguous assignments. [START_REF] La Mar | NMR studies of low-spin ferric complexes of natural porphyrin derivatives. 1. Effect of peripheral substituents on the π electronic asymmetry in biscyano complexes[END_REF][START_REF] La Mar | Proton nuclear magnetic resonance characterization of heme disorder in hemoproteins[END_REF] However, this method was commonly difficult to set up, a) b)

time-consuming, and expensive. The nuclear Overhauser effect, [START_REF] Noggle | The Nuclear Overhauser Effect: Chemical Applications[END_REF] showed great promise at that time in accessing supplemental or alternative assignments in proteins, for instance. This could be applied to hemin derivatives, under specific conditions, [START_REF] Barbush | Use of the nuclear Overhauser effect to assign 1 H NMR resonances in a low-spin paramagnetic hemin[END_REF] avoiding several other pitfalls. First was the observation of small or null NOEs at high magnetic field, because of specific reorientation correlation times in the intermediate motion regime. The second was the substantial paramagnetic leakage in the system (iron(III), S = 1/2), [START_REF] Freeman | Quenching the Nuclear Overhauser Effect in NMR Spectra of Carbon-13[END_REF] and the last was that hemin, like all porphyrin and chlorophyll complexes, tends to aggregate strongly. [START_REF] La Mar | NMR studies of low-spin ferric complexes of natural porphyrin derivatives. 4. Proton relaxation characterization of the dimer structure of dicyanohemin in aqueous solution[END_REF] This last problem was dealt with by using very low concentrations in solution, but this complicated even more the detection of small NOEs.

To address these issues, the authors demonstrated that the viscosity of EG-d6 reduced the tumbling rate of the monomeric complex of protohemin-bis cyanide (Fig. 22a) For molecular modelling computations, the SHAPES force field was employed, and for multiconformational analysis of NOE data conformers, Landis and co-workers internally developed and used the CPA (conformer population analysis) method. [START_REF] Landis | Elucidation of Solution Structures by Conformer Population Analysis of NOE Data[END_REF] They demonstrated that these highly selective catalysts showed substantial conformational mobility, so that Reproduced from [START_REF] Verheyden | Comparing conformations at low temperature and at high viscosity: Conformational study of somatostatin and two of its analogues in methanol and in ethylene glycol[END_REF].

from
The values of 3 3). DC25-24 in methanol at 303 K yielded hardly any NOEs, and again many more at 193 K but fewer than in EG-d4 (Table 3). Nevertheless, as previously described [START_REF] Verheyden | Conformational study of somatostatin analogues in methanol at low temperature[END_REF], by lowering the temperature, DC25-24 evolved from conformational averaging to a predominant conformation resembling the βII'-turn/β'-pleated sheet conformation of the cyclic DC13-116. The authors pointed out the observation of a larger number of positive NOESY cross peaks (negative NOEs) in ethylene glycol-d4 at room temperature compared to methanol-d3 at low temperature, in particular for the two agonists. This revealed that the increase in medium viscosity inducing lowering of the overall molecular correlation time is a more important factor in reducing peptide flexibility (kinetic effect) than the decrease in temperature (thermodynamic effect).

Nonetheless, the linear analogue DC25-24 revealed a thermodynamic effect by the observation of the H-bridge between Val 10 NH and Tyr 7 C=O in methanol at low temperature, highlighting that reducing temperature is a relevant factor in reducing the conformational freedom of linear peptides. Hence, the authors recommended using both high viscosity and low temperature to reduce the conformational freedom of small peptides, so as to influence both the equilibrium and the kinetics of conformational exchange.

Ethylene glycol (EG)/water blend

Neat ethylene glycol (EG) and water have viscosities of 17 cP [START_REF] Artemchenko | Viscosity and structure of potassium iodide solutions in ethylene glycol[END_REF] and 0.898 cP [START_REF] Cowie | Association in the binary liquid system dimethyl sulphoxide -water[END_REF] respectively at 25°C, and freezing points of ~ -12.5°C and 0°C. [START_REF] Douzou | Proteins at work: "stop-action" pictures at subzero temperatures[END_REF] The mixture of the two yields a viscous blend whose viscosity and freezing point depend on the proportions. The freezing point of the blend can be as low as -100°C. [START_REF] Douzou | Proteins at work: "stop-action" pictures at subzero temperatures[END_REF] The tendency of the solvent blend to become more viscous with increasing EG can facilitate the modulation of the sign and the intensity of NOE enhancements over a wide temperature range. The dielectric constants of 41.8 and 80.4 for EG and water respectively at 20°C [START_REF] Douzou | Proteins at work: "stop-action" pictures at subzero temperatures[END_REF] allow a wide variety of polar or moderately apolar compounds to be dissolved, but only if the molecule of interest is initially dissolved in one of the pure solvents, either EG or water. As with DMSO/water and DMF/water blends, the EG/water blend is also called cryoprotective, or a cryosolvent, owing to its very low freezing point and ability to mimic water behaviour even at sub-zero temperatures, especially suitable for the investigations of biomolecules. [44, 46-49, 145, 147, 157] At equal volumes of EG and water, the dielectric constant at -20°C of 80.7 is similar to that of water at 20°C. [START_REF] Douzou | Proteins at work: "stop-action" pictures at subzero temperatures[END_REF] However, as pointed out earlier, deuterated ethylene glycol (EG-d6) is quite expensive and commercially available only at relatively low enrichment (98%), which leads to intense residual proton solvent resonances in spectra.

In 1991, complementing the use of a DMSO-d6/H2O cryoprotective mixture (see section 2.5), Amodeo et al.

investigated the impact of medium viscosity on the solution conformation of the linear hexapeptide deltorphin I (Tyr-D-Met-Phe-His-Leu-Met-Asp-NH2) [START_REF] Erspamer | Deltorphins: a family of naturally occurring peptides with high affinity and selectivity for δ opioid binding sites[END_REF] in EG-d6/H2O blend, at 400 MHz ( 1 H), using 2D transient NOESY experiments

(mixing time from 50 to 400 ms). [START_REF] Amodeo | Viscosity as a conformational sieve. NOE of linear peptides in cryoprotective mixtures[END_REF] For this purpose, the latter cryoprotective mixture was employed at 295 K, at two ratios, 5:5 v/v and 8:2 v/v, changing the solution viscosity from 2.5 to 7 cP [START_REF] Dizechi | Viscosity of some binary and ternary liquid mixtures[END_REF] and the dielectric constant from 60 to 50. [START_REF] Douzou | Proteins at work: "stop-action" pictures at subzero temperatures[END_REF] The authors demonstrated that the medium viscosity increase from EG-d6/water (5:5 v/v) to EG-d6/water (8:5 v/v) blends was responsible for the intensity increase of the Peptide T (ASTTTNYT), a segment (residues 185-192) of gp120, the coat protein of HIV, revealed several major biological properties in vitro, such as chemotactic activity, [START_REF] Ruff | CD4 receptor binding peptides that block HIV infectivity cause human monocyte chemotaxis: Relationship to vasoactive intestinal polypeptide[END_REF][START_REF] Marastoni | Structure-activity relationships of cyclic and linear peptide T analogues[END_REF] that motivated the authors to design simpler and possibly more active analogues containing the central residues of peptide T responsible for the chemotactic activity.

The authors carried out an exhaustive NMR conformationactivity relationship (CAR) study of peptide T and its analogues in different media, supported by modelling methods since there was no consensus on the preferred solution conformation of peptide T despite several published experimental and theoretical studies. [START_REF] De Dios | NMR studies of peptide T, an inhibitor of HIV infectivity, in an aqueous environment[END_REF] In spite of the small size of peptide T, NOESY spectra recorded in the three cryoprotective mixtures revealed a significant number of diagnostic negative NOE enhancements (Fig. 27). The pattern of NOE correlations was consistent with a preference for the peptide to adopt ordered, folded conformations in the C-terminal region. Due to the medium viscosity, the molecular tumbling rate of peptide T and its analogs was sufficiently reduced that the NOEs were negative. The results of the CAR investigation were in agreement with the previous experimental conclusion that a β-turn conformation was one of the possible structures of peptide T but did not confirm the assumption that this was the most populated conformation. The experimental conformational analysis of peptide T, based on a "solvent scan" approach, did not solve the question of the conformational preferences of peptide T, but it did provide a firm basis on which to study the pseudocyclic analogues. Peptide T seemed to adopt a γ- In the light of the CAR investigation, the authors described peptide T as a "chameleon" peptide. They pointed out the need (more than for any other bioactive peptide studied) to know the precise peptide environment before trying to determine the so-called bioactive conformation or the most stable conformation. This "chameleon" behaviour may be related, in part, to the high content of Thr or Ser residues, for which the side chains may favour ordered solvation. The potential role of these residues was inferred from the common orientation of their hydroxyl moieties in both peptide T and the pseudocyclic analogues.

turn
Another examples of the use of EG/water blends as cryoprotective solutions in the conformational study of small linear peptides are detailed in section 2.12.2.

Phosphoric acid-d3 (H3PO4-d3)

Phosphoric acid-d3 results from the hydrolysis of phosphorus pentoxide (a white crystalline solid) by D2O. It easily dissolves salts and is highly viscous (H3PO4/water 9:1 w/w, viscosity 64,75 cP at 25°C) [START_REF] Jiang | Density, viscosity, and thermal conductivity of electronic grade phosphoric acid[END_REF].

In and theoretical predictions, cross-relaxation rates and total spin-lattice relaxation rates ρi were calculated [START_REF] Noggle | The Nuclear Overhauser Effect: Chemical Applications[END_REF][START_REF] Balaram | Negative Nuclear Overhauser Effects as Probes of Macromolecular Structure[END_REF] by assuming relaxation from nuclear dipolar interactions and a random field contribution from the solvent. After curve fitting, rough agreement with experimental data was obtained assuming a single rotational correlation time of 18 ns and a random field relaxation rate of 0.5 s -1 (determined from the tail of the decay at long times, for which cross-relaxation is essentially over). This is consistent with brucine being a rigid, nearly spherical molecule with isotropic rotational diffusion.

By using Stokes' equation, the correlation time arising from the macroscopic solvent viscosity and approximate molecular volume was predicted to be 12 ns, a value usually observed for larger molecules such as macromolecules.

The authors finally pointed out that the measurement of time-dependent NOEs may provide a practical way to determine proton distances in unknown systems subject to spin diffusion, since initial cross-relaxation rates are proportional to the inverse sixth power of the distances between observed and inverted protons. However, the crossrelaxation rate also depends on the molecular correlation time, so the possibility of internal motions or anisotropic reorientation may hamper data interpretation. 4). may be saturation transfer from H α Ala(trans); no NOE is anticipated. Adapted from [START_REF] Kartha | Synthesis and conformation studies by x-ray crystallography and nuclear magnetic resonance of cyclo(L-Phe-L-Pro-D-Ala)2[END_REF]. The authors considered both sulfolane-d8 and the sulfolane-d8/DMSO-d6 (7:3 v/v) blend, since the latter solubilizes cyclopeptides sufficiently for 13 For instance, the viscosity of supercooled water at -23.8°C

obtained by means of a capillary flow technique is 6 times higher than that of room temperature water. [START_REF] Angell | Water and Aqueous Solutions at Subzero Temperatures[END_REF][START_REF] Hallett | The Temperature Dependence of the Viscosity of Supercooled Water[END_REF][START_REF] Osipov | The Shear Viscosity of Water Supercooled to -35°C[END_REF][START_REF] Collings | A High Precision Capillary Viscometer and Further Relative Results for the Viscosity of Water[END_REF][START_REF] Dehaoui | Viscosity of deeply supercooled water and its coupling to molecular diffusion[END_REF] To date, several NMR studies have involved supercooled water without addition of cryosolvent, either at atmospheric pressure in micro-emulsions (or reverse micelles), [START_REF] Thompson | Structure and function of carboxypeptidase Aα in supercooled water[END_REF][START_REF] Franks | Heat Capacities of Undercooled Aqueous Solutions of Polyvinylpyrrolidone[END_REF][START_REF] Babu | Direct access to the cooperative substructure of proteins and the protein ensemble via cold denaturation[END_REF][START_REF] Modig | Dynamics of Protein and Peptide Hydration[END_REF][START_REF] Simorellis | Dynamics of low temperature induced water shedding from AOT reverse micelles[END_REF][START_REF] Mattea | Dynamics at the proteinwater interface from 17 O spin relaxation in deeply supercooled solutions[END_REF][START_REF] Davidovic | Protein Cold Denaturation as Seen From the Solvent[END_REF][START_REF] Szyperski | NMR-based structural biology of proteins in supercooled water[END_REF] in glass capillary tubes, [START_REF] Szyperski | NMR-based structural biology of proteins in supercooled water[END_REF][START_REF] Poppe | NMR spectroscopy of hydroxyl protons in supercooled carbohydrates[END_REF][START_REF] Van Halbeek | NMR studies of the structure and dynamics of carbohydrates in aqueous solution[END_REF][START_REF] Sheng | Evidence for a Transient Interresidue Hydrogen Bond in Sucrose in Aqueous Solution Obtained by Rotating-Frame Exchange NMR Spectroscopy Under Supercooled Conditions[END_REF][START_REF] Skalicky | Toward structural biology in supercooled water[END_REF][START_REF] Skalicky | Aromatic ring-flipping in supercooled water: Implications for NMR-based structural biology of proteins[END_REF][START_REF] Mills | Protein dynamics in supercooled water: The search for slow motional modes[END_REF][START_REF] Krishnan | Translational dynamics of antifreeze glycoprotein in supercooled water[END_REF][START_REF] Schroeder | NMR spectroscopy of RNA duplexes containing pseudouridine in supercooled water[END_REF][START_REF] Szyperski | Combined NMR-observation of cold denaturation in supercooled water and heat denaturation enables accurate measurement of ΔCp of protein unfolding[END_REF][START_REF] Kim | Dissociation of amyloid fibrils of α-synuclein in supercooled water[END_REF][START_REF] Shen | Structure of the protein BPTI derived with NOESY in supercooled water: Validation and refinement of solution structures[END_REF][START_REF] Jordan | Hepcidin revisited, disulfide connectivity, dynamics, and structure[END_REF][START_REF] Farooq | Tailoring 1 H spin dynamics in small molecules via supercooled water: A promising approach for metabolite identification and validation[END_REF][START_REF] Cho | Cold-induced changes in the protein ubiquitin[END_REF][START_REF] Mallamace | Some thermodynamical aspects of protein hydration water[END_REF] and in polymer gels, [START_REF] Pavone | NMR studies of flexible peptides in cavities mimicking the synaptic cleft[END_REF][START_REF] Pastore | Peptides and proteins in a confined environment: NMR spectra at natural isotopic abundance[END_REF][START_REF] Sanfelice | Cold Denaturation and Aggregation: A Comparative NMR Study of Titin I28 in Bulk and in a Confined Environment[END_REF][START_REF] Spring | Supercooled aqueous nuclear magnetic resonance using agarose gels[END_REF] or at high pressure by means of suitable NMR equipment (see section 2.11) [269, 303-312]

Micro-emulsions

The generation of micro-emulsions, or reverse micelles with smaller volumes, have been considered several times for studying the structure and dynamics of organic compounds such as synthetic polymers or proteins using analytical techniques including NMR spectroscopy. [START_REF] Thompson | Structure and function of carboxypeptidase Aα in supercooled water[END_REF][START_REF] Franks | Heat Capacities of Undercooled Aqueous Solutions of Polyvinylpyrrolidone[END_REF][START_REF] Babu | Direct access to the cooperative substructure of proteins and the protein ensemble via cold denaturation[END_REF][START_REF] Modig | Dynamics of Protein and Peptide Hydration[END_REF][START_REF] Simorellis | Dynamics of low temperature induced water shedding from AOT reverse micelles[END_REF][START_REF] Mattea | Dynamics at the proteinwater interface from 17 O spin relaxation in deeply supercooled solutions[END_REF][START_REF] Davidovic | Protein Cold Denaturation as Seen From the Solvent[END_REF][START_REF] Szyperski | NMR-based structural biology of proteins in supercooled water[END_REF] Due to the very small volume and the absence of heterogeneous ice nucleation sites at the water interface, a water freezing temperature from -35 to -45°C can be reached. However, it may be quite challenging to record NMR high-resolution spectra, in particular for large molecules such as proteins, and their behaviour in contact with water may be altered.

[282]

Glass capillaries

Supercooled water in glass capillary tubes has also been employed for structure and dynamics NMR studies of organic compounds such as carbohydrates, nucleic acids and/or proteins, by taking advantage of the reduction in the exchange rate of labile protons, of internal mobility, and of reduced conformational exchange at a sub-zero temperature.

[ [START_REF] Szyperski | NMR-based structural biology of proteins in supercooled water[END_REF][START_REF] Poppe | NMR spectroscopy of hydroxyl protons in supercooled carbohydrates[END_REF][START_REF] Van Halbeek | NMR studies of the structure and dynamics of carbohydrates in aqueous solution[END_REF][START_REF] Sheng | Evidence for a Transient Interresidue Hydrogen Bond in Sucrose in Aqueous Solution Obtained by Rotating-Frame Exchange NMR Spectroscopy Under Supercooled Conditions[END_REF][START_REF] Skalicky | Toward structural biology in supercooled water[END_REF][START_REF] Skalicky | Aromatic ring-flipping in supercooled water: Implications for NMR-based structural biology of proteins[END_REF][START_REF] Mills | Protein dynamics in supercooled water: The search for slow motional modes[END_REF][START_REF] Krishnan | Translational dynamics of antifreeze glycoprotein in supercooled water[END_REF][START_REF] Schroeder | NMR spectroscopy of RNA duplexes containing pseudouridine in supercooled water[END_REF][START_REF] Szyperski | Combined NMR-observation of cold denaturation in supercooled water and heat denaturation enables accurate measurement of ΔCp of protein unfolding[END_REF][START_REF] Kim | Dissociation of amyloid fibrils of α-synuclein in supercooled water[END_REF][START_REF] Shen | Structure of the protein BPTI derived with NOESY in supercooled water: Validation and refinement of solution structures[END_REF][START_REF] Jordan | Hepcidin revisited, disulfide connectivity, dynamics, and structure[END_REF][START_REF] Farooq | Tailoring 1 H spin dynamics in small molecules via supercooled water: A promising approach for metabolite identification and validation[END_REF][START_REF] Cho | Cold-induced changes in the protein ubiquitin[END_REF][START_REF] Mallamace | Some thermodynamical aspects of protein hydration water[END_REF] Indeed, the use of glass capillary tubes with outer diameters of 1.0 mm placed in 5 mm NMR tubes allowed -15°C to be reached. Hence, supercooled water in glass capillary tubes made it possible to obtain insights into dynamics, hydration, and cold-induced denaturation of biomolecules. [283, 288-290, 292, 293, 297, 298] By comparison, the use of conventional 5 mm NMR tubes allows a freezing temperature of -5 to -10°C to be reached for unperturbed aqueous biomolecule solutions (using filtration and centrifugation to remove free particles). [START_REF] Kerwood | Structure of SL4 RNA from the HIV-1 Packaging Signal[END_REF] The use of extremely narrow capillaries (20 µm i.d.) allowed the freezing point of water to be lowered close to -35°C. [START_REF] Ahn | Electron spin relaxation of di-tertiary-butyl nitroxide in supercooled water[END_REF] However, the resulting spectral sensitivity would probably be too poor for NMR studies owing to the very low amount of material of interest dissolved in the supercooled water.

Polymer gels

The handling of glass capillaries may be cumbersome and the small sample volume may result in a poor NMR sensitivity.

Overcoming these problems may be possible with higher sample concentrations, but these may then give rise to problems with aggregation or precipitation of solutes. In Interestingly, due to the rigidity of the agarose gel, all the sugar proton resonances are too broad to be detected in liquid-state 1 H NMR experiments, making natural abundance NMR studies of unlabelled peptides or proteins possible. The 1D proton spectrum of HEW lysozyme in a 1.5% agarose gel, at pH = 6.5 and 25°C, is very similar to that recorded in bulk water at pH = 1.9 (Fig. 33). The encapsulation of lysozyme in the gel does not change its 3D structure. (B) 600 MHz 1 H 1D spectrum of 1.7 mM HEW lysozyme at pH 1.9. Adapted from [START_REF] Pastore | Peptides and proteins in a confined environment: NMR spectra at natural isotopic abundance[END_REF].

[Ala] 20 The authors also probed the effect of supercooled water on the conformational dynamics of an alpha anomeric adenosine (αA) within a DNA oligonucleotide at the very low concentration of 30 µM (Fig. 35B). They demonstrated the presence of a weak base pair in this duplex by revealing the presence of an imino proton resonance sharpening from 17°C to -8°C due to the reduction of base opening rates and solvent exchange at sub-zero temperatures. [START_REF] Johnson | DNA sequence context conceals α-anomeric lesions[END_REF] NOESY experiments also allowed the base pair connectivity to be determined.

They also reported the reduction of labile proton exchange in supercooled water for a small disordered tripeptide GGR dissolved in 1% agarose gel prepared in H2O/D2O (9:1 v/v).

At -8°C, amide protons of G2, R3 and NH of R3 were observed, while at room temperature only the amide proton of R3 was detected.

Although sample preparation may be problematic for thermosensitive biomolecules, NMR in supercooled water captured in agarose gel turns out to be a relatively simple and convenient method for studies of small molecules because of easy shimming, the absence of 1 H and 13 C NMR signals of agarose gel, well-resolved spectra of solutes, easy recovery of solutes, and no NMR tube breakage risk below freezing point. NMR imino proton region (jump and return solvent suppression). [START_REF] Johnson | DNA sequence context conceals α-anomeric lesions[END_REF] The resonance noted with an arrow is the thymine imino proton base-paired with the αA. Reproduced from [START_REF] Spring | Supercooled aqueous nuclear magnetic resonance using agarose gels[END_REF].

This approach is also pertinent for structure and dynamics NMR studies of larger compounds such as carbohydrates, nucleic acids or proteins, taking advantage of the reduction of in the exchange rate of labile protons, of internal mobility, and of slow conformational exchange at sub-zero temperatures.

An example of the use of polyacrylamide gel swollen in DMSO-d6/water cryoprotective solution in the conformational study of enkephalins is detailed in section 2.12.3.

Viscous solvents under high pressure

It is well known that the viscosities of liquids increase under pressure (from atmospheric to higher pressure) at a given temperature. [START_REF] Jonas | Molecular motions in compressed liquid water[END_REF][START_REF] Defries | Molecular motions in compressed liquid heavy water at low temperatures[END_REF][START_REF] Defries | Pressure dependence of NMR proton spin-lattice relaxation times and shear viscosity in liquid water in the temperature range -15 -10 °C[END_REF][START_REF] Jonas | High Pressure Studies Using NMR Spectroscopy[END_REF][START_REF] Stokes | On the Theories of the Internal Friction of Fluids in Motion, and of the Equilibrium and Motion of Elastic Solids[END_REF][START_REF] Barus | Note on the Dependence of Viscosity on Pressure and Temperature[END_REF][START_REF] Bridgman | The Viscosity of Liquids under Pressure[END_REF][START_REF] Jonas | High-pressure NMR study of transport and relaxation in complex liquid of 2-ethylhexyl cyclohexanecarboxylate and 2-ethylhexyl benzoate[END_REF][START_REF]On implicit constitutive theories for fluids[END_REF][START_REF] Akyildiz | A note on the steady flow of Newtonian fluids with pressure dependent viscosity in a rectangular duct[END_REF][START_REF] Daryasafar | Prediction of dynamic viscosity of n-alkanes at high pressures using a rigorous approach[END_REF][START_REF] Feng | Viscosity Measurements of n-Dodecane at Temperatures between 303 K and 693 K and Pressures up to 10 MPa[END_REF][START_REF] Volpe | Determination of the effect of pressure on viscosity at high shear rates by using an injection molding machine[END_REF] In addition, the use of high pressure makes it possible to extend the measurement temperature well above the boiling point and below the freezing point. [START_REF] Defries | Molecular motions in compressed liquid heavy water at low temperatures[END_REF][START_REF] Defries | Pressure dependence of NMR proton spin-lattice relaxation times and shear viscosity in liquid water in the temperature range -15 -10 °C[END_REF] However, pressure as an experimental variable in NMR studies, in particular for protein folding investigations, involves some unusual NMR instrumentation. [START_REF] Jonas | High-resolution nuclear magnetic resonance studies of proteins[END_REF][START_REF] Jonas | High Pressure Studies Using NMR Spectroscopy[END_REF][START_REF] Roche | Monitoring protein folding through high pressure NMR spectroscopy[END_REF][START_REF] Akasaka | Protein studies by high-pressure NMR[END_REF][START_REF] Akasaka | High pressure NMR spectroscopy[END_REF] Small and mid-sized molecules may show increased NOEs under viscosity enhancement promoted by increased solution pressure. They showed a strong effect of pressure on the buildup rates of NOESY cross peaks. The NOESY spectra of POPC highlighted a strong dependence on pressure, as the number and intensity of the cross peaks increased with increasing pressure even for a short mixing time of 75 ms at 28°C (Fig. 37). The authors observed a similar effect of pressure on NOESY cross peaks at τm = 200 ms for DMPC at 64°C (Fig. 38).

The authors defined a general expression for the pressure dependence of the cross-relaxation rate between spins i and j:

where is the distance between spins i and j, is the pressure-dependent order parameter, are the various correlation times and SD(P) denotes the spin diffusion contribution to cross-relaxation. In the slow motion regime ( >> 1), a direct correlation between cross relaxation rate and viscosity to temperature ratio was described, and expressed in terms of the Debye expression [START_REF] Debye | Polar molecules[END_REF] and of a simple function of in an isotropic situation. [START_REF] Bloembergen | Relaxation Effects in Nuclear Magnetic Resonance Absorption[END_REF] Here K is a parameter dependent on the ratio of the mean square intermolecular torques on the solute molecules to the intermolecular forces on the solvent molecules, is the hydrodynamic volume swept out by the reorienting vector, and the correlation time is the zero-viscosity intercept.

[351] if the bioactive conformation is more stable than the others.

2) Trying to mimic in solution the physicochemical features of the natural environment of the peptide, such as extracellular fluids, membranes and receptor cavities, with the intent of stabilizing a specific conformation supposed to be the one that is biologically active when in interaction with the dedicated receptor. However, another way would be to focus on the capability of the binding site of the receptor according to its size/shape and properties to filter the bioactive conformations.

Cryoprotective solvents such as DMSO/water, DMF/water and EG/water blends have physical properties (e.g. dielectric constant) at low temperatures close to those of water at room temperature, which makes their use compatible with the study of biomolecules in solution. [START_REF] Douzou | Proteins at work: "stop-action" pictures at subzero temperatures[END_REF] By means of this solvent blend, unusually low temperatures for a polar environment are reachable, which may possibly stabilize certain families of conformations. Owing to the strong temperature dependence of the viscosity of the cryoprotective solvent blends, negative NOE enhancements may also be observable for medium-sized peptides by greatly slowing the molecular tumbling and may be used to characterize specific stabilized conformations. Temussi and co-workers mentioned that the action of cryosolvent blends may be compared to a kind of "conformational sieve". [START_REF] Amodeo | Viscosity as a conformational sieve. NOE of linear peptides in cryoprotective mixtures[END_REF] Specifically, cryoprotective media of viscosity values from around 7 to 11 cP lead not only to a quantitative increase in all NOEs, but also to selective growth of conformationally sensitive effects involving backbone and sidechain protons.

For instance, the observation of variously modulated NH-NH and long-range NOE cross peak intensities suggests an influence of viscosity on conformation populations. [START_REF] Amodeo | Viscosity as a conformational sieve. NOE of linear peptides in cryoprotective mixtures[END_REF] In addition, under these viscosity conditions at low temperatures, water is supposed to be partly ordered, [START_REF] Sargent | Membrane lipid phase as catalyst for peptide-receptor interactions[END_REF] i.e., in a state resembling that of the medium at the interface between a membrane and the transportation fluid, at which a peptide may display some preferential conformations before its interaction with its dedicated receptor.

In this context, in order to try to delineate the bioactive conformations of linear analgesic peptides in solution, and ortho Tyr aromatic protons (Fig. 42a), while at 297 K in D2O, was close to one and consequently small positive NOE enhancements of ~ 5% and ~ 13% were observed respectively (Fig. 42b).

The authors observed intra-residue NOEs, but it was not possible to detect any inter-residue ones in order to get insight into conformations of Leu-enkephalin in aqueous solution. In contrast, in DMSO-d6/H2O (0.09:0.91 χ/χ) blend at 258 K and 500 MHz ( 1 H), the negative NOE enhancements were around ~ 27% after selective irradiation of the meta Tyr aromatic protons of Leu-enkephalin (in comparison with Metenkephalin), while at 268 K (for improved spectral resolution), the authors observed numerous intra-residue and interresidue NOE enhancements, allowing sequential assignments (Fig. 43). In addition, small intensity long-range NOEs were also detected, potentially offering structural insights into the bioactive conformation(s) of Leu-enkephalin, though it is necessary to keep in mind that the strong head to tail electrostatic interaction may favour a mixture of disordered folded conformers for the zwitterionic enkephalin.

[59] spectra were obtained by applying a presaturation pulse for 1 s before measurement using a 1-1 hard pulse sequence, [START_REF] Marius Clore | The 1-1 hard pulse: A simple and effective method of water resonance suppression in FT 1 H NMR[END_REF] subtracting the irradiated spectrum from the control spectrum. Reproduced from [START_REF] Motta | NOE measurements on linear peptides in cryoprotective aqueous mixtures[END_REF].

In an attempt to characterize its potential biologically active conformation. [START_REF] Motta | Low temperature nmr studies of leu-enkephalins in cryoprotective solvents[END_REF] The authors sought at the same time to reach a better understanding of the head to tail electrostatic interaction of zwitterionic enkephalin, potentially responsible for disordered folded conformers. The temperature coefficients of amide protons were determined over a very wide range of temperatures (243 K to 327 K). All values for LE and LEA peptides were larger than those expected for protons involved in hydrogen bonds. Hence, all amide protons were exposed to the cryosolvent. In this more viscous environment, several negative intra-and interresidue NOEs were found to be particularly intense, indicating that the conformations of LE and LEA were not fully random. In addition, the authors highlighted that LE conformers probably revealed a β-turn of type I (or I') due to the existence of a typical inter-residue NOE between Gly 2 and Gly 3 NH (Fig. 44). However, the values of temperature coefficient and all the NOEs measured were not sufficient to imply the existence of a single folded conformation for LE or LEA. In addition, no long-range effect was observed that could support a head to tail electrostatic interaction [START_REF] Higashijima | Nuclear-Magnetic-Resonance Study on Met-enkephalin and Met-enkephalin[END_REF] for the zwitterionic Leu-Enkephalin. This interaction was therefore inferred not to be sufficiently strong to force short distances between hydrogens of the N-terminal and Cterminal amino acids. and finally selected only those consistent with the requirements of δ selective agonists and antagonists. In spite of the very flexible behaviour of Leu-enkephalin, the authors described a form of "template forcing" method that apparently was more efficient than previous methods for the prediction of a family of bioactive conformers, of which the shapes may turn out to be useful in the design of new δ-selective opioid peptides. problem could be overcome by media of high viscosity such as cryoprotective mixtures, since these act as a "conformational sieve" so that compact, folded conformations are favoured over extended, disordered ones. [START_REF] Amodeo | Viscosity as a conformational sieve. NOE of linear peptides in cryoprotective mixtures[END_REF] The use of PAG swollen with DMSO/water to mimic the physicochemical conditions of the synaptic cleft slowed the tumbling of [Leu] 5 -enkephalin by increasing medium viscosity, so that negative NOE enhancements were observed in 15 N-edited NOESY [START_REF] Ikura | Isotope-filtered 2D NMR of a proteinpeptide complex: study of a skeletal muscle myosin light chain kinase fragment bound to calmodulin[END_REF] spectra at 293 K, unlike at the same temperature in bulk solution of the DMSO/water cryomixture.

EG-d6/water and DMF-d7/water blends

The number of NOESY cross peaks was similar to that seen at 273 K in DMSO /water blend. Indeed, the viscosity of the gel phase at 293 K is around 2.8 cP, twice of that of the latter cryoprotective system at the same temperature, due to the confinement effect of the small cavities. The authors then considered the use of pure water to highlight the effect of confinement in the gel pores as opposed to viscosity by preventing solvation effect of cryomixtures. In bulk water at 273 K, NOESY spectra only revealed a few cross peaks, as expected, [START_REF] Spadaccini | Natural peptide analgesics: The role of solution conformation[END_REF] whereas in aqueous solution inside the gel phase, several NOE cross peaks were observed and their number was similar to that for NOESY spectra acquired in the DMSO/water blend (Fig. 47). By means of ROESY experiments, they discriminated between the influence of the increased viscosity in a confined environment on the rotational correlation time (influencing NOESY spectra) and the decrease of segmental mobility, since a ROESY experiment is relatively insensitive to the value of the rotational correlation time . Both NOESY and ROESY cross peaks detected in gel were more intense than in bulk solvent, demonstrating that viscosity has a distinct influence from a simple increase of (Fig. 47a). However, the intraresidue and sequential cross peaks were not sufficient for structure determination. They may originate from the increase in correlation time induced by the increase in viscosity, from the angular component of the correlation time related to internal motions, from the increase of the order parameter S 2 , or from a combination of these all factors. The authors mentioned that the side chains of [Leu] 5 -enkephalin appear much stiffer in PAG gel than in bulk water. media, but it is not easy for peptides, and uniform 15 N labelling of peptides during synthesis can be expensive. micelles. [START_REF] Viel | Enhanced diffusionedited NMR spectroscopy of mixtures using chromatographic stationary phases[END_REF][START_REF] Pages | Simplified Analysis of Mixtures of Small Molecules by Chromatographic NMR Spectroscopy[END_REF][START_REF] Pages | Investigation of the Chromatographic Process via Pulsed-Gradient Spin-Echo Nuclear Magnetic Resonance. Role of the Solvent Composition in Partitioning Chromatography[END_REF][START_REF] Caldarelli | Chromatographic NMR: a tool for the analysis of mixtures of small molecules[END_REF][START_REF] Carrara | Chromatographic NMR in NMR solvents[END_REF][START_REF] Evans | Isomer resolution by micelle-assisted diffusion-ordered spectroscopy[END_REF][START_REF] Zielinski | Using perdeuterated surfactant micelles to resolve mixture components in diffusion-ordered NMR spectroscopy[END_REF][START_REF] Kavakka | Enhanced chromatographic NMR with polyethyleneglycol. A novel resolving agent for diffusion ordered spectroscopy[END_REF][START_REF] Rogerson | Simultaneous enhancement of chemical shift dispersion and diffusion resolution in mixture analysis by diffusion-ordered NMR spectroscopy[END_REF][START_REF] Pemberton | New insights into silica-based NMR "chromatography[END_REF] ii) Multi-quantum spectroscopy coupled (or not) with broadband homonuclear decoupling / pure shift NMR, ultrafast data acquisition, sparse sampling, and tensor decomposition methods can all help separate the spectra of mixed compounds. [START_REF] Tal | Single-scan multidimensional magnetic resonance[END_REF][START_REF] Meyer | Simplifying proton NMR spectra by instant homonuclear broadband decoupling[END_REF][START_REF] Kazimierczuk | Non-uniform sampling: Post-Fourier era of NMR data collection and processing[END_REF][START_REF] Zangger | Pure shift NMR[END_REF][START_REF] Poggetto | Dissect and Divide: Putting NMR Spectra of Mixtures under the Knife[END_REF] iii) As has already been explained, the use of viscous solvents under appropriate conditions decreases the tumbling rate of small and medium-sized compounds in solution, [START_REF] Lienin | Rotational Motion of a Solute Molecule in a Highly Viscous Liquid Studied by 13 C NMR: 1,3-Dibromoadamantane in Polymeric Chlorotrifluoroethene[END_REF][START_REF] Williamson | Manipulation of the nuclear Overhauser effect by the use of a viscous solvent: The solution conformation of the antibiotic echinomycin[END_REF][START_REF] Luck | Aprotic, Viscous Solvent Mixtures for Obtaining Large, Negative NOE Enhancements in Small Inorganic and Organic Molecules: Ideal Solvent Systems for Deducing Structures by NMR Techniques[END_REF][START_REF] Landis | Multiconformational Analysis of Solution NOE Data for the Ac-(L)Proline-(D)Alanine-NHMe Dipeptide in a Nonprotic Solvent[END_REF][START_REF] Bothner-By | Specificity of interproton nuclear Overhauser effects in gramicidin-S dissolved in deuterated ethylene glycol[END_REF][START_REF] Farooq | Tailoring 1 H spin dynamics in small molecules via supercooled water: A promising approach for metabolite identification and validation[END_REF][START_REF] Simpson | Spectral Editing of Organic Mixtures into Pure Components Using NMR Spectroscopy and Ultraviscous Solvents[END_REF][START_REF] Lameiras | Glycerol and glycerol carbonate as ultraviscous solvents for mixture analysis by NMR[END_REF][START_REF] Lameiras | Highly Viscous Binary Solvents: DMSO-d6/Glycerol and DMSO-d6/Glycerol-d8 for Polar and Apolar Mixture Analysis by NMR[END_REF][START_REF] Lameiras | Small Molecule Mixture Analysis by Heteronuclear NMR under Spin Diffusion Conditions in Viscous DMSO-Water Solvent[END_REF][START_REF] Lameiras | Polar mixture analysis by NMR under spin diffusion conditions in viscous sucrose solution and agarose gel[END_REF][START_REF] Adair | High resolution techniques: General discussion[END_REF][START_REF] Pedinielli | Mixture Analysis in Viscous Solvents by NMR Spin Diffusion Spectroscopy: ViscY. Application to High-and Low-Polarity Organic Compounds Dissolved in Sulfolane/Water and Sulfolane/DMSO-d6 Blends[END_REF] so that the longitudinal crossrelaxation regime causes spin diffusion over entire molecules. Here we report the main NMR studies of small and medium-sized molecule mixtures dissolved in viscous media.

Small molecule mixture analysis in

Chlorotrifluoroethylene polymer (CTFEP)

As reported in section 2.2, CTFEP is a hydrogen-free and highly viscous oil. [START_REF] Lienin | Rotational Motion of a Solute Molecule in a Highly Viscous Liquid Studied by 13 C NMR: 1,3-Dibromoadamantane in Polymeric Chlorotrifluoroethene[END_REF] When mixed with an organic solvent such as chloroform or dichloromethane, it easily dissolves non-or weakly polar compounds. The resulting solvent blend at reduced temperature provides the conditions needed for the negative NOE regime that promotes spin diffusion for small molecules, as observed in NOESY spectra recorded with long mixing times.

In The authors also demonstrated the efficiency of their spectral editing approach for very flexible molecules, by considering a mixture composed of hexadecanophenone and phenanthrene. Small and extremely flexible molecules such as hexadecanophenone would seem not be good candidates for spin diffusion due to local motions within the linear chain.

However, in CTFEP /CDCl3 (9:1 v/v), a 100% negative NOE enhancement was observed at 268 K for hexadecanophenone, enabling spectral editing even though the spectral resolution was degraded (Fig. 49). Due to its structural rigidity, phenanthrene showed around 100%

negative NOE enhancement at the higher temperature of 278 K in the same solvent blend. As a result, all resonances of hexadecanophenone and phenanthrene were successfully extracted from a NOESY spectrum. Interestingly, long-range NOE correlations were observed over distances up to 25 Å.

Simpson and co-workers emphasised that if spin diffusion could give rise to correlations over such long distances in an extremely flexible molecule, the spectral editing approach should be applicable to the vast majority of apolar compounds. Numbers correlate to the protons for which spectral slices were extracted.

Adapted from [START_REF] Simpson | Spectral Editing of Organic Mixtures into Pure Components Using NMR Spectroscopy and Ultraviscous Solvents[END_REF].

In some situations, 1 H spectral overlap hampers NOESYbased editing of spectra of mixtures. An alternative is to take advantage of the wide chemical shift dispersion of 13 Adapted from [START_REF] Simpson | Spectral Editing of Organic Mixtures into Pure Components Using NMR Spectroscopy and Ultraviscous Solvents[END_REF]. 

Glycerol (GL) and Glycerol Carbonate (GC)

Glycerol (GL) is a by-product of industrial manufacture of biofuels, soaps and surfactants from triglycerides. [START_REF] Garcia | Glycerol based solvents: synthesis, properties and applications[END_REF] Glycerol production presently exceeds demand, so new developments and new markets for glycerol are being exploited. Glycerol has many applications, for instance as a hydrophilic component in neutral surfactants and as an emulsifier in food, cosmetics and pharmaceuticals. [START_REF] Garcia | Glycerol based solvents: synthesis, properties and applications[END_REF] In the field of organic chemistry, one of the most interesting transformations of glycerol is the synthesis of glycerol carbonate, [START_REF] Sonnati | Glycerol carbonate as a versatile building block for tomorrow: synthesis, reactivity, properties and applications[END_REF][START_REF] Ochoa-Gómez | A Brief Review on Industrial Alternatives for the Manufacturing of Glycerol Carbonate, a Green Chemical[END_REF] which should shortly play a central role in industrial production of solvents, lubricants and surfactants from renewable carbon sources. [START_REF] Sonnati | Glycerol carbonate as a versatile building block for tomorrow: synthesis, reactivity, properties and applications[END_REF] The existence of such ton-scale markets is not inconsistent with the exploration of highly specific niche applications. GL and GC are very Adapted from [START_REF] Lameiras | Glycerol and glycerol carbonate as ultraviscous solvents for mixture analysis by NMR[END_REF].

Since temperature is a crucial parameter in spin diffusion experiments, because it is directly related to solvent viscosity, [START_REF] Gierer | Molekulare Theorie der Mikroreibung[END_REF][START_REF] Simpson | Spectral Editing of Organic Mixtures into Pure Components Using NMR Spectroscopy and Ultraviscous Solvents[END_REF] the authors sought a temperature at which NOESY cross peaks were positive, well-resolved, and as intense as possible between nuclei that were not expected to be sufficiently nearby to reveal a NOE in a low-viscosity solution.

The optimal temperatures of 288 and 308 K were found for for GL and GC respectively through band-selective detection 2D NOESY experiments (Figs. 52a and52b). The authors highlighted that GL and GC made possible full intramolecular magnetization transfer through spin diffusion over distances greater than 14 Å within each small and flexible dipeptide. In comparison, the NOESY spectrum recorded in water at 298 K displayed fewer NOE cross peaks, and these were of opposite sign (Fig. 52c). Under viscous conditions, the 

Supercooled water

As mentioned earlier in this review (see part 2.10), the temperature dependence of supercooled water viscosity The need for metabolite identification in complex fluids is increasing with the use of metabolomic studies in medical and environmental sciences. [START_REF] Lee | Saliva: an emerging biofluid for early detection of diseases[END_REF][START_REF] Gowda | Quantitative Analysis of Blood Plasma Metabolites Using Isotope Enhanced NMR Methods[END_REF][START_REF] Sandusky | Use of optimized 1D TOCSY NMR for improved quantitation and metabolomic analysis of biofluids[END_REF][START_REF] Fan | Applications of NMR spectroscopy to systems biochemistry[END_REF] In-depth metabolic profiling often relies on NMR, since it offers a non-invasive way to obtain information on mixture composition. Generally, accurate molecular identification in mixtures is achieved by 2D NMR experiments such as total correlation spectroscopy (TOCSY), [START_REF] Koskela | Chapter 1 Quantitative 2D NMR Studies[END_REF] or selective TOCSY [START_REF] Sandusky | Use of optimized 1D TOCSY NMR for improved quantitation and metabolomic analysis of biofluids[END_REF][START_REF] Sandusky | Use of selective TOCSY NMR experiments for quantifying minor components in complex mixtures: Application to the metabonomics of amino acids in honey[END_REF][START_REF] Sandusky | Use of Semiselective TOCSY and the Pearson Correlation for the Metabonomic Analysis of Biofluid Mixtures: Application to Urine[END_REF] and combination methods, [START_REF] Lin | Mixture Analysis by NMR Spectroscopy[END_REF] ), representing a range of structural rigidity and mobility with some 1 H resonance overlap. At -15°C, the viscosity of water is 3-4 times higher than at room temperature. [START_REF] Angell | Water and Aqueous Solutions at Subzero Temperatures[END_REF][START_REF] Hallett | The Temperature Dependence of the Viscosity of Supercooled Water[END_REF][START_REF] Osipov | The Shear Viscosity of Water Supercooled to -35°C[END_REF][START_REF] Collings | A High Precision Capillary Viscometer and Further Relative Results for the Viscosity of Water[END_REF][START_REF] Dehaoui | Viscosity of deeply supercooled water and its coupling to molecular diffusion[END_REF] Under these conditions, the molecular dynamics of the three selected compounds were slowed down so that spin diffusion occurred, facilitating molecular structure identification (Fig. 54). Full intramolecular magnetization transfer was reached for ATP, in particular between the ribose and the purine base, because of its structural rigidity. Even with a long NOESY mixing time, complete transfer remained elusive for glutathione owing to its structural plasticity. In the case of sucrose, through-space correlations between fructose and glucose were readily observed at -15°C. For instance, the anomeric proton showed correlations with other protons in both sugars. However, no complete set of correlations was detected for any given proton at -15°C. Appropriate slices along the F2 axis extracted from the NOESY spectrum at -15°C produced a complete 1 H spectrum for ATP, and incomplete 1 H spectra for glutathione and sucrose molecules. All three 1 H patterns were similar to those extracted from slices of the NOESY spectrum recorded under the same operating conditions for the separate, pure components of this mixture (Fig. 55). Very flexible molecules such as glutathione may be studied in supercooled water at a lower temperature than -15°C, to enhance spin diffusion further, by using extremely narrow capillaries. However, the extremely low detectable active volume may prevent this approach because of the much lower S/N ratio. Neat DMSO and Glycerol (GL) have viscosities of 2.2 cP and 1412 cP respectively at 20°C, [START_REF] Angulo | Characterization of dimethylsulfoxide/glycerol mixtures: a binary solvent system for the study of "friction-dependent" chemical reactivity[END_REF] and melting points of 18.52°C and 18.2°C. [START_REF] Haynes | CRC Handbook of Chemistry and Physics -97[END_REF]. Their mixture produces a viscous binary solvent system whose properties depend on composition and for which the melting point can reach subzero temperatures. The higher the amount of GL, the more viscous is the solvent blend, making it easy to control the NOE enhancement for spin diffusion-based mixture analysis.

[50] In addition, the values of the dielectric constant of 46.02 and 42.5 at 20°C for DMSO and GL respectively indicate a high dissolution ability for polar and apolar compounds. [START_REF] Angulo | Characterization of dimethylsulfoxide/glycerol mixtures: a binary solvent system for the study of "friction-dependent" chemical reactivity[END_REF] GL-d8 is moderately expensive and is only commercially accessible at a relatively low 2 H enrichment level (98%), which results in intense residual 1 H solvent resonances in the spectra.

Lameiras et al. reported in 2016 the use of DMSO-d6/GL and DMSO-d6/GL-d8 blends as new high-viscosity solvents for NMR investigations of complex mixtures, [START_REF] Lameiras | Highly Viscous Binary Solvents: DMSO-d6/Glycerol and DMSO-d6/Glycerol-d8 for Polar and Apolar Mixture Analysis by NMR[END_REF] since other previously reported viscous solvents such as polymeric fluorinated oils [START_REF] Simpson | Spectral Editing of Organic Mixtures into Pure Components Using NMR Spectroscopy and Ultraviscous Solvents[END_REF] were inappropriate for the dissolution of polar molecules and pure glycerol was not appropriate for the study of low polarity compounds. [START_REF] Lameiras | Glycerol and glycerol carbonate as ultraviscous solvents for mixture analysis by NMR[END_REF] The authors focused The authors stressed that handling DMSO-d6/GL and DMSO-d6/GL-d8 has advantages over other viscous solvents previously reported in the literature, such as pure GL or GC, [START_REF] Lameiras | Glycerol and glycerol carbonate as ultraviscous solvents for mixture analysis by NMR[END_REF] These are easier sample preparation, control of spin diffusion over a larger range of temperature (starting at 248 K), and easier main field locking and shimming due to the high DMSO-d6 content in both solvent blends. They also allow a very wide variety of low-and high-polarity compounds to be dissolved. DMSO-d6/GL and DMSO-d6/GL-d8 are, respectively, recommended for the analysis of biological molecules for which labile proton exchange with solvent has to be avoided, and for the study of organic compounds for which labile protons are not crucial to their structure elucidation. Large compounds will necessitate a low proportion of GL/GL-d8 in DMSO-d6 while small compounds will require more GL (or GL-d8), up to 50%, to achieve spin diffusion from 298 to 248 K. 

Dimethylsulfoxide-d6 (DMSO-d6)/ethylene Glycol (EG) blend

As mentioned earlier in this review, pure DMSO and ethylene glycol (EG) have viscosities of 2.20 cP at 20°C [START_REF] Angulo | Characterization of dimethylsulfoxide/glycerol mixtures: a binary solvent system for the study of "friction-dependent" chemical reactivity[END_REF] and 17 cP at 25°C [START_REF] Artemchenko | Viscosity and structure of potassium iodide solutions in ethylene glycol[END_REF] respectively, and freezing points of We first determined through band-selective detection 2D NOESY that 268 K was a temperature at which spin diffusion was efficient and spectral resolution sufficient for further studies. [START_REF] Simpson | Spectral Editing of Organic Mixtures into Pure Components Using NMR Spectroscopy and Ultraviscous Solvents[END_REF][START_REF] Lameiras | Glycerol and glycerol carbonate as ultraviscous solvents for mixture analysis by NMR[END_REF] Spin diffusion was observed over distances greater than 14 Å, and allowed the signals of the mixed peptides to be distinguished because the chemical shift pattern of each amino acid was predictable (Fig. 60a). In A suitable set of 1D selective NOESY experiment (Fig. 61) enabled us to distinguish between the dipeptides. Full magnetization transfer was effective over all dipeptides (over distances greater than 14 Å).

We also employed a less time-consuming method, as 

Dimethylsulfoxide-d6 (DMSO-d6)/water blend

As previously reported in section 2.5, the physical properties of DMSO-water blends have been thoroughly investigated for more than 50 years. [START_REF] Cowie | Association in the binary liquid system dimethyl sulphoxide -water[END_REF][START_REF] Douzou | Proteins at work: "stop-action" pictures at subzero temperatures[END_REF][START_REF] Havemeyer | Freezing point curve of dimethyl sulfoxide-water solutions[END_REF][START_REF] Packer | Nuclear spin relaxation and self-diffusion in the binary system, dimethylsulphoxide (DMSO)+ water[END_REF][START_REF] Schichman | Viscosity and local liquid structure in dimethyl sulfoxide-water mixtures[END_REF][START_REF] Tokuhiro | Contribution of relaxation and chemical shift results to the elucidation of the structure of the water-DMSO liquid system[END_REF][START_REF] Fox | Component interactions in aqueous dimethyl sulphoxide[END_REF][START_REF] Schott | Determination of Extent of Hydration of Water-Miscible Organic Liquids in Aqueous Solution from Viscosity Data[END_REF][START_REF] Madigosky | Ultrasonic measurements and liquid structure of DMSO-water mixture[END_REF][START_REF] Luzar | Structure and hydrogen bond dynamics of water-dimethyl sulfoxide mixtures by computer simulations[END_REF][START_REF] Catalán | Characterization of binary solvent mixtures of DMSO with water and other cosolvents[END_REF][START_REF] Palaiologou | Viscosity Studies on Lithium Bromide in Water + Dimethyl Sulfoxide Mixtures at 278[END_REF][START_REF] Płowaś | Relative Static Permittivity of Dimethyl Sulfoxide + Water Mixtures[END_REF][START_REF] Wen | Nuclear Magnetic Resonance Spectroscopy Investigation on Ultralow Melting Temperature Behavior of Dimethyl Sulfoxide-Water Solutions[END_REF] Due to the very strong interaction between the two solvents through hydrogen bonding, [START_REF] Fox | Component interactions in aqueous dimethyl sulphoxide[END_REF][START_REF] Schott | Determination of Extent of Hydration of Water-Miscible Organic Liquids in Aqueous Solution from Viscosity Data[END_REF][START_REF] Madigosky | Ultrasonic measurements and liquid structure of DMSO-water mixture[END_REF] the viscosity of DMSO-water blends are higher than those of the individual pure solvents. [START_REF] Cowie | Association in the binary liquid system dimethyl sulphoxide -water[END_REF][START_REF] Catalán | Characterization of binary solvent mixtures of DMSO with water and other cosolvents[END_REF][START_REF] Palaiologou | Viscosity Studies on Lithium Bromide in Water + Dimethyl Sulfoxide Mixtures at 278[END_REF] In addition, the viscosity of this solvent blend, which depends on the proportions, increases considerably with reduction in temperature. For example, multiplication of the viscosity by factors of 3 and 10 compared to ambient temperature (η = 3.8 cP) is achieved for 30% mole fraction of DMSO in water at 0°C (η = 9.1 cP) and -25°C (η = 32 cP)

respectively, [START_REF] Madigosky | Ultrasonic measurements and liquid structure of DMSO-water mixture[END_REF] with melting points dropping down to -130°C. [START_REF] Havemeyer | Freezing point curve of dimethyl sulfoxide-water solutions[END_REF][START_REF] Płowaś | Relative Static Permittivity of Dimethyl Sulfoxide + Water Mixtures[END_REF][START_REF] Wen | Nuclear Magnetic Resonance Spectroscopy Investigation on Ultralow Melting Temperature Behavior of Dimethyl Sulfoxide-Water Solutions[END_REF]. Consequently, the sign and the size of intramolecular NOE enhancements may be efficiently controlled by simply changing the sample temperature over a wide range from -130°C to room temperature and even higher. [START_REF] Gierer | Molekulare Theorie der Mikroreibung[END_REF]. This ability to manipulate NOE enhancements turns out to be tremendously useful in NMR investigations of mixtures.

In F1 encoding of chemical shifts of nuclei other than 1 H may be useful to avoid strong proton resonance overlap in the study of complex mixtures. Under spin diffusion conditions, 2D 1 H-13 C HSQC-NOESY spectra can reveal 1 H and 13 C chemical shift lists for every mixture constituent. [START_REF] Lameiras | Highly Viscous Binary Solvents: DMSO-d6/Glycerol and DMSO-d6/Glycerol-d8 for Polar and Apolar Mixture Analysis by NMR[END_REF] The authors extended this approach to 2D 1 H-15 N HSQC-NOESY.

They also involved 19 F nuclei in spin diffusion experiments.

The 19 F nucleus has 100% natural abundance and a high magnetogyric ratio (γ( 19 F)/γ( 1 H) = 0.941). They implemented this original approach to mixture analysis and exemplified it via 1D and 2D 1 H-19 F HOESY experiments. 

Sucrose solution

Interestingly for mixture analysis, "table sugar" (i.e.

sucrose) in water produces a high-viscosity medium that leads to spin diffusion over a wide range of temperature (from room temperature downwards, the latter especially appropriate for thermally unstable bioactive molecules) due to the decrease of the molecular tumbling rate.

Sucrose/water (1:1 w/w) syrup has a viscosity of around 27 cP at 283 K, [404, 405] whereas that of water at the same temperature is 1.307 cP. [START_REF] Cho | Thermal Offset Viscosities of Liquid H2O, D2O, and T2O[END_REF] The preparation of NMR samples is user-friendly, as the viscosity at room temperature allows easy transfer of the sample solution to the NMR tube.

The cost of sample preparation is very low, since "table

sugar" is a very common staple. However, the intense proton signals of non-deuterated sucrose need to be suppressed.

Medium-sized compounds will require only a low concentration of sucrose in water, while smaller compounds will require more sucrose to enhance spin diffusion at room temperature and below. The biggest problem of such solutions is the requirement to suppress the 1 H signals of sucrose and water (Fig. 68a), since deuterated sucrose would be too expensive to produce and deuterated water would exchange with the labile amide protons of the dipeptides. As previously, the suppression of these signals can be accomplished using selective excitation and detection pulses within an excitation sculpting scheme.

[387] Fig. 68b shows the efficacy of the solvent suppression that was accomplished via band selective detection (Fig. 68e).

Lameiras and co-workers demonstrated that using viscous sucrose solution at 283 K allows full intramolecular magnetization exchange by spin diffusion, observed over distances greater than 14 Å, throughout all these small and flexible dipeptides, using a band-selective detection NOESY experiment (Fig. 69). Clustering of proton resonances is rapidly achievable, making it possible to distinguish the mixture constituents.

For analytical purposes, the authors also collected Gaussian pulse. Adapted from [START_REF] Lameiras | Polar mixture analysis by NMR under spin diffusion conditions in viscous sucrose solution and agarose gel[END_REF]. As previously noted, [START_REF] Pastore | Peptides and proteins in a confined environment: NMR spectra at natural isotopic abundance[END_REF][START_REF] Spring | Supercooled aqueous nuclear magnetic resonance using agarose gels[END_REF] owing to the rapid transverse relaxation of protons in agarose gel, agarose proton resonances are not normally observable (Fig. 71). This is undoubtedly the biggest advantage of this medium in polar mixture analysis, as there is only the residual HOD signal to suppress. Reproduced from [START_REF] Lameiras | Polar mixture analysis by NMR under spin diffusion conditions in viscous sucrose solution and agarose gel[END_REF].

The authors reused the 1D selective NOESY experiment described earlier to emphasise the difference in behaviour between the different dipeptides in agarose gel. Fig. 72 shows that all the Tyr-based dipeptides could be 

Sulfolane blends

Sulfolane is an inexpensive, non-reactive dipolar aprotic solvent with interesting chemical, thermal and physical properties. It is composed of globular molecules and has a moderately high dielectric constant (ε = 43.4 at 300 K) [START_REF] Jannelli | Partial molar volumes of C2-C5 normal and branched nitriles in sulfolane solutions at 30°C[END_REF] and a high dipole moment (μ = 4.80 D), responsible for its ability to dissolve a very large variety of polar and moderately apolar organic molecules. [START_REF] Riddick | Organic Solvents: Physical Properties and Methods of Purification, 4 th Edition[END_REF] Sulfolane is fully miscible with water, other polar, and aromatic organic solvents. Its freezing point is significantly reduced, to sub-zero temperatures, after adding water (50% v/v, 256 K) or DMSO-d6 (30% v/v, 238 K). [START_REF] Pedinielli | Mixture Analysis in Viscous Solvents by NMR Spin Diffusion Spectroscopy: ViscY. Application to High-and Low-Polarity Organic Compounds Dissolved in Sulfolane/Water and Sulfolane/DMSO-d6 Blends[END_REF] This is particularly helpful for thermo-sensitive molecules. Owing to the increase in viscosity of these binary solvents with decreasing temperature, dissolved species can show spin diffusion at room temperature and below. [START_REF] Sacco | Dell'atti, Excess volumes and viscosity of water-sulfolane mixtures at 30, 40 and 50°C[END_REF] At room temperature the viscosities of both blends are reasonably small, although neat sulfolane has a value of 10.29 cP at 303 K, [409] greater than 0.898 cP for water and 2.007 cP for DMSO-d6 at 298 K [19] Sulfolane is thus convenient for NMR sample preparation, in contrast to the high-viscosity alternatives glycerol (η = 934 cP at 298 K) and glycerol carbonate (η = 85.4 cP at 298 K). [START_REF] Sonnati | Glycerol carbonate as a versatile building block for tomorrow: synthesis, reactivity, properties and applications[END_REF] The major experimental drawback of using both sulfolanebased blends is the appearance of intense proton signals, The authors demonstrated that the use of the sulfolane/water blend at 258 K, at 500 MHz ( 1 H), allowed complete intramolecular magnetization exchange through spin diffusion over distances greater than 14 Å within each of the small and flexible dipeptides, using band-selective detection NOESY experiments (Fig. 77). 

Overview of advantages/disadvantages of viscous solvents in molecule mixture analysis

This section offers an overview of the advantages and disadvantages of the various viscous solvents (solvent blends) described to date in the literature for mixture analysis using spin diffusion, in Table 5. Ease of sample preparation, dissolution power for high-/low-polarity compounds, solvent cost, spin diffusion efficiency, NMR spectral resolution, labile proton exchange, applicability of routine NMR tools such as locking and shimming, and the need for solvent suppression necessary are indicated either positively (green tick) or negatively (red cross).

Table 5. Overview of advantages/disadvantages of viscous solvents in molecule mixture analysis. d = distance over which spin diffusion has been reported. The size of the symbols is correlated with the strength of advantages/disadvantages. 

Conclusion

Fig. 2 .

 2 Fig. 2. Normal and nOe difference spectra of 1 at 250 MHz in CD3CO2D. Each NOE difference spectrum (upper five traces) is identified using the normal spectral peak which was pre-irradiated in the corresponding experiment.

[ 24 ]Fig. 3 .

 243 Fig. 3. Chemical structure of Echinomycin

Fig. 4 .

 4 Fig. 4. Cram projection of the carbon bearing H Z and Newman projection of the cross-bridge including H Z . Reproduced from [25].

Fig. 5 .Fig. 6 .

 56 Fig. 5. Chemical structures of bis(benzyl)bis(tertbutylcyclopentadienyl)zirconnium(IV) (1), (S,S)-1,2-ethanediylbis[(o-methoxypheny1)phenylphosphine oxide] (Dipampo, 2), and a dipeptide, N-acetyl-L-prolyl-D-alanine methylamide (3). Reproduced from [28].

Fig. 7 .

 7 Fig. 7. (A) 500-MHz 'H NMR spectrum of 2 in 80% halocarbon wax and 20% benzene-d6 at 10°C. (B) Difference NOE spectrum of 2 in benzene-d6 after irradiation of position 4. (C) Difference spectrum of 2 dissolved in 80% halocarbon wax and 20% benzene-d6 after irradiation of position 4.

Fig. 8 .

 8 Fig. 8. (A) 500-MHz 'H NMR spectrum of 3 in 75% halocarbon wax and 25% chloroform-d at 10°C. (B) Pure absorption phase 1k*1k 2D NOE contour map

Fig. 9 .

 9 Fig. 9. Conformational equilibria of the Ac-(L)Proline-(D)Alanine-NHMe dipeptide. Reproduced from [29].

solution structures employing conformational searching methods combined with molecular mechanics energy minimizations, 2 )

 2 optimizing rotational correlation times and external rate parameters involved in the back-calculation of NOE spectra for trial solution structures, and 3) analysing the observed NOE data so as to find out the set of populations of discrete structures that best fitted with the observed NOE data. The authors focused on the validity of structure characterization of dipeptide conformations yielded by CPA software, bringing attention to generic concerns about the interpretation of NOE data. Indeed, the experimental NOE data were investigated to discover the factors influencing the structural characterization of flexible dipeptide conformations. Both quantitative and qualitative interpretations of solution NOE data were demonstrated to depend critically on the contribution of empirical force-field energetics to the determination of viable structures, and on the protocols involved for proposing trial structures. The relative influence weighting of large vs small NOEs has to be considered as well as that of inclusion vs exclusion of null data on the fittingerror function (involvement or not of the absence of NOE cross peaks in the fitting procedure). Factors assumed not to have significant influence on the interpretation of NOE data were assessed: 1) conformational interconversion was assumed to be either slow or fast in comparison with T1, 2) diagonal cross peak inclusion in the fitting procedure, and 3) which structures were considered in deducing the rotational correlation time from the experimental NOE data. At the end of the study, the authors pointed out significant doubts about the realistic information content of NOESY spectra for flexible molecules, in particular for the Ac-(L)Proline-(D)Alanine-NHMe dipeptide. However, multiconformer models such as CPA, Nikiforovich Monte Carlo [37-40], and MEDUSA procedures [41] seemed to lead to a more accurate evaluation of molecular solution structures of flexible molecules than those based on a single-conformer model [42]. The use of CTFEP was also described in 1998 by Lienin et al. for investigating its viscosity-dependent retarding effect on the rotational motion of 1,3-dibromoadamantane (MW = 294.03 g mol -1

A andB

  Ristocetin is a glycopeptide antibiotic produced by the micro-organism Nocardia lurida, in two forms A and B which differ in their sugar content.[START_REF] Philip | Antibiotics Annual[END_REF] Both forms are known to act by binding to bacterial cell-wall mucopeptides of acyl-D-Ala-D-Ala structure.[START_REF] Perkins | Specificity of combination between mucopeptide precursors and vancomycin or ristocetin[END_REF][START_REF] Nieto | Modifications of the acyl-Dalanyl-D-alanine terminus affecting complex-formation with Vancomycin[END_REF][START_REF] Perkins | The chemical basis for the action of the vancomycin group of antibiotics[END_REF] Cross-linking of the cell wall constituent is then prevented during biosynthesis, inhibiting the growth and consequently leading to cell destruction by lysis.[START_REF] Williams | The Vancomycin Group of Antibiotics and the Fight against Resistant Bacteria[END_REF][START_REF] Süssmuth | The Chemistry and Biology of Vancomycin and Other Glycopeptide Antibiotic Derivatives[END_REF] Both forms were used in the past to treat staphylococcal infections. Ristocetin is no longer used clinically because it gave rise to thrombocytopenia and platelet agglutination. [100] Currently, it is employed in the diagnosis of von Willebrand disease (VWD) and of Bernard-Soulier syndrome. Williams and co-workers published several studies involving the use of DMSO-d6 [58, 101, 102] for NMR structural and conformational studies of Ristocetin A (MW = 2067.94 g mol -1 ) and for understanding its interaction with a cell wall peptide analogue by means of negative NOEs. [60, 61, 67] The combination of the molecular weight of at least 2050 g mol -1 and the involvement of spectrometers operating between 270 and 360 MHz ( 1 H), under conditions of moderate sample viscosity at room temperature (and above), led to negative NOE enhancements observed by steady-state NOE difference spectroscopy. In 1979, Williams and co-workers confirmed the structure of the Ristocetin A aglycone by means of 1 H steady-state negative NOEs and analogies between a part of the structure of the antibiotic and that of Vancomycin. [61] They succeeded in proposing the absolute stereochemistry of eight of the nine asymmetric centres. The NMR analysis was carried out from 24 to 70°C on 270 and 360 MHz spectrometers. The observed negative NOEs allowed the molecular geometry of Ristocetin A to be deduced. Furthermore, in order to reduce the impact of any 1 H spectrum misassignment on the interpretation of NOEs and consequently on the molecular geometry, the authors also combined the NMR results with part of the X-ray structure of Vancomycin. [103] The remaining details of the structure of Ristocetin A were successfully established in the same year (Fig. 10) by the same team during the investigation of the interaction between the Ristocetin A and bacterial cell wall peptide analogue. They reported the occurrence of slow exchange of the complex of Ristocetin A with peptide Ac-D-Ala-D-Ala in DMSO-d6 at 30°C and 270 MHz ( 1 H), making it possible to map the binding site and thus to establish the molecular basis of the antibiotic action. [60] To achieve this goal, they considered four NOEs between the bacterial analogue peptide and Ristocetin A. As a result, they highlighted the bonding of the carboxyl terminus of Ac-D-Ala-D-Ala to several amide protons of Ristocetin A (Fig. 11). In 1983, this binding site was validated by the measurement of intermolecular distances in antibiotic/peptide complexes by means of negative time-dependent NOEs extracted from NOE difference spectra in neat DMSO-d6 at 400 MHz ( 1 H)

Fig. 11 .

 11 Fig. 11. A view of the binding of Ac-D-AIa-D-AIa to Ristocetin A. A portion of the peptide backbone of Ristocetin A which is not involved in binding Ac-D-Ala-D-Ala by hydrogen bonding is indicated by a curved line, to simplify the diagram. Reproduced from [60].

Fig. 12 .

 12 Fig. 12. (a, Upper) Examples of the rate of buildup of the NOE after irradiation of bound alanine methyl protons in the Ristocetin A (Fig. 10)/tripeptide complex: ○ {Ala1β} -> e; ■ {Ala2β} -> x; X {Ala1β} -> j; ▲ {Ala1β} -> w. The irradiation power was sufficient to saturate the irradiated peak essentially instantaneously. The size of the NOE is measured in arbitrary units. (b, Lower) Plot of the data in (a) as In (h∞ -ht) against time; ht is the size of the NOE shown above at time t. The gradient of the straight line gives the rate at which

  Vancomycin is the most prominent representative of the family of glycopeptide antibiotics. It still widely used to treat bacterial infections such as complicated skin infections, bloodstream infections, endocarditis, bone and joint infections, and especially meningitis caused by methicillinresistant Staphylococcus aureus. [104] It was first isolated from a culture of the gram-positive bacterial strain Amycolatopsis orientalis in 1956 in a screening program of Eli Lilly and Company. [105] Since then, many structurally related glycopeptides have been isolated from bacterial strains. The activity of Vancomycin relies on its ability to bind selectively to peptides of D-Ala-D-Ala C-terminal sequence, [95] since mucopeptides terminating in the sequence D-Ala-D-Ala are precursors involved in cell wall biosynthesis. As for Ristocetin, the binding of Vancomycin to mucopeptides inhibits the cross-linking of the cell wall. [67, 96, 98, 99] The first attempt to determine the structure of Vancomycin, reported in 1965, deduced the presence of N-methylleucine, glucose, and chlorophenol units. [106, 107] However, solving such a complex structure by NMR would have required different experiments and operating frequencies higher than those available at that time. Williams and co-workers deployed important efforts to solve the structure and the conformation of Vancomycin in the 1970-80s in neat DMSO-d6 [108, 109] by means of steadystate NOE difference spectroscopy. [53, 64, 67]. In 1977, they investigated the structures and mode of action of Vancomycin (MW = 1449.25 g mol -1 ) and Aglucovancomycin (MW = 1143.94 g mol -1 ) in DMSO-d6, at 270 MHz ( 1 H) and 30°C. [53] All detected NOEs were negative (-15 to -50% in intensity), and sufficiently relevant to determine approximate interproton distances. However, the NMR data were not accurate enough to deliver a unique structure for Vancomycin, or a detailed depiction of its binding to Ac-D-Ala-D-Ala. Despite missing NMR data, they established the connexion between units (1) and (4) through six secondary amide bonds. The structure was completed by a free carboxyl group bounded to the alpha-carbon of ring D and a primary amide group. They also deduced that the sugar Vancosamine and glucose are linked in α and β anomeric forms, respectively. The site of attachment of the nitrogen atom of aspartic acid was determined, and a carboxyl group was revealed to be part of a biphenyl-2,3'-diyldiglycinate unit. They asserted that Vancomycin was tricyclic, and Ac-D-Ala-D-Ala binds by inserting into the cavity of this tricyclic structure such that the carboxylate group can be attached to the N-methyl groups of leucine.

Fig. 13 .

 13 Fig. 13. Structure of Vancomycin. Reproduced from [110].

  map of interproton distances to give detailed structural information on the antibiotic Vancomycin. The main conclusions were in agreement with a previous X-ray structure of CDP-I (a degradation product of Vancomycin). [103] They demonstrated that if spin diffusion was wellrecognized, and minimized where necessary with deuterium exchange, 1D NOE difference spectroscopy method was at that time an extremely powerful approach for structure and conformation elucidation of unknown molecules. In 1983, to understand the mode of action of Vancomycin on bacteria, its binding site with Ac-D-Ala-D-A-la was investigated by means of time-dependent NOE measurements, at 5°C, at 400 MHz ( 1 H) in a DMSO-d6/CCl4

  -D-Ala-D-Ala (1:2) in DMSO-d6/CCl4 (10:3); data recorded at 400 MHz and 5°C.

Fig. 14 .

 14 Fig. 14. Time dependence of NOEs seen after irradiation of proton a4 in the Vancomycin/Ac-D-Ala-D-Ala complex (~ 10 mM) in DMSO-d6/CCl4 solution at 5°C. Irradiation duration was 0.1 s. Adapted from [67].

16 )

 16 this context, in 1976, Glickson and co-workers decided to use this molecule as a model for investigating the intramolecular 1 H nuclear Overhauser effect in peptides and depsipeptides, and then to evaluate various models that were proposed for the conformation of Valinomycin. 1D NOE difference experiments on Valinomycin in DMSO-d6 were carried out at 90 MHz ( 1 H) (FT mode) and 250 MHz ( 1 H) (fast passage method). [51, 52] They observed positive NOEs at the lower frequency and negative ones at the higher frequency. (Fig. The signs and magnitudes of the NOEs at 90 MHz and 250 MHz clearly demonstrated that the negative NOEs resulted from a dipolar relaxation mechanism in combination with a long molecular correlation time, and not from exchange modulation of scalar coupling, since this latter effect would not explain the positive NOEs observed at 90 MHz. At 250 MHz operating frequency, a long correlation time due to the size of Valinomycin (MW = 1111 g mol -1 ) dissolved in a relatively viscous solvent such as neat DMSO-d6 at 30°C switched Valinomycin from the fast to the slow tumbling regime, allowing the detection of negative NOE enhancements.

Fig. 15 .

 15 Fig. 15. Chemical structure of Valinomycin.

Fig. 16 .

 16 Fig. 16. NOE measurements of Valinomycin in (CD3)2SO at 90 MHz by FT-NMR: a) control spectrum, b) spectrum obtained after low power presaturation of D-Val NH resonance, c) difference spectrum (spectrum b minus spectrum a multiplied by a factor of 2.0). NOE measurements at 250 MHz by correlation NMR: d) control spectrum (secondary rf 100 Hz to high field of D-Val NH resonance), e) spectrum obtained with saturation of D-Val CαH resonance, f) difference spectrum (spectrum e minus spectrum d multiplied by a factor of 3.1). Adapted from [52].

Fig. 17 .

 17 Fig. 17. a) Cross-sections of a 2D NOE spectrum of sucrose along the first dimension at the frequency of the anomeric proton of glucose at (A) 40 °C, (B) 25 °C and (C) 0 °C. b) Pure absorption 2D NOE contour map of 10 mM sucrose in DMSO-d6/D2O (2: 1 v/v) at 0 °C. Adapted from [137].

  peaks (diagonal peaks phased to be positive as well) from NOESY spectra. 3D structures of this strained cyclic peptide were determined by several molecular modelling techniques integrating proton-proton distances from a quantitative analysis of 2D NOE data and dihedral angles from spin-spin coupling constants. The calculations of interproton distances were accomplished by considering the cross peak and diagonal peak volumes from the 2D NOE spectra, taking multispin effects such as spin diffusion into account in the analysis. [163] They then assumed that the enhancement magnitude for two spins i and j after a mixing time was proportional to the cross-relaxation rate, which in turn depends on , to give the proton-proton distances. Their 3D structures showed a stable conformation for the macrocyclic ring of the peptide, and the existence of a cis-Phe-Ala peptide bond. The authors tried to identify regions of the peptide probably influenced by motional averaging by means of a molecular dynamics trajectory of the cyclic peptide. The resulting distance and angular fluctuations in the cyclic part were very small (i.e. root mean square fluctuations of less than 0.15 Å), highlighting the low probability of a change in the ring pucker of the molecule. In contrast, the noncyclic part of the peptide of the molecule showed considerable flexibility. From the conformational information collected over the study, the authors explained the inability of this cyclic peptide to inhibit human renin by the presence of the cis Phe-Ala peptide bond. A computer-generated model of the active site of human renin and the docking of a larger, active, macrocyclic (12 or 14 members) peptide containing a trans Phe-Ala peptide bond were invoked to explain the inactivity of peptide 1.

Fig. 18 .[ 140 ]

 18140 Fig. 18. a) Structure of the cyclic peptide 1. b) Portion of a two-dimensional NOE contour map obtained in DMSO-d6/D2O (2:1 v/v) at 500 MHz. The assignments of the protons of the macrocyclic ring are given at the top of the plot. Adapted from [135].

K and 297 K

 297 . The more the temperature decreases, the more the water viscosity increases, causing the increase of responsible for negative NOEs (Fig. 20). The authors demonstrated that comprehensive or almost comprehensive sets of sequential Hα-NH NOEs can be observed in suitable conditions, which allow sequential assignment of NMR spectra of linear peptides without solution structure. The intensities and signs of the observed NOEs also allow access to relative chain mobilities of the peptides.

Fig. 19 .

 19 Fig. 19. Influence of mixing time and solvent composition on the NOESY spectrum of GGRA (20 mM, 295 K, pH 3.5). ( ) Negative NOE; (***) positive NOE. Adapted from [140].

Fig. 20 .

 20 Fig. 20. αN NOE intensity-sequence profiles of GGRA, LH-RH and RNase Speptide under various experimental conditions. The NOE connecting residues 14-15 of S-peptide was not seen under any conditions due to the proximity of the D14 Hα signal to the irradiated solvent line. NOEs showing reduced intensity for the same reason are shown by open circles. Adapted from [140].

  found for the protons of the phenylalanine ring. The relative simplicity of the proton spectrum allowed the authors to observe the effect of irradiation of distinct well-known proton resonances on the intensities of the phenylalanine ring protons (Fig.21).

Fig. 21 .

 21 Fig. 21. a) 250 MHz proton spectrum of spectrum of gramicidin-S in deuterated ethylene glycol solution. b) Interproton NOE on the D-Phe ring proton signal of gramicidin-S in solution EG-d6. Adapted from [208].

  the intermediate to the extremely slow motion limit in which relevant negative NOE enhancements were readily observed not only by means of saturation of individual resonances, but also by 2D NOE methods. [164] Furthermore, rapidly relaxing paramagnetic complexes did not hamper the observation of relevant negative NOEs. 1D and 2D NOE experiments were performed on protohemin-bis cyanide in methanol-d4 (low viscosity) and in ethylene glycol-d6 (high viscosity). Fig. 22bA shows the 500 MHz proton reference spectrum of protohemin-bis cyanide dissolved in methanol. Saturation for 250 ms of the 3-CH3resonance did not yield a useful NOE difference spectrum (Fig.22bB), indicating that the NOEs were insignificant either because of the rapid motion of the complex in this nonviscous solvent, or because of the paramagnetic leakage, or both. This may be explained by considering that the hemin correlation time value of around 0.14 ns is consistent with the intermediate motion limit ( ~ 0.4). In contrast, dissolving the hemin complex in EG-d6 (viscosity 30 times greater than methanol-d4, >> 1, slow-motion regime) gave the 500 MHz proton reference spectrum illustrated in Fig.22bC.Saturation for 250 ms of the 3-CH3 resonance (Fig.22bD) created clear NOEs to all expected protons in the vicinity, the 4-vinyl H(cis), vinyl H(trans), and -meso-H. This showed that only the rapid reorientation, and not the "paramagnetic leakage," interferes with the use of NOEs for peak assignments in low-spin ferric hemes.

Fig. 22 .Fig. 23 .Fig. 24 .Fig. 25 .

 22232425 Fig. 22. a) Structure of protohemin b) (A) Control 1 H NMR spectrum of 2 mM protohemin-bis cyanide in methanol. (B) NOE difference spectrum at 500 MHz which results from saturation of the 3-CH3 (peak c) in methanol. No detectable NOEs are observed. Solvent resonances are indicated by X. (C) Control 1 H NMR spectrum of 2 mM protohemin-bis cyanide in ethylene glycol-d6. (D) NOE difference spectrum resulting from saturation of the 3-CH3 (peak c) in ethylene glycol, yielding NOEs to the α-meso-H (peak 1), 4-vinyl-Hβ (trans) (peak m), and 4-vinyl-Hβ (cis) (peak o). A small amount of off-resonance saturation is seen around the 3-CH3. Adapted from [231].

  the structure could not be considered as a rigid and chiral template. Besides, the solution and solid-state structures were similar, although both molecular mechanics and NOE investigations suggested that multiple conformers could be obtained. The main enantiodiscriminating interaction occurred between the plane of the enamide ester function and the proximal arene ring of the chiral bisphosphine. Molecular mechanics computations seemed to account for the binding diastereoselectivities of the antipodal faces of MAC to the catalysts, but not for the relative reactivity of these intermediates with dihydrogen. Due to the high steric energies computed by molecular mechanics, their work left unanswered questions about the assumed six-coordinate dihydride intermediate in the catalytic asymmetric hydrogenation of prochiral enamides, and hence about the selectivity of the dihydrogen addition reaction. In 1994, Verheyden et al. assessed the influence of low temperature and high viscosity on the conformation of somatostatin (tetradecapeptide, MW= 1637.88 g/mol -1 ), that inhibits the release of growth hormone, insulin and glucagon, [237-239] and two agonists DC13-16 (cyclic octapeptide, MW= 1181.48 g/mol -1 ), and DC25-24 (linear octapeptide, MW= 1085.28 g/mol -1 ) (Fig. 26) by means of ethylene glycol-d4 at 303 K and methanol-d3 at 303 K, 243 K, and 193 K, using 2D transient NOESY spectroscopy at 500 MHz ( 1 H).

[ 240 ]Fig. 26 .

 24026 Fig. 26. Primary structures of somatostatin, DC13-116 and DC25-24.

  JNH-CαH coupling constants, amide proton chemical shift variations induced by temperature changes, and relevant negative NOEs suggested that in EG-d4 at 303 K and in methanol at 243 K somatostatin is in equilibrium between a β-turn over Trp-Lys stabilised by a hydrogen bridge between Thr 10 NH and Phe 7 C=O, and a γ-turn around Trp stabilised by a H-bridge between Lys 9 NH and Phe 7 C=O. In EG-d4 at 303K, DC13-16 adopts a βII'-turn over DTrp 8 -Lys 8 stabilized by a H-bridge between Val 10 NH and Tyr 7 C=O. In comparison, in methanol at 303 K, almost no NOEs were observed, and many more, but fewer than in EG-d4, at 193 K (Table

  negative NOESY cross peaks, due to the reduction of the molecular overall tumbling rate. The authors reported the likely presence of two families of conformations at 295 K: a folded family consistent with the requirements of the δ opioid receptor (~ 30%), and a fully extended family (~ 70%).[START_REF] Temussi | Conformational analysis of an opioid peptide in solvent media that mimic cytoplasm viscosity[END_REF] They ruled out a predominant role for temperature and dielectric constant, since similar conformational effects were observed regardless of the use of EG/water or DMSO/water cryoprotective mixture provided that the medium viscosity was greater than 7 cP in EG/water at[START_REF] Jordan | Hepcidin revisited, disulfide connectivity, dynamics, and structure[END_REF] K or 10 cP in DMSO/water at 265 K. Folded conformers seemed favoured in high viscosity solution over disordered conformers of similar internal energy, since the latter present larger viscosity activation energies because of the number of intermolecular hydrogen bonds. In addition, the intermolecular bond breakage responsible for the loss of the enthalpic contribution is, in part, compensated by the formation of intramolecular hydrogen bonds. The use of EG/water and DMSO-d6/water blends is shown to be relevant for NMR conformational investigations of neuropeptides, since their biological action occurs at synapses; they are expelled by specialized presynaptic vesicles, and reach membrane receptors positioned on the postsynaptic membrane by crossing a cleft. The intersynaptic fluid shows a viscosity greater than that of cytoplasm, [246-248] due to the ordering effect of membrane heads and unstirred layer phenomena. [249] Therefore, the viscosity of this fluid contributes, in addition to the membrane catalysis proposed by Schwyzer, [166] to overcoming the so-called entropic barrier to the transition state of peptide-receptor interaction, by selecting ordered conformations prior to neuropeptide-receptor interaction. D'ursi et al. in 2007 investigated the conformation-activity relationships of peptide T and new pseudocyclic hexapeptide analogues using three cryoprotective mixtures, EG/water, DMF/water and DMSO/water, by means of 2D NOE spectroscopy at 400 and 600 MHz ( 1 H) and at 300 K, and of modelling techniques. [48]

Fig. 27 .

 27 Fig. 27. Partial NOESY spectra of peptide T in three aqueous mixtures: EG/water 80/20 v: v (left), DMF/water 80/20 v: v (centre) and DMSO/water 80/20 v: v (right) at 600 MHz. Adapted from[START_REF] D'ursi | Conformation -Activity relationship of peptide T and new pseudocyclic hexapeptide analogs[END_REF] 

  in EG/water blend, a type IV β-turn conformation in DMF/water blend, and a type II β-turn conformation in DMSO/water blend. The preferred conformations of the analogues came from modelling computations, starting from the preferred conformations of peptide T. The best models arising from the γ-turn conformation of peptide T were those of peptides XII (DSNYSR), XIII (ETNYTK) and XVI (ESNYSR). The best models arising from the type IV β-turn conformation of peptide T were those of peptides XIV (KTTNYE) and XV (DSSNYR). No models with low energy could be extracted for the type II β-turn conformation of peptide T. The analogues with the most strongly preferred conformations were also those active in the chemotactic test.

  1980, Szeverenyi et al. investigated the NOEs of brucine-d2 (MW = 396.5 g mol -1 ), dissolved in perdeuterated 90% phosphoric, acid by means of 1D selective transient NOE difference spectroscopy, at 250 MHz ( 1 H) and room temperature. [113] Under these operating conditions, the tumbling rate of brucine-d2 slowed down considerably, thus permitting the detection of negative NOEs. The authors experimentally measured the time-dependent NOEs of brucine-d2 in H3PO4-d3 and compared these data with those calculated with two purposely written computer programs permitting the calculation of the time development of z magnetization after perturbations of spins by RF fields. The authors chose brucine-d2 (Fig. 28) because of its well resolved proton spectrum at 250 MHz. The aromatic protons were exchanged with deuterium to ensure that the olefinic proton resonance was well resolved from all others, since this proton (n°22) was the spin of interest to invert for the transient NOE experiments. H3PO4-d3 was employed to promote negative NOE enhancements and spin diffusion through brucine-d2 owing to its high viscosity slowing down molecular tumbling. Fig. 29 depicts the time dependence of the NOE in brucine-d2 in H3PO4-d3, at 250 MHz, following 74% inversion of proton 22 in 1D transient NOE difference experiments. In order to compare the experimental results

Fig. 28 .

 28 Fig. 28. Chemical structure of brucine-d2. Reproduced from [113].

Fig. 29 .

 29 Fig. 29. Time dependence of the nuclear Overhauser effect in brucine-d2 in solution in deuteriophosphoric acid, following 74% inversion of proton 22. Solid

2. 9 .

 9 Sulfolane-d8 Sulfolane (2,3,4,5-tetrahydrothiophene-1,1-dioxide) is an inexpensive, colourless, non-reactive dipolar aprotic solvent with important chemical and thermal stability and unusual solvent properties. It is composed of globular molecules and has a moderately high dielectric constant (ε = 43.4 at 300 K) [263] and a high dipole moment (μ = 4.80 D), [24] allowing NMR investigations on a very wide variety of polar and moderately apolar organic compounds. Sulfolane is also worth considering as a viscous solvent, since it is about 5fold more viscous ( = 10.295 cP at 30°C) [263] than DMSO. However, unlike many other usual NMR solvents, sulfolane-d8 introduces several intense residual proton multiplet resonances into spectra that may overlap with those from the molecule of interest, since it is commercially available only at a relatively low enrichment level (98%). Sulfolane-d8 is also quite expensive. In 1984, Kartha et al. considered sulfolane-d8, DMSO-d6 and sulfolane-d8/DMSO-d6 blends for a conformational study of the synthetic cyclopeptide cyclo(L-Phe-L-Pro-D-Ala)2 (MW = 630.74 g mol -1 ), by NMR at 300 MHz ( 1 H) and 25/30°C and by X-ray crystallography (crystals grown from a solution of the peptide in DMSO/water mixture). [264] NMR data indicated that the two-cis backbone was the main form in solution. However, coupling constant and chemical shift data did not limit the possible backbone conformations to the twocis form. Hence, additional information through the use of sulfolane-d8 was sought from nuclear Overhauser enhancements by means of steady-state 1D NOE difference spectroscopy. In DMSO-d6 at 25°C, no or very weak NOEs were observed among the backbone NH and C  H protons, due to the low rotational correlation time of the peptide ( ~ 1). The use of sulfolane-d8 increased the effective rotational correlation time so that NOE enhancements became negative and hence useful (Fig. 30 and Table

Fig. 30 .

 30 Fig. 30. a) Numbering scheme used for cyclo(Phe-Pro-D-Ala)2 b) Nuclear Overhauser enhancements in cyclo(Phe-Pro-D-Ala) in sulfolane-d8, at 30°C at 300 MHz. Difference spectra are the lower curves. (A) Irradiation of H α Phe(cis) at 4.84 ppm, showing NOE of H α Pro(cis) and transfer of saturation to H α Pro(trans). (B) Irradiation of H α Pro(cis) at 4.28 ppm and overlapping H α Pro(trans) and H α Ala(trans), showing NOE to H α Phe(cis). Effect on H α Ala(cis)

Fig. 32 .

 32 Fig. 31. a) Two-dimensional NOESY spectrum at 500 MHz of the cyclic hexapeptide shown in Fig 37 in sulfolane-d8, 5 mg/0.5 mL, 40°C. Several of the observable NOEs are labelled. This spectrum was obtained on a JEOL GX500. Parameters: 2048 points in the F2 direction, 512 zero-filled to 1k in the F1 direction, sweep width 5000 Hz, 64 scans, trapezoidal window, magnitude

  2.10. Supercooled waterSupercooled water turns out to be of prime interest in the manipulation of nuclear Overhauser effects of small and medium-sized molecules at sub-zero temperatures, especially for metabolomic studies. Chemical shift values for non-labile protons of organic compounds of interest at subzero temperature are similar to those observed at room temperature, in contrast to what is observed with other viscous solvent systems such as DMSO/water, ethylene glycol, glycerol, glycerol carbonate, etc. Supercooling refers to the lowering of the temperature of a liquid below its freezing point without it becoming a solid. At atmospheric pressure, the lowest freezing temperature for water was achieved in 1947, at -41.2°C for 1 µm diameter droplets in cloud chambers. [266] Mossop published afterwards in 1955 that the lowest freezing temperature of high purity water in glass capillary tubes was -34.5°C for a volume of 0.6 µL. [267] Chahal and Miller established in 1965 a relationship between the glass capillary tube diameter and the water freezing temperature. [268-270] Later, in 2011, the results of simulations and classical nucleation theory suggested that the temperature of crystallization of water could reach a minimum of around -48°C. [271] Interestingly, the dielectric constant of water increases nearly linearly from ~ 80 at room temperature to ~ 95 at -15°C. This allows a wide range of polar organic compounds to dissolve. The viscosity of supercooled water also depends on temperature.

  addition, the time needed to reach the supercooled state of interest is long (-1°C per hour cooling rate is needed below -5°C).[START_REF] Szyperski | NMR-based structural biology of proteins in supercooled water[END_REF] An alternative way to take advantage of supercooled water is by using polymer gels such as polyacrylamide (combined or not with polyethylene glycol) or agarose gels swollen by different aqueous solutions. They were involved many times in the NMR studies of structure and dynamics of organic compounds such as peptides, proteins, nucleic acids and disaccharides in a confined environment.[START_REF] Pavone | NMR studies of flexible peptides in cavities mimicking the synaptic cleft[END_REF][START_REF] Pastore | Peptides and proteins in a confined environment: NMR spectra at natural isotopic abundance[END_REF][START_REF] Sanfelice | Cold Denaturation and Aggregation: A Comparative NMR Study of Titin I28 in Bulk and in a Confined Environment[END_REF][START_REF] Spring | Supercooled aqueous nuclear magnetic resonance using agarose gels[END_REF][START_REF] Sass | Solution NMR of proteins within polyacrylamide gels: Diffusional properties and residual alignment by mechanical stress or embedding of oriented purple membranes[END_REF][START_REF] Bismuto | The effect of molecular confinement on the conformational dynamics of the native and partly folded state of apomyoglobin[END_REF][START_REF] Bolis | Protein stability in nanocages: a novel approach for influencing protein stability by molecular confinement[END_REF] Pastore et al. in 2007 used agarose gels for natural abundance NMR studies of the synthetic neuropeptide [Ala] 20 NPS[START_REF] Pastore | Peptides and proteins in a confined environment: NMR spectra at natural isotopic abundance[END_REF] as a very flexible bioactive peptide, and of the hen egg white (HEW) lysozyme as an example of a heatresistant protein. Agarose gel is more usually employed for the separation of biological molecules by electrophoresis, although it had already been proposed as a medium for the investigation of the effect of molecular confinement on the conformational dynamics of apomyoglobin.[START_REF] Bismuto | The effect of molecular confinement on the conformational dynamics of the native and partly folded state of apomyoglobin[END_REF] The major issue in sample preparation is the addition of the biological material of interest to agarose powder previously dissolved in water at high temperature (60-90°). Peptide or protein solutions may suffer from the high temperature used, thus precluding structural and conformational NMR studies. In practice, solute exposure to heat lasts only a few minutes, so sample preparation is possible for the reasonably heatresistant peptides or proteins. The very viscous hot sample solution may also be difficult to transfer into a 5 mm NMR tube. As a workaround, the authors proposed dissolving the required amount of agarose directly inside a 5 mm NMR tube and then adding the biological material solution.

Fig. 33 .

 33 Fig. 33. NMR spectra of HEW lysozyme in 1.5% agarose gel at 25°C. (A) 600 MHz 1 H 1D spectrum of 1.5 mM HEW lysozyme in phosphate buffer at pH 6.8.

Fig. 34 .

 34 Fig. 34. Comparison of 600 MHz 1 H NOESY spectra of a natural abundance sample of [Ala] 20 NPS dissolved in 40 mM phosphate buffer at pH 6.8 and embedded in a 1.5% agarose gel. (A) 1 H NOESY spectrum at 25°C with a

Fig. 35 .

 35 Fig. 35. (A) 50mM sucrose spectra from agarose gels (1%) in D2O at 600 MHz. The top and bottom panels are phase-sensitive NOESY spectra at -7 and +17°C, respectively (16 scans, 512 increments, 90° shifted sine-squared function). Red and black peaks denote negative and positive peaks, respectively. The middle spectrum is 1 H at +17°C. (B) CαAG oligonucleotide (30 µM oligonucleotide, 16 000 scans 10 mM sodium phosphate, and 100 mM NaCl, pH 6.8) in 1% agarose at 600 MHz. The top panel is the sequence of CαAG oligonucleotide, and the three spectra in the bottom panel are the 1 H

2. 11 . 1 .

 111 Model membrane systems in D2O D2O is a relatively low viscosity solvent (η = 1.679 cP and 1.251 cP respectively at 10 and 20°C) [337, 338]. Jonas et al. demonstrated the pressure dependence of the D2O viscosity: [305] at 10°C and 6 kbar, the value of the viscosity of D2O is 2.16 cP. As a result, a pressure increase may facilitate a change in sign and intensity of the NOE. Jonas et al. investigated in 1990 the structure and dynamic properties of model membranes such as phospholipids in D2O, at high pressure and by means of 2D NOESY spectroscopy, [339] since understanding biomembrane structure and function was and is still of prime interest. Phospholipid membranes show a reversible phase transition from gel to liquid-crystalline state depending on temperature. Below a specific temperature Tm, the lipid bilayers are in an ordered gel state (Lβ'), characterized by a relatively rigid packing of their long hydrocarbon chains. Above Tm, the lipid bilayers are in a fluid-like state (Lα) with large conformational disorder along the hydrocarbon chains. The authors built a dedicated NMR probehead operating at 180 MHz ( 1 H) [340] and recorded 2D phase-sensitive NOESY spectra of model membrane sonicated vesicles made of 1-palmitoyl-2-oleoylsn-glycero-3-phosphatidylcholine (POPC) and 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine (DMPC) (Fig.36) in the liquid-crystalline state as a function of pressure at temperatures of 28°C for POPC and 64°C for DMPC.[START_REF] Jonas | Highpressure 2D NOESY experiments on phospholipid vesicles[END_REF] 

Fig. 36 .

 36 Fig. 36. a) POPC and b) DPMC chemical structure. Adapted from [339].

[ 341 ]Fig. 37 .Fig. 38 .Fig. 39 .

 341373839 Fig. 37. 2D NOE spectra of sonicated POPC vesicles (0.09 M) at 28°C and (a) 1 bar, (b) 800 bar, and (c) 1400 bar, for = 75 ms and 64 acquisitions at 180MHz. Adapted from[START_REF] Jonas | Highpressure 2D NOESY experiments on phospholipid vesicles[END_REF].

Fig. 40 .

 40 Fig. 40. NOESY spectra of 10% EHB in EHB-d22 taken at 180 MHz, -20°C and (a) 500 bar; (b) 1 kbar; and (c) 1.5 kbar. The mixing time for all spectra was 75 ms. Reproduced from [346].

Fig. 41 .

 41 Fig. 41. Time dependence of the intensity for the cross peak B -F in neat EHB at -20°C (a) and 0°C (b). In (a): ○, 1 bar; •, 500 bar; ▽, 1 kbar; ▼, 1.5 kbar. In (b): ○, 1 kbar; ••, 2 kbar; ▽, 3 kbar. Reproduced from [346].

Fig. 42 .Fig. 43 .

 4243 Fig. 42. a) 500 MHz proton Overhauser experiments on 1 x 10 -3 M Met 5enkephalin in D2O/DMSO-d6 (χDMSO=0.49) at 265 K. (B) Normal spectrum of the aromatic region; (C, D) NOE difference spectra obtained by irradiating the Tyr 1 meta and ortho signals, at 6.68 and 7.02 ppm respectively. The resonances were irradiated for 1.0 s with enough power to null the peaks in 0.05 s. Recycling time was 3.5 s. A control experiment (A), irradiating at the

  1988, Temussi and co-workers undertook a comparison of the temperature coefficients of amide protons chemical shift and the negative NOEs of Leu-enkephalin (LE) with those of Leu-enkephalin amide (LEA) by means of 2D transient 1 H NOE spectroscopy at 277 K and 500 MHz ( 1 H), in a cryoprotective DMSO-d6/H2O/D2O (8:1:1 v/v/v) blend, as

Fig. 44 .[ 154 ]Fig. 45 .

 4415445 Fig. 44. Low field region of a phase-sensitive NOESY spectrum of 8 mM Leuenkephalin in a 80:10:10 DMSO-d6:D2O:H2O mixture at 277 K at 500 MHz with a mixing time of 500 ms. The spectral region shown (ω1 = 0.2 to 9.2 ppm, ω2 = 6.4 to 9.2 ppm) contains cross peaks which manifest NOEs from amide and aromatic protons. All the effects are labelled using the one-letter codes for the residues. The circled cross peak connecting the Gly 2 and Gly 3 NH's is of diagnostic value in discriminating between type I and type II β-turns. Adapted from [139]. In 1998, Temussi et al. attempted one more time to determine the so-called bioactive conformation or family of conformations of Leu-enkephalin at 275 K, in DMSO-d6/water (9:1 v/v) cryoprotective mixture, at 500 MHz ( 1 H), by means of 2D 1 H NOESY and 1 H-15 N HMQC-NOESY experiments.[154] Improvement of the NMR data was essential for the structure-activity relationship study, so they used uniformly15 N-labelled Leu-enkephalin, and a DMSO-d6/water cryoprotective blend at low temperature for collecting intense and numerous NOE enhancements that were difficult to detect in neat DMSO-d6 or water because of the high flexibility of the peptide. Indeed, at 275 K and 500 MHz,15 N-

Picone 142 ]Fig. 46 .

 14246 Fig. 46. a) Partial NOESY spectrum at 300 ms mixing time of [Leu] 5 enkephalin in 90% ethylene glycol/10% H2O (by vol.) at 277 K at 500 MHz, showing all the NH cross peaks. b) Partial NOESY spectrum at 300 ms mixing time of [Leu] 5 enkephalin in 90% dimethylformamide/10% H2O (by vol.) at 277 K at 500MHz, showing all the NH cross peaks, labelled with standard single-letter codes for amino acids. Adapted from[START_REF] Picone | Conformational preferences of [Leu 5 ]enkephalin in biomimetic media: Investigation by 1 H NMR[END_REF].2.12.3. Polyacrylamide gel in DMSO-d6/water blendIn 2002, Pavone et al. investigated solution conformations of the highly flexible neuropeptide [Leu] 5 -enkephalin, 15 Nlabelled, in cavities mimicking the synaptic cleft by means of polyacrylamide gel (PAG) swollen in water and the DMSO-d6 /water (2:8 v/v) cryoprotective system, using 2D transient NOE experiments at 500 MHz ( 1 H) at 273 -293 K. [299] Signal transmission in the nervous system is controlled in synapses, by a large diversity of low molecular weight neuropeptides. The latter interact with their post-synaptic receptors with binding constants in the nanomolar concentration range. From a geometrical point of view, the pores of polyacrylamide gels (8 -12 nm at acrylamide concentrations: 10 -15% w/v) [318] offer a reasonable mimic of the synaptic cleft. The interaction of neuropeptides such as [Leu] 5 -enkephalin with post-synaptic receptors was characterized by a high entropic energy barrier resulting from the combination of low nanomolar concentration and low population of conformers. The authors demonstrated that this

Fig. 47 .

 47 Fig. 47. a: Comparison of partial 15 N-edited ROESY spectra of 15 N-labelled [Leu]enkephalin in bulk water (left) with the corresponding spectrum in water hosted by gel pores (centre) and with the 15 N-edited NOESY spectrum in bulk water (right). All spectra are recorded at 283 K at 500 MHz. Mixing times were 80 ms for the ROESY experiments and 200 ms for the NOESY experiment, typical acquisition time 12 h. Starred cross peaks originate from chemical exchange. b: Comparison of the expanded regions of the 15 N-edited NOESY spectra of 15 N-labelled [Leu]enkephalin in the gel pores using DMSO/water cryomixture (20/80 v/v) (left) and water (right) solutions showing also the cross peak assignments. The temperature for both spectra was 273 K. Typical acquisition time 3 h. Concentration of 15 N-labelled enkephalin in 20 mM Na phosphate, pH 5.4, was approximately 1 mM in all cases. All spectra were recorded on a Bruker DRX-500 spectrometer equipped with an XYZ pulsed field gradient 1 H/ 15 N probehead. Adapted from [299].

  As a result, the resonances of different species can be distinguished according to their ability to share magnetization through intramolecular spin diffusion. All 1 H resonances within the same compound can correlate together in a 2D NOESY spectrum, allowing the extraction of the individual 1 H NMR spectra of mixture constituents. In 2008, Simpson and co-workers first described the use of a high-viscosity solvent, CTFEP, for organic mixture separation via 1D and 2D NOESY spectroscopy. [377] The use of supercooled water (in narrow capillaries) as a means to tailor the rotational dynamics of small molecules was described in 2012 by the same team for identifying small metabolites in mixtures. [296] Lameiras et al. have reported original outcomes in the area of mixture analysis by NMR using glycerol and glycerol carbonate (in 2011), DMSO/glycerol (in 2016), DMSO/water (in 2017), sucrose solution and agarose gel (in 2019), and sulfolane-based solvents (in 2020) as viscous solvents for 1 H and 19 F spin diffusion promotion. [378-383] Lameiras and coworkers also introduced original experimental protocols deriving from 1D and 2D selective 1 H-1 H NOESY and 1 H-19 F HOESY experiments. In 2020, Pedinielli et al. proposed the term ViscY for NMR methods in which Viscous solvents encourage the individualization of mixture constituents by NMR spin diffusion spectroscopY.[START_REF] Pedinielli | Mixture Analysis in Viscous Solvents by NMR Spin Diffusion Spectroscopy: ViscY. Application to High-and Low-Polarity Organic Compounds Dissolved in Sulfolane/Water and Sulfolane/DMSO-d6 Blends[END_REF] 

[ 377 ]

 377 2008, Simpson et al. considered CTFEP mixed with CDCl3 (8:2 v/v) for the spectral editing of organic mixtures. The authors investigated first a mixture of brucine (MW = 394.45 g mol -1 ), strychnine (MW = 334.41 g mol -1 ) and cholesteryl acetate (MW = 428.69 g mol -1 ) at 500 MHz ( 1 H), then a mixture composed of hexadecanophenone (MW = 316.53 g mol -1 ) and phenanthrene (MW = 178.23 g mol -1 ) in the 265 -300 K temperature range, by means of 1D steadystate and 2D NOESY spectroscopy. As expected, in pure CDCl3 at 288 K and 500 MHz all the small molecules of the first mixture gave rise to negative NOESY cross peaks from pairs of protons sufficiently close to each other (Fig. 48.A). In contrast, the same mixture dissolved in CTFEP/chloroform at 288 K and 500 MHz yielded many more positive NOESY cross peaks, revealing that spin diffusion was active. From ~ -30 to -90% NOE enhancements were readily reached and spread throughout each molecule in the mixture (Fig. 48.B). -100 % NOE enhancements were observed for both molecules at 268 K. Spin diffusion was already so active at 288 K that considering one specific resolved 1 H resonance from the NOESY spectrum, even at one extremity of a molecule, made possible the extraction of a subspectrum (slice or row) similar to the spectrum of the isolated pure compound. Relayed NOE correlations were detected over a distance of ~ 18-19 Å, or ~ 15 bonds, whereas in conventional NOESY spectra in non-viscous solvents only interproton correlations corresponding to distances of < 5-6 Å are usually observed. Hence, a complete 1 H spectrum was extracted from the NOESY experiment for each molecule of the mixture, permitting compound by compound spectral discrimination. However, spectral editing by 2D transient NOE spectroscopy in viscous media has the drawback of low spectral resolution, resulting from the influence of the solvent viscosity on transverse relaxation times and hence the reduced resolution of 2D NOESY spectra. The use of CTFEP/ CDCl3 gave rise to a 2-to 3-fold reduction in spectral resolution compared to 1D conventional proton spectra of the mixture in CDCl3 at 288 K. It is also important to take into account the influence on spectral broadening of the size and rigidity of the molecules studied, as well as temperature and solvent blend composition, at a specific magnetic field strength. Finding the correct temperature can turn out to be challenging.

Fig. 48 .

 48 Fig. 48. NOESY spectra of brucine, strychnine, and cholesteryl acetate. Both spectra were obtained at 288 K with a mixing time of 1 s at 500 MHz. (A) is dissolved in chloroform-d. (B) is dissolved in 80:20 CTFEP/chloroform-d.

  C by considering HSQC-NOESY experiments if the available sample amount is sufficient. In CTFEP/CDCl3 (8:2 v/v), all protons should correlate with all other protons and all other protonated carbons within the molecule. This was observed for cholesteryl acetate, as demonstrated in Fig. 50. Each horizontal slice extracted at a given carbon chemical shift produced a complete 1 H spectrum of cholesteryl acetate, and a vertical slice produced the carbon spectrum restricted to protonated carbons. The authors reported that the strategy to follow for inducing spin diffusion by means of the CTFEP/CDCl3 mixture was to start with the 8:2 composition ratio, to consider long NOESY mixing times, and to cool the sample if necessary down to 258-263 K with stable temperature regulation. In addition, they mentioned that the CTFEP/CDCl3 (8:2 v/v) blend was suitable for most of the molecules they studied so far. However, in cases of weak long-range NOE correlations, due to the presence of long flexible chains (alkanes, fatty acids, etc.) or extremely small molecules, they advised increasing the CTFEP proportion up to 90% to increase the viscosity. Conversely, a 70:30 ratio should only be recommended if the mixture is poorly soluble or if there is too much line broadening at 298 K in the 80:20 blend, e.g. owing to the presence of large or rigid molecules. For investigating a wide range of molecules with varying sizes and chain length, the user would have to consider several different CTFEP/CDCl3 combinations at different temperatures. In addition, the biggest problem with spectral editing using CTFEP/CDCl3 solvent blends is the limited mixture solubility for polar compounds; CTFEP is completely immiscible with water and DMSO-d6.

Fig. 49 .

 49 Fig. 49. Top left: plots of the relative % NOE observed with varying oil:chloroform ratios and temperatures for a mixture of phenanthrene and hexadecanophenone at 500 MHz. Top right: chemical structures. Unless otherwise stated, all spectra were acquired at 278 K (see green box on plot, top left) and in 90:10 oil/chloroform. (A) Mixture, (B) phenanthrene, (C) phenanthrene extracted from the NOESY spectrum, (D) hexadecanophenone, (E) hexadecanophenone extracted from the NOESY, and (F) hexadecanophenone in 80:20 oil/chloroform at 268 K acquired via the steadystate NOE method. 1, chloroform in external lock capillary; 2, chloroform in oil; 3, TMS in internal lock capillary; 4, artefacts from incomplete subtraction.

Fig. 50 .

 50 Fig. 50. (A) 2D HQSC-NOESY spectra of cholesteryl acetate, (B) 1 H NMR spectra of cholesteryl acetate, (C) 1 H slice extracted from the 2D HSQC-NOESY spectrum at carbon 16 (indicated by the blue arrow), (D) protonated carbons in cholesteryl acetate (from HSQC projection), and (E) protonated carbon slice extracted from the 2D HSQC-NOESY spectrum at proton 16 (indicated by the red arrow). All spectra were acquired for cholesteryl acetate dissolved in 80:20 oil/chloroform at 288 K at 500 MHz. Adapted from [377].

  viscous solvents (respectively η = 934 cP and 85.4 cP at 25°C),[START_REF] Sonnati | Glycerol carbonate as a versatile building block for tomorrow: synthesis, reactivity, properties and applications[END_REF] offering high dissolution power for a wide variety of polar compounds owing to their high dielectric constants (respectively ε = 42.5[START_REF] Angulo | Characterization of dimethylsulfoxide/glycerol mixtures: a binary solvent system for the study of "friction-dependent" chemical reactivity[END_REF] and 111.5[START_REF] Chernyak | Dielectric Constant, Dipole Moment, and Solubility Parameters of Some Cyclic Acid Esters[END_REF] at 20°C), and may be used to manipulate the NOEs of polar medium-sized and even small molecules. In 2011, Lameiras et al. assessed the use of GL and GC for the individual NMR characterization of four structurally similar polar dipeptides, Leu-Val (MW = 230.31 g mol -1 ), Leu-Tyr (MW = 294.35 g mol -1 ), Gly-Tyr (MW = 238.24 g mol -1 ) and Ala-Tyr (MW = 252.27 g mol -1 ), in a single mixture, using 1D and 2D transient NOE spectroscopy at 500 MHz ( 1 H), taking advantage of spin diffusion. [378] They justified this approach by demonstrating that the individual constituents in the mixture could not be distinguished by their translational diffusion coefficients in the DOSY experiment. The main drawback of this promising "spin diffusion" method was the need to suppress the strong 1 H signals of non-perdeuterated GC and GL. The cost of perdeuterated GL and GC may turn out to be prohibitive, so strong 1 H NMR signals from GL and GC were suppressed by employing 1D and 2D selectiveNOESY experiments using excitation sculpting for "band selective acquisition" or "band selective detection" (Fig.51).

Fig. 51 .

 51 Fig. 51. 1D 1 H spectra and NMR pulse sequences of the dipeptide test mixture in GL (a, b, c, 318 K) and in GC (d, e, f, 288 K) at 500 MHz. (a, d, g) Nonselective excitation and detection. (b, e, h) Selective detection of two resonance bands (dotted trapezium). The ''1'' and ''2'' labels on I-BURP-2 pulses respectively indicate their application to the high and low chemical shift regions. (c, f, i) Selective excitation of the valine amide proton doublet of Leu-Val (dotted trapezium) using a 20 ms, 1% truncated, 180° Gaussian pulse.

  clustering of proton resonances allowed the identification of individual mixture constituents from their characteristic chemical shift patterns. In water, this would have required the combined use of NOESY and TOCSY (and possibly COSY) experiments, following well-established resonance assignment methods. [6]

Fig. 52 .

 52 Fig. 52. Amide proton region of band-selective detection 2D NOESY spectra of dipeptide test mixture (a) dissolved in GL at 318 K, (b) dissolved in GC at 288 K using the pulse sequence in (d), mixing time (tm) = 1 s at 500 MHz. (c) Amide proton region of 2D NOESY spectrum of dipeptide test mixture dissolved in water at 298 K, tm = 1 s. The red frames correspond to spectral regions of interest in which water as solvent has a major effect on the number and sign of observable NOESY cross peaks. Adapted from [378].

Fig. 53 .

 53 Fig. 53. Multiplet selective excitation 1 H 1D NOESY spectra of the dipeptide test mixture in GL (a, b, c, d, 318 K) and in GC (e, f, g, h, 288 K) at 500 MHz. (i) Pulse sequence: Φ1 = x, y, -x, -y, ψ = x, -x. The initial selective excitation was achieved by 1% truncated 180° Gaussian pulses with G1:G2 = 70:30. WURST wideband adiabatic inversion pulses of duration δ2 = 1.5 ms were used within tm (1 s), at 0.33 and 0.83 tm, with G3:G4:G5 = 40:-60:50. The initial selective inversion pulses excited: (a, e) the NHV(LV) proton resonance (δ1 = 20 ms, 8192 scans); (b, f) the HδL(LY)/HδL(LV)/HγV(LV) proton resonances (δ1

  allows negative NOE enhancements to be increased by lowering the molecular tumbling rate, given a sufficiently strong magnetic field, a sufficiently high molecular weight (or rigidity) of the compound of interest, and a sufficiently low temperature. Farooq et al. in 2012 considered supercooled water inside glass capillary tubes as a new approach to metabolite identification and structure validation. [296] The authors assessed their method with a standard mixture of three wellknown molecules in D2O with overlapping proton resonances, before applying it to the assignment of metabolite signals in a worm tissue extract. Exploiting the increase of the water viscosity at sub-zero temperature, they took advantage of the nuclear Overhauser effect enhancement for structure determination of some of the metabolites in mixture.

Fig. 54 .

 54 Fig. 54. (A) 2D NOESY spectrum of a three component mixture comprised of glutathione, sucrose, and ATP acquired with a mixing time of 600 ms at -15 °C at 600 MHz. (B) 2D NOESY spectrum of the same sample acquired using an identical mixing time at 25°C. (C) An overlay of 2D NOESY spectra of the three components obtained separately using the same mixing time at -15 °C; green corresponds to the glutathione, red to sucrose, and blue to ATP. Adapted from [296].

Fig. 55 . 3 . 4 .

 5534 Fig. 55. Series of 1D slices of glutathione (A), sucrose (B), and ATP (C) obtained from the NOESY spectrum of the mixture (left) compared to those obtained from NOESY spectra of the standards alone (right) at identical temperatures (-15°C) and mixing times (600 ms) and sliced at identical resonances (denoted by * ). The sliced resonances correspond to the β proton of the glutamine residue in glutathione, the anomeric proton of sucrose, and the anomeric proton of the ribose in ATP. Adapted from [296].

  on evaluating the DMSO-d6/GL (8:2 v/v) blend in discriminating between the signals of the mixed dipeptides Leu-Val, Leu-Tyr, Gly-Tyr, and Ala-Tyr (the mixture described in section 3.2), at[START_REF] Skalicky | Aromatic ring-flipping in supercooled water: Implications for NMR-based structural biology of proteins[END_REF] K and 500 MHz, ( 1 H) and on evaluating the DMSO-d6/GL-d8 (5:5 v/v) blend in separating the signals of mixed β-ionone (MW = 192.30 g mol -1 ), (±)citronellal (MW = 154.25 g mol -1 ), (+)-limonene (MW = 136.23 g mol -1 ), and flavone (MW = 222.24 g mol -1 ), at 268 K and 600 MHz ( 1 H), using homonuclear 1D and 2D selective NOESY, 2D selective NOESY-COSY, NOESY-TOCSY experiments, and heteronuclear 2D 1 H-13 C and 1 H-15 N HSQC-NOESY. The first use of a selective 2D NOESY-COSY experiment was also reported. Study of the polar mixture made of Leu-Val, Leu-Tyr, Gly-Tyr, and Ala-Tyr in DMSO-d6/GL (8:2 v/v) spectrum of each mixture component. These spectra were compared to the 1D selective NOESY spectra: the proton resonance patterns were similar, as expected. Separation of the signals of the mixture components was also achieved by taking selected vertical slices from the 2D HSQC-NOESY spectrum, so as to yield the four 13 C chemical shift patterns of the protonated carbons. 3.4.1.2. Through-bond chemical shift correlations of β-Ionone, (±)-Citronellal, (+)-Limonene, and Flavone mixed in DMSO-d6/GL-d8 (5:5 v/v) Selective 1D NOESY, 2D NOESY, and 2D HSQC-NOESY spectra readily permitted the clustering of resonance lines coming from the same compound. This can be enough to elucidate the structure of well-known mixture components. However, structure elucidation, and even just identification, of organic compounds usually requires additional NMR data based on J-coupling. In this context, Lameiras et al. implemented a multiplet-selective 2D NOESY-COSY experiment and reused the multiplet-selective NOESY-TOCSY experiment [378] for the characterization of the spin systems that belong to each constituent of the mixture (Figs. 59c and d). The authors recorded both spectra of β-ionone dissolved in DMSO-d6/GL-d8 (5:5 v/v) blend, at 268 K and 600 MHz, starting from selective excitation of the acetyl protons at 2.18 ppm (Figs. 59a and b). The magnetization transferred by spin diffusion throughout the β-ionone structure was sufficient for the 2D NOESY-COSY experiment to reveal relevant 3 J coupling between the ethylenic protons and the cyclohexene protons. The 2D NOESY-TOCSY spectrum confirmed the identification of the spin system around the cyclohexene ring. The 2D selective NOESY-COSY and NOESY-TOCSY experiments made it possible to assign fully the 1 H resonances of β-ionone, and opened the way to structure elucidation through the determination of the 1 H-1 H coupling networks of individual components in mixtures. Lameiras et al. described in 2016 for the first time the use of high-viscosity binary solvents such as DMSO-d6/GL and DMSO-d6/GL-d8 blends for identifying individual polar and apolar components of mixtures by spin diffusion observed over distances greater than 13 Å, using homonuclear 1D selective NOESY, 2D selective NOESY, NOESY-COSY, NOESY-TOCSY, and heteronuclear 2D HSQC-NOESY experiments, at 268 K and 600 MHz.

Fig. 59 .

 59 Fig. 59. Multiplet-selective 1 H (a) NOESY-COSY and (b) NOESY-TOCSY spectra of β-ionone, (±)-citronellal, (+)-limonene, and flavone mixture dissolved in DMSO-d6/GL-d8 (5:5, v/v) at 268 K, tm = 1 s, at 600 MHz. (c) NOESY-COSY and (d) NOESY-TOCSY pulse sequences: φ1 = x, y,-x, -y, ψ = x, -x. For both 2D experiments, the initial selective 180° pulses had a Gaussian shape and were applied to the CH3(14) (β-ionone) proton resonance. Adapted from[START_REF] Lameiras | Highly Viscous Binary Solvents: DMSO-d6/Glycerol and DMSO-d6/Glycerol-d8 for Polar and Apolar Mixture Analysis by NMR[END_REF].

18 .

 18 52°C[START_REF] Haynes | CRC Handbook of Chemistry and Physics -97[END_REF] and -12.5°C.[START_REF] Douzou | Proteins at work: "stop-action" pictures at subzero temperatures[END_REF] Their mixture produces a viscous binary solvent blend whose properties depend on composition and for which the freezing point can reach subzero temperatures. The ability of these solvent blends to become more viscous at sub-zero temperatures as the fraction of EG increases facilitates the manipulation of the sign and the intensity of NOE enhancements over a wide range of temperature, for discriminating between the signals of organic molecules in mixtures by spin diffusion. The dielectric constants of 46.02 and 41.9 respectively for DMSO[START_REF] Angulo | Characterization of dimethylsulfoxide/glycerol mixtures: a binary solvent system for the study of "friction-dependent" chemical reactivity[END_REF] and EG[START_REF] Douzou | Proteins at work: "stop-action" pictures at subzero temperatures[END_REF] at 20°C indicate possible dissolution of a wide variety of polar or moderately apolar compounds. Furthermore, compared to other highly viscous solvents such as GL and GC, NMR sample tube preparation, main field locking and shimming are easier. EG-d6 can be employed instead of EG, but EG-d6 is quite expensive and is commercially available only at relatively low enrichment (98%), which gives rise to intense residual proton solvent resonances in spectra. We report for the first time in this review the use of a DMSO-d6/EG blend as a new viscous solvent blend for the NMR study of a mixture of polar compounds, using spin diffusion. We describe the discrimination of Leu-Val, Leu-Tyr, Gly-Tyr, and Ala-Tyr dipeptide signals in the model mixture investigated in sections 3.2 and 3.4.1, at 268 K and 500 MHz

( 1 H

 1 ), employing homonuclear selective 1D NOESY, selective 2D NOESY-COSY, and heteronuclear 2D 1 H-15 N HSQC-NOESY experiments.

contrast, at 298 K

 298 and 500 MHz in water the four dipeptides produced negative NOE cross peaks (blue correlation peaks in the usual NOESY spectrum, Fig.60b), showing the absence of spin diffusion.[START_REF] Wüthrich | NMR of proteins and nucleic acids[END_REF] 

Fig. 60 .

 60 Fig. 60. Amide proton region of band-selective detection 2D NOESY spectra of a dipeptide test mixture at 500 MHz (a) dissolved in DMSO-d6/EG (7:3, v/v) at 268 K, mixing time (tm) = 1 s, using the pulse sequence in part c. (b) Amide proton region of 2D NOESY spectrum of dipeptide test mixture dissolved in water at 298 K, tm = 1 s. The red frames correspond to spectral regions of interest in which water as solvent has a major effect on the number and sign of observable NOESY cross peaks.

  described earlier, for discriminating between the signals of the dipeptides by means of an F1 band-selective F1 decoupled 2D NOESY experiment (Fig. 62). NH amide resonances were the initial source of magnetization, after the initial band selective excitation step. The mixing time block, using wideband inversion pulses to prevent the resurgence of the EG signal, let spin diffusion extend throughout the proton network of each molecule.

Fig. 61 .

 61 Fig. 61. Multiplet-selective excitation 1D NOESY spectra of the dipeptide test mixture in DMSO-d6/EG (7:3 v/v) (a, b, c, d, e, 268 K) at 500 MHz ( 1 H), tm = 1 s. (f) Pulse sequence: φ1 = x, y, -x, -y, ψ = x, -x. The initial selective inversion pulses excited: (a) the NHV(LV) proton resonance (experiment time (expt) = 444.85 min); (b) HδY(LY)/HδY(GY)/HδY(AY) proton resonances (expt = 56.98 min); (c) the HδL(LY) /HδL(LV)/HγV(LV) proton resonances (expt = 57.05 min); (d) the HαY(GY) proton resonance (expt = 149.83 min). (e) the HβA(AY) proton resonance (expt = 147.50 min).

Fig. 62 .

 62 Fig. 62. (a) F1 band selective F1 decoupled 2D NOESY spectrum of the dipeptide test mixture in DMSO-d6/EG (7:3 v/v) at 268 K, at 500 MHz ( 1 H), (256 scans per t1 value, expt = 437 min, tm = 1 s). (b) Pulse sequence: φ1 = x, y, -x, -y, ψ = x, -x. The initial selective 180° pulses had Gaussian shape and were applied to the four NH amide proton resonances.

Fig. 63 .

 63 Fig. 63. a) 2D 1 H-15 N HSQC-NOESY spectrum of the dipeptide test mixture (10 mM) dissolved in DMSO-d6/EG (7:3 v/v), at 268 K, tm = 1 s, at 600 MHz ( 1 H).

  2017, Lameiras et al. reported the use of viscous DMSO-d6/water blends for the analysis of two mixtures respectively constituted of polar and moderately apolar compounds, by means of homo-and heteronuclear NMR,[START_REF] Lameiras | Small Molecule Mixture Analysis by Heteronuclear NMR under Spin Diffusion Conditions in Viscous DMSO-Water Solvent[END_REF] since other viscous solvents previously described such as perfluorinated oils[START_REF] Simpson | Spectral Editing of Organic Mixtures into Pure Components Using NMR Spectroscopy and Ultraviscous Solvents[END_REF] were inappropriate for the dissolution of polar compounds and glycerol was not suitable for low polarity compounds.[START_REF] Lameiras | Glycerol and glycerol carbonate as ultraviscous solvents for mixture analysis by NMR[END_REF] The authors focused on the assessment of DMSO-d6/H2O (7:3 v/v), at[START_REF] Chahal | Supercooling of water in glass capillaries[END_REF] K and 500 MHz ( 1 H), in discriminating between the signals of Leu-Val, Leu-Tyr, Gly-Tyr and Ala-Tyr dipeptides (the model mixture previously investigated in sections 3.2 and 3.4), and of DMSO-d6/H2O (8:2 v/v) blend, at 238 K, in the study of a synthetic difluorinated dinucleotide, 2'αFTp3'αFT (MW = 566.40 g mol -1 , chemical structure in Fig. 64).For analysing mixtures of a large variety of polar and moderately apolar compounds by NMR, the authors mention some advantages of and advice regarding the use of DMSO-d6/water. The main advantage of these blends is their low viscosity at room temperature,[START_REF] Cowie | Association in the binary liquid system dimethyl sulphoxide -water[END_REF][START_REF] Schichman | Viscosity and local liquid structure in dimethyl sulfoxide-water mixtures[END_REF][START_REF] Madigosky | Ultrasonic measurements and liquid structure of DMSO-water mixture[END_REF][START_REF] Catalán | Characterization of binary solvent mixtures of DMSO with water and other cosolvents[END_REF][START_REF] Palaiologou | Viscosity Studies on Lithium Bromide in Water + Dimethyl Sulfoxide Mixtures at 278[END_REF][START_REF] Temussi | Conformational analysis of an opioid peptide in solvent media that mimic cytoplasm viscosity[END_REF] permitting easy introduction of the sample into an NMR tube, unlike glycerol or glycerol carbonate. Adding water to DMSO-d6 allows working at or below room temperature, which is particularly suitable for thermo-sensitive molecules. The lowest melting point of DMSO/water blends is close to228 K, at 30% (v/v) of water in DMSO-d6. As described earlier, the high proportion of DMSO-d6 enables use of routine spectrometer tools such as automatic field-locking and shimming. In addition, the water signal is readily removed using common suppression tools such excitation sculpting. [401] Changing the proportion of water in DMSO-d6 between 10 and 30% enabled the authors to control spin diffusion efficiency and thus to enable separation of the signals of a large range of high-polarity and moderately low-polarity molecules. The authors recommend the use of DMSO-d6/H2O blend for the analysis of biologically active molecules, to prevent loss of labile protons such as amides through exchange with D2O. DMSO-d6/D2O blends are preferable for organic compounds in which labile protons are not needed to for structure elucidation. Mid-sized compounds require only a low proportion of water in DMSO-d6, while smaller compounds require up to 30%, to control spin diffusion between 298 and 238 K.

Fig. 64 .

 64 Fig. 64. Chemical structure of the synthetic difluorinated dinucleotide, 2'αFTp3'αFT. Reproduced from [380].

Fig. 65 .

 65 Fig. 65. Amide proton region of 2D NOESY spectra of a dipeptide test mixture (10 mM), mixing time (tm) = 1 s, at 500 MHz ( 1 H), a) dissolved in DMSO-d6/H2O (7:3 v/v), at 268 K, b) dissolved in H2O/D2O (9:1 v/v), at 298 K. The red frames correspond to spectral regions of interest in which water as solvent has a major effect on the number and sign of observable NOESY cross peaks. Reproduced from [380].

Fig. 66 .

 66 Fig. 66. 2D 1 H-1 H NOESY and 1 H-19 F HOESY spectra of 2′αFTp3′αFT (20 mM) dissolved in DMSO-d6/H2O (8:2, v/v), at 238 K, mixing time (tm) = 1 s, at 500 MHz ( 1 H). Comparison of 1 H horizontal slice extracted from the 2D 1 H-1 H NOESY at 11.65 ppm with the conventional 1D proton spectrum (c, c', red row) and comparison of 19 F vertical slice from the 2D 1 H-19 F HOESY at 11.65 ppm with the conventional 1D fluorine spectrum (d, d', red column). Reproduced from [380].

Fig. 67 .

 67 Fig. 67. Multiplet-selective excitation 1D 1 H-19 F HOESY spectra of 2'αFTp3'αFT (20 mM) dissolved in DMSO-d6/H2O (8:2 v/v) (a, b, 238 K), tm = 1 s, at 500 MHz ( 1 H). The initial selective inversion pulses excited the fluorine resonance at a) -172.17 and b) -200.31 ppm. c) Pulse sequence. Reproduced from [380].

Lameiras

  et al. investigated their usual test dipeptide mixture dissolved in high-viscosity sucrose solution, using 1 H, 1 H-13 C and 1 H-15 N NOESY-based spin diffusion experiments.

  additional information about the structure of each mixture constituent, that was not accessible via band selective NOESY experiments, by observing the Hα proton resonances in F2 in 1D selective NOESY experiments, [378, 379]. All the dipeptides were distinguished through spin diffusion in sucrose solution via selective excitation of suitable proton resonances. The authors then reused the less time-consuming approach of F1 band-selective F1-decoupled 2D NOESY first described in section 3.2. NH amide resonances were again the initial sources of magnetization after the initial band selective excitation step. Running the latter experiment in sucrose solution made possible the assignment of all the proton resonances of Leu-Val, Leu-Tyr, Gly-Tyr and Ala-Tyr, through spin diffusion during the mixing time.

Fig. 68 .

 68 Fig. 68. 1D 1H spectra, at 600 MHz ( 1 H), and NMR pulse sequence of the dipeptide test mixture in sucrose solution at 283 K. a, d) Non-selective excitation and detection. b, e) Selective detection of two resonance bands (dotted trapezium). The "1" and "2" labels indicate the high and low chemical shift regions respectively. c, f) Selective excitation of the valine amide proton doublet of Leu-Val (dotted trapezium) using a 10 ms, 1% truncated, 180°

Fig. 69 .

 69 Fig. 69. Amide proton regions of band-selective detection 2D NOESY spectra of the dipeptide test mixture (10 mM) (a) in sucrose/H2O (5:5, w/w + 10% D2O, v/v), mixing time (tm) = 0.5 s, at 600 MHz ( 1 H) using the pulse sequence in part c, at 283 K, and (b) in H2O/D2O (9:1, v/v), tm = 0.5 s, at 600 MHz ( 1 H), using the noesyesgpph pulse sequence, at 298 K. The red frames correspond to spectral regions of interest in which water as solvent has a major effect on the number and signs of observable NOESY cross peaks. Reproduced from [381].

Fig. 70 .

 70 Fig. 70. a) 2D 1 H-15 N HSQC-NOESY spectrum of the dipeptide test mixture (20 mM) dissolved in sucrose solution, at 283 K, tm = 0.5 s, with solvent multiple presaturation, at 600 MHz ( 1 H). Comparison of four 1 H horizontal slices extracted from the 2D 1 H-15 N HSQC-NOESY spectrum at 123.93 (b, b', Ala-Tyr, green row), 124.49 (c, c', Gly-Tyr, red row), 126.01 (d, d', Leu-Tyr, blue row), and 126.91 ppm (e, e', Leu-Val, purple row) with the conventional 1D proton spectra of each pure dipeptide dissolved (20 mM) in sucrose solution, at 283 K, at 600 MHz ( 1 H). Reproduced from [381].

3. 5 . 2 .

 52 Agarose gelAgarose gels are usually employed for biological molecule separation by electrophoresis, but also turn out to be useful in small molecule mixture analysis. As reported in section 2.10, the main complication is sample preparation, because incorporating compounds of interest into the gel requires mixing with agarose powder followed by solution in water at high temperature (363 K for regular agarose and around 338 K for low-melting agarose). Some peptides and proteins may be damaged because of the exposure to high temperature, impeding NMR structural and conformational studies. The heating required lasts only a few minutes, so less thermosensitive small molecules such as nucleic acids, peptides or saccharides can be studied. In addition, NMR peaks can be dramatically broadened, especially if samples are inhomogeneous owing to partially unmelted agarose or the presence of air bubbles. The remedy is to re-liquefy the sample inside the NMR tube, shake thoroughly, and cool again to room temperature. Freezing points of 260 K and 264 K are given in the literature for H2O-and D2O-based 1% agarose gels respectively,[START_REF] Spring | Supercooled aqueous nuclear magnetic resonance using agarose gels[END_REF] reducing the temperature range over which spin diffusion may be used compared to sucrose solution.Consequently, agarose gel is recommended for investigating rigid small or mid-sized compounds in mixtures, as these have higher correlation times than very flexible small compounds.

Lameiras

  et al. also first showed with band-selective detection 2D NOESY experiments that at 273 K, spin diffusion was efficient and spectral resolution sufficient for further studies. [377, 378] Spin diffusion was detected over distances greater than 14 Å for Leu-Tyr, Gly-Tyr and Ala-Tyr owing to the rigidity of their aromatic components. However, the flexibility of the Leu-Val peptide in agarose gel at 273 K prevented observation of magnetization transfer over the entire molecule and only positive NOEs were observed. Spin diffusion was sufficiently efficient in agarose gel at 273 K to group together all proton resonances of the Tyr-based dipeptides, allow them to be distinguished; the proton resonance pattern of Leu-Val was then inferred by elimination. "and early gelation might happen" has been removed.

Fig. 71 .

 71 Fig. 71. 1D 1 H spectra of the dipeptide test mixture (10 mM) dissolved a) in H2O/D2O (9:1, v/v), at 298 K, at 600 MHz ( 1 H) and b) in agarose gel 1%, at 273 K, at 600 MHz ( 1 H) with water suppression using excitation sculpting.

  distinguished through spin diffusion by selective excitation of suitable proton resonances. Owing to their different molecular tumbling rates, Leu-Tyr and Leu-Val show respectively negative (active spin diffusion, positive peaks) and positive (negative peaks) NOEs. The NOE sign therefore distinguishes the two sets of signals. A complete proton assignment of Gly-Tyr was obtained by comparing the 1D NOESY spectra.

Fig. 72 .

 72 Fig. 72. Multiplet selective excitation 1D 1 H NOESY spectra of the dipeptide test mixture (10 mM) dissolved in agarose gel 1% (a, b, c, 273 K), tm = 0.5 s, at 600 MHz ( 1 H). The initial selective inversion pulses excite: a) the HβY(AY) proton resonance; b) the HδY(LY)/HδY(GY)/HδY(AY) proton resonances; c) the HδL(LY)/HδL(LV)/HγV(LV) proton resonances. Adapted from [381].

  rapid reorientation of all the mixture components, preventing spin diffusion. Because of resonance peak overlap in the 1D and 2D spectra, the authors used the selective 1D NOESY experiments described earlier to group proton resonances associated with the same phosphorus-containing molecule. They chose proton resonances to selectively excite to obtain the individual 1D 1 H spectra of all the mixture components through spin diffusion. The authors then took advantage of the broad chemical shift range of the 31 P nucleus by coupling 2D HSQC and NOESY experiments at 258 K (Fig. 76) [377, 379-381]. Under these ViscY operating conditions, each proton of every compound correlates with all other protons via spin diffusion after having labelled the phosphorus chemical shift in F1. The choice of four slices through 31 P resonances produces four whole complete spectra belonging to 1a, 1b, 1c and 1d. The authors thus demonstrated complete discrimination between the mixture components by 1D selective NOESY and 2D 1 H-31 P HSQC-NOESY experiments in the viscous sulfolane/DMSO-d6 (7:3 v/v) blend at 258 K.

Fig. 75 .

 75 Fig. 75. a) Deshielded proton region of the band-selective detection 2D NOESY spectrum of the phosphorus-containing compound test mixture (20 mM) dissolved in sulfolane/DMSO-d6 (7:3 v/v), tm = 1 s, at 258 K, at 500 MHz

( 1 H

 1 ).1 H vertical slices extracted from the 2D 1 H NOESY at 6.72 ppm (c, H16,18(1a), purple dotted line), at 4.45 ppm (d, H3(1b), blue dotted line), at 5.40 ppm (e, H10(1c), green dotted line), and at 5.54 ppm (f, H8(1d), red dotted line). b) Deshielded proton region of the 2D NOESY spectrum of the same phosphorus-based compound test mixture dissolved in neat DMSO-d6, tm = 1 s, at 298 K, at 500 MHz ( 1 H). The red frames correspond to spectral regions of interest in which the solvent has a major influence on the number and signs of observable NOESY cross peaks. Reproduced from[START_REF] Pedinielli | Mixture Analysis in Viscous Solvents by NMR Spin Diffusion Spectroscopy: ViscY. Application to High-and Low-Polarity Organic Compounds Dissolved in Sulfolane/Water and Sulfolane/DMSO-d6 Blends[END_REF].

3. 6 . 2 .

 62 Sulfolane/water blendPedinielli et al. assessed the utility of the sulfolane/water blend in the individual NMR characterization of four dipeptides, Leu-Val, Leu-Tyr, Gly-Tyr and Ala-Tyr (as described previously), via spin diffusion in selective 1D and 2D 1 H NOESY experiments.[START_REF] Pedinielli | Mixture Analysis in Viscous Solvents by NMR Spin Diffusion Spectroscopy: ViscY. Application to High-and Low-Polarity Organic Compounds Dissolved in Sulfolane/Water and Sulfolane/DMSO-d6 Blends[END_REF] 

Fig. 76 .

 76 Fig. 76. a) 2D 1 H-31 P HSQC-NOESY spectrum of the phosphorus-based compound test mixture (20 mM) dissolved in sulfolane/DMSO-d6 (7:3 v/v), tm = 1 s, at 258 K, at 500 MHz ( 1 H). Comparison of four 31 P horizontal slices extracted from the 2D 1 H-31 P HSQC-NOESY at -2.00 (b, b', 1a, purple dotted line), -17.34 (c, c', 1b, blue dotted line), 21.01 (d, d', 1c, green dotted line), and

Fig. 77 .

 77 Fig. 77. a) Amide proton region of band-selective detection 2D NOESY spectrum of the dipeptide test mixture (20 mM) dissolved in sulfolane/H2O/D2O (5:4:1 v/v/v), mixing time (tm) = 1 s, at 258 K, at 500 MHz ( 1 H), using the pulse sequence in part c. b) Amide proton region of 2D NOESY spectrum of the same dipeptide test mixture (20 mM) dissolved in H2O/D2O (9:1 v/v), tm = 1 s, at 298 K, at 500 MHz ( 1 H), using the noesyesgpph pulse sequence. The red frames correspond to spectral regions in which water has a major effect on the number and signs of NOESY cross peaks. Reproduced from [383].

  This review article covers more than 40 years of NMR investigations dealing with the manipulation of the size and sign of NOE enhancements in small and medium-sized molecules by means of viscous solvents, for structure determination and mixture analysis. The NOE enhancement depends on Larmor frequency and overall rotational correlation time τc, and therefore on the solution viscosity, since the latter affects τc .[START_REF] Gierer | Molekulare Theorie der Mikroreibung[END_REF] For a given magnetic field strength, increasing viscosity allows the molecular tumbling rate to be reduced. As a result, molecules enter the negative NOE regime The maximum negative NOE of 100% is then reachable, and for long saturation (steady-state NOE) or mixing times (transient NOE), partial or full intramolecular magnetization exchange may occur through spin diffusion. In the case of very efficient spin diffusion, the determination of internuclear distances and therefore of molecular structure and conformation may be hampered. Nonetheless, we have reported the great contribution of active spin diffusion in identifying individual polar and apolar compounds in mixtures.Negative NOE enhancements are generally found at high field (>300 MHz) for isotropically tumbling rigid mid-sized compounds (MW > ~700 g mol -1 ) at room temperature in low-viscosity solvents (η > 2 cP) such as DMSO-d6, and are widely used for studying molecular structure and conformation. Smaller (MW > 150 g mol -1 ) and/or less rigid molecules will require an increase in magnetic field or medium viscosity (or both), typically at least 500 MHz operation frequency and a solvent with minimum viscosity 7-10 cP such as room-temperature EG/water blend. For the same Larmor frequency, efficient spin diffusion (long-range NOE correlations over distances > 25 Å) will require a highly viscous solvent (η > 80 cP) such as GL or GC at room temperature, or solvent blends such as DMSO-d6/GL, DMSO-d6/water at sub-zero temperatures for mixture analysis.

  

  

Table 1 .

 1 NOE-Derived Intermolecular Distances for the Ristocetin A.Tripeptide Complex a . Adapted from[START_REF] Williams | Detailed Binding Sites of the Antibiotics Vancomycin and Ristocetin A: Determination of Intermolecular Distances in Antibiotic/Substrate Complexes by Use of the Time-Dependent NOE[END_REF].

	Proton pair	Distance, Å	Proton pair	Distance, Å
	Ala1β-e	2.3	Ala2β-j	2.4
	Ala1β-a	> 2.5	Ala2β-w	2.2
	Ala1β-x	2.3	Ala2β-f	2.1
	Ala1β-m	2.3	Ala2α-s2	2.5
	Ala1α-j	2.8	Lys ε-CH3CO-bb,	> 2.6

Table 2 .

 2 Selected

	Resonance irradiated	Resonance(s) reduced in
		intensity, %
	a4	i(25), a5(20), cc(20)
	a5	a4(19), a3(30), i(17), o(15)
	Ala1β bound	d(7)
	Ala2β bound	f(7), ii/jj(30)

NOEs observed for the Vancomycin/Ac-D-Ala-D-Ala Complex a . Adapted from

[START_REF] Williams | Detailed Binding Sites of the Antibiotics Vancomycin and Ristocetin A: Determination of Intermolecular Distances in Antibiotic/Substrate Complexes by Use of the Time-Dependent NOE[END_REF]

.

Table 3 .

 3 NOEs observed between (D)Trp 8 and Lys9 . Adapted from[START_REF] Verheyden | Comparing conformations at low temperature and at high viscosity: Conformational study of somatostatin and two of its analogues in methanol and in ethylene glycol[END_REF].

		Somatostatin			DC13-116			DC25-24	
	CD3OH 243 K	EG-d4 303 K	CD3OH 193 K	CD3OH 243 K	EG-d4 303 K	CD3OH 193 K
	Trp	Lys	Trp	Lys	DTrp	Lys	DTrp	Lys	DTrp	Lys	DTrp	Lys
	NH	CεH	H4	CγH	H4	CεH	H1	CαH	H1	NHε	NH	NH
	NH	CαH	H5	CγH	H5	NH	H1	CεH	H1	CεH	NH	H4
					H6	NH	H1	CδH	H1	CδH	NH	CαH
					NH	CαH	H1	CγH	H5	NH	NH	CβH
							H1	NH	H6	NH	CαH	CγH
							CαH	CαH			CαH	CδH
							CαH	CβH			CαH	CαH
							CαH	CδH			H2,6	CβH
							NH	CγH			H2,6	CγH
							NH	CβH			H4	CβH
											H4	CεH

Table 4 .

 4 Backbone

	a)	b)

proton-proton Overhauser enhancements in the two-cis form of cyclo(Phe-Pro-D-Ala)2, 25°C. Reproduced from

[START_REF] Kartha | Synthesis and conformation studies by x-ray crystallography and nuclear magnetic resonance of cyclo(L-Phe-L-Pro-D-Ala)2[END_REF]

. a S = sulfolane, tetramethylene sulfone; D = dimethyl sulfoxide, (r -6 /Σr -6 )av) is the fraction of a maximum NOE to be expected for the conformation found in the crystal. Protons within 3 Å of the observed proton are included in the sum. b For ψD-Ala = -60°, r -6 /Σr -6 is calculated to be 0.26 if φD-Ala = -120° and 0.47 if φD-Ala = + 60°.

Acknowledgements

Financial support by CNRS, Conseil Regional Champagne Ardenne, Conseil General de la Marne, MESR, and EUprogramme FEDER to the PlAneT CPER project is gratefully acknowledged.

Fully protonated GL was chosen instead of GL-d8 in this study, to prevent chemical exchange of its 2 H nuclei with the amide protons of the dipeptides, so that the latter could be seen by NMR. Elimination of GL 1 H NMR signals was required for the detection of mixture components. This was accomplished using selective pulses incorporated in an excitation sculpting sequence. [START_REF] Stott | Excitation Sculpting in High-Resolution Nuclear Magnetic Resonance Spectroscopy: Application to Selective NOE Experiments[END_REF] The authors focused on finding the temperature giving the best compromise between spin diffusion (as many intense positive NOESY cross peaks as possible) and overall spectral resolution. [START_REF] Simpson | Spectral Editing of Organic Mixtures into Pure Components Using NMR Spectroscopy and Ultraviscous Solvents[END_REF][START_REF] Lameiras | Glycerol and glycerol carbonate as ultraviscous solvents for mixture analysis by NMR[END_REF] Sample cooling was necessary for observing positive NOESY cross peaks. Band-selective detection 2D NOESY spectra enabled Lameiras et al. to determine that the spectrum showed correlations at very long distance for each dipeptide (spin diffusion observed over distances greater than 14 Å) at 288 K (Fig. 56). 

Study of a low polarity mixture of β-Ionone, (±)-Citronellal, (+)-Limonene, and Flavone in DMSO-d6/GL-d8 (5:5 v/v).

The authors chose a temperature of 268 K as giving full spin diffusion (over distances greater than 13 Å) for all mixture components, even for the very flexible (±)-citronellal, with acceptable spectral resolution, by means of conventional 2D NOESY experiments at 600 MHz ( 1 H). Fig. 57 shows four NOE cross peak patterns, one for each mixture constituent.

In particular, the (+)-limonene pattern could be traced out, starting from the ethylenic H4 et H8 at 4.59 and 5.26 ppm (Fig. 57, in red). In other more complex mixtures, one or more components of interest may not reveal resolved proton resonances due to spectral overlap. Involving 13 C nuclei, that have a wider range of chemical shift, offers a workaround in such a situation by coupling the HSQC experiment with the NOE magnetization transfer. A 2D 1 H-13 C HSQC-NOESY spectrum was acquired at 268 K for the same mixture in DMSO-d6/GL-d8 (5:5 v/v) blend. A suitable choice of four horizontal slices through resolved carbon resonances produced the complete proton from non-deuterated sulfolane and water, that need to be suppressed. This is readily accomplished via selective excitation and detection pulses in a DPFGSE sequence (Fig. 73). [START_REF] Pedinielli | Mixture Analysis in Viscous Solvents by NMR Spin Diffusion Spectroscopy: ViscY. Application to High-and Low-Polarity Organic Compounds Dissolved in Sulfolane/Water and Sulfolane/DMSO-d6 Blends[END_REF][START_REF] Stott | Excitation Sculpting in High-Resolution Nuclear Magnetic Resonance Spectroscopy: Application to Selective NOE Experiments[END_REF] 

Sulfolane/dimethylsulfoxide-d6 (DMSO-d6) blend

Pedinielli et al. investigated the use of sulfolane/DMSO-d6 (7:3 v/v) in the individual NMR characterization of four apolar phosphorus-containing compounds (Fig. 74) by spin diffusion in selective 1D, 2D 1 H NOESY experiments and a 2D 1 H-31 P HSQC-NOESY, since these four molecules show similar diffusion in neat DMSO-d6, owing to their comparable shape and size. [START_REF] Pedinielli | Mixture Analysis in Viscous Solvents by NMR Spin Diffusion Spectroscopy: ViscY. Application to High-and Low-Polarity Organic Compounds Dissolved in Sulfolane/Water and Sulfolane/DMSO-d6 Blends[END_REF] The authors extended the simplification of small molecule mixture analysis via 31 P NMR spectroscopy. Phosphorus is common in synthetic intermediates and biological compounds. It has 100% natural abundance and sharp resonance peaks. [START_REF] Gorenstein | Encyclopedia of Spectroscopy and Spectrometry[END_REF] Its wide chemical shift range extends over about 2000 ppm, which aids discrimination of the signals of phosphorus-containing compounds in mixtures. [START_REF] Kühl | Phosphorus-31 NMR Spectroscopy: A Concise Introduction for the Synthetic Organic and Organometallic Chemist[END_REF] In the slow tumbling limit, unlike 19 F and 1 H nuclei that show negative NOEs and HOEs, with homo-and heteronuclear spin diffusion, 31 P nuclei show only positive HOEs that tend towards zero with slower tumbling because of their particular magnetogyric ratios. [START_REF] Tritton | two-dimensional AY: Ala-Tyr CAMELSPIN: cross-relaxation appropriate for minimolecules emulated by locked spins CAR: conformation-activity relationship CPA conformer population analysis CTFEP: chlorotrifluoroethylene polymer D2O: deuterium oxide DNA: deoxyribonucleic acid DMF: dimethylformamide DMF-d7: dimethylformamide-d7 DMSO: dimethylsulfoxide DMSO-d6: dimethylsulfoxide-d6 DPFGSE: double pulse field gradient spin echo EG: ethylene glycol EG-d6: ethylene glycol-d6 EM: energy minimization FT-NMR: fourier transform nuclear magnetic resonance GL: glycerol GL-d8: glycerol-d8 GC: glycerol carbonate GS: gramicidin S GY: Gly-Tyr HOE: heteronuclear Overhauser effect HOESY: heteronuclear Overhauser effect spectroscopy HMBC: heteronuclear multiple bond correlation HSQC: heteronuclear single quantum correlation LC: liquid chromatography LE: Leu-enkephalin LEA: Leu-enkephalinamide LV: Leu-Val LY: Leu-Tyr MM: molecular mechanics MS: mass spectrometry MW: molecular weight NMR nuclear magnetic resonance NOE: nuclear Overhauser effect NOESY: nuclear Overhauser effect spectroscopy ROESY: rotating frame Overhauser effect spectroscopy SPE: solid phase extraction TOCSY: total correlation spectroscopy VISCY: viscous solvents NMR spin diffusion spectroscopy VWD: von Willebrand disease[END_REF]s . Because of this limitation, to use