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Small molecule mixture analysis by heteronuclear NMR under spin diffusion conditions in the viscous DMSO-water solvent
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Spin diffusion in NMR occurs for small and medium-sized molecules when their tumbling rate reduces in solution so that magnetization exchange by longitudinal cross relaxation becomes highly efficient. Composite DMSO-water viscous solvents were used for the first time to access the individual NMR spectra of mixture components in spin diffusion conditions. The easy handling and high dissolution power of [D6]DMSO/H2O offers a wide range of potential applications for polar and moderately apolar mixture analysis. In addition to 2D 1 H-1 H NOESY and 1 H-13 C HSQC-NOESY, 1 H-15 N HSQC-NOESY, 1D and 2D 1 H-19 F HOESY experiments were set up to offer new ways to individualize molecules within a mixture. This article reports the analysis of a polar mixture of four dipeptides dissolved in [D6]DMSO/H2O (7:3, v/v) and of a medium polarity fluorinated dinucleotide dissolved in [D6]DMSO/H2O (8:2, v/v) by means of spin diffusion in NOESY, HOESY, and HSQC-NOESY experiments.

Introduction

Mixture analysis by NMR is a topic that is nearly as old as NMR itself and for which only few solutions have been proposed, such as LC-NMR hyphenation, diffusion ordered experiments (DOSY), multi-quantum NMR spectroscopy combined or not with broadband homonuclear decoupling, sparse sampling and pure shift data acquisition. [1] The recent use of viscous solvents has provided an interesting approach to the study of mixtures by lowering the molecular tumbling rate in solution. [2] As a result, the molecules display a negative nOe regime and their resonances can be grouped according to their ability to exchange magnetization through intramolecular spin diffusion. The 2D 1 H-1 H NOESY spectrum of a mixture shows correlations between all the 1 H resonances of each analyte when recorded in spin diffusion conditions, thus giving access to the individual 1 H NMR spectra of the mixture components.

Earlier works on viscous solvents showed that polymeric fluorinated oils were unsuitable for the dissolution of highly polar molecules while glycerol was not adapted to the study of low polarity molecules. [2a, e, f, 3] The present work introduces viscous solvent blends made of [D6]DMSO and water that are potentially adapted to the study of polar and moderately apolar compounds. It focusses on the assessment of [D6]DMSO/H2O in the individualization of mixed Leu-Val, Leu-Tyr, Gly-Tyr and Ala-Tyr dipeptides and in the study of a synthetic difluorinated dinucleotide, 2′αFTp3′αFT (Chemical structure in Figure 4b and Figure S-6). The synthesis of this molecule has not been reported to date but was carried out according to already reported methods. [4] The main advantage of [D6]DMSO/water blends as NMR solvents is their low viscosity at ambient temperature, [5] so that samples may be prepared and transferred into NMR sample tube without any difficulty, contrarily to the solvents that are based on glycerol or glycerol carbonate. Adding H2O to [D6]DMSO also opens the way of working at or below room temperature, which is especially appropriate for thermally unstable compounds. The freezing point of the solvent blend decreases considerably with the amount of added H2O. [6] For example, 30% of H2O (v/v) sets the solvent freezing point close to 228 K. Spin diffusion may occur on a wide range of temperatures, from 228 K to room temperature and even higher. The large amount of [D6]DMSO makes also possible to run spectrometer tools such as the automatic field locking and shimming as for usual solvents. Finally, the residual proton resonance of water is easily eliminated with usual water suppression methods such as presaturation or excitation sculpting. [7] Adjusting the amount of H2O (or D2O) in [D6]DMSO from a minimum value of 10% to 30% (v/v), or even more, makes possible to modulate the spin diffusion efficiency and therefore to achieve the individualization of a wide range of polar and moderately apolar compounds within mixtures. [D6]DMSO/H2O will be considered for the study of biological active compounds in which labile protons such as amide protons must not be exchanged with the D2O deuterium nuclei. [D6]DMSO/D2O will be favored for organic compounds in which labile protons are not essential to structure elucidation. The medium-sized molecules only will require a low amount of H2O (or D2O) in [D6]DMSO while smaller molecules will require more H2O (or D2O), until 30% (v), for driving spin diffusion under temperature control from 298 K to 238 K. The criterion for optimal temperature selection is a compromise between overall spectral resolution and intensity of NOESY (or HOESY) cross peaks between nuclei that are not close enough to show a nOe signal in a low viscosity medium. A temperature reduction enhances spin diffusion but also reduces peak height through line broadening caused by a more efficient transverse relaxation process. Sample cooling is therefore required if the NOESY spectrum shows positive nOe responses (diagonal and offdiagonal peaks of opposite signs).

Depending on the complexity of the mixtures, the analysis of 1 H NMR spectra may become intractable due to the overlapping of 1 H resonances. A common remedy to this difficulty consists in the spreading of the spectroscopic information along a second axis that encodes chemical shifts of nuclei other than 1 H. Previous studies have shown that 2D 1 H-13 C HSQC-NOESY spectra in spin diffusion conditions simultaneously provides 1 H and 13 C chemical shift lists for the mixture components. [2i] The straightforward but original extension to 2D 1 H-15 N HSQC-NOESY is illustrated hereafter. Fluorine-19 is a nucleus with 100 % natural abundance and with a high magnetogyric ratio, so that it may be involved like the 1 H nucleus in spin diffusion experiments. This approach to mixture analysis is original and is exemplified by 1D and 2D 1 H-19 F HOESY spectra.

Results and Discussion

Leu-Val, Leu-Tyr, Gly-Tyr and Ala-Tyr mixture in [D6]DMSO/H2O (7:3, v/v)

These four dipeptides do not reveal any differentiation of their translational diffusion behavior in water, due to their similar molecular mass and shape (Figure S-1 from Supporting Information (SI)). [2h] Considering homo-and heteronuclear spin diffusion is a pertinent alternative to DOSY for the effective discrimination of their NMR spectra.

The optimal temperature conditions for setting up heteronuclear NMR experiments in spin diffusion regime have been experimentally determined by means of the basic 2D 1 H-1 H NOESY experiment with water suppression by excitation sculpting. [7] Figure S-2 (SI) reports the evolution of the NOESY correlations of the amide protons in the dipeptide test mixture upon sample temperature modification. The spectra reveal the expected intra-molecular correlations but also show some magnetization transfer between the dipeptides and HOD whose intensity is related to temperature. Ambient and lower temperatures (288 K, 278 K, 268 K, 258 K and 248 K) have been tested, 268 K being the optimal temperature at which the NOESY spectrum of the dipeptide test mixture shows correlations from the amide proton resonance of each dipeptide to all the proton resonances of the same dipeptide, without significant signal broadening. The four peptides slowly reorient in the binary solvent and thus reveal a negative nOe regime (black correlation peaks in the NOESY spectrum, Figure 1a and full NOESY spectrum in Figure S-3). As a result, the individualization of the peptides within their mixture is readily obtained. Conversely, when the spectrum is recorded in water at 298 K, the four dipeptides rapidly reorient and present a positive nOe regime (blue correlation peaks in the usual NOESY spectrum), thus preventing spin diffusion to be observed. As a consequence, the NH signals in Leu-Tyr, Gly-Tyr and Ala-Tyr only correlate with one of the two tyrosine Hβ protons and with none of the aromatic Hε protons (Figure 1b and full NOESY spectrum in Figure S-4). The individualization of the four dipeptides in water would require the simultaneous use of Jcoupling and dipolar-coupling based 1 H multidimensional correlation NMR experiments such as COSY/TOCSY and NOESY, according to the usual strategy for peptide resonance assignment. [START_REF] Wüthrich | NMR of proteins and nucleic acids[END_REF] For analytical purposes, it appears that detecting only the resonances of interest during signal acquisition may provide supplementary structural information by avoiding proton resonance overlapping especially for complex mixtures. Selectively exciting one appropriate set of proton resonances by means of 1D selective NOESY experiments illustrates this approach.

In the 1D selective NOESY experiment, a single spin is excited, its magnetization is further flipped to bring it to the -z axis where it can spread by spin diffusion along the molecular proton network. The main difficulty here is to avoid the reintroduction of the water signal at detection time. [START_REF] Stott | [END_REF] The 1D selective NOESY pulse sequence in Figure 2f starts with a multiplet selective excitation block. [START_REF] Stott | [END_REF][10] Two wideband inversion pulses have been inserted during the mixing time. Their position has been adjusted in order to minimize the amount of resurrected HOD magnetization that arises by longitudinal relaxation. The 1D selective NOESY spectra in Figure 2 show that all dipeptides are differentiated by spin diffusion in [D6]DMSO/H2O, using an appropriate set of selectively excited proton resonances. Indeed, the selective excitation of the NH amide proton at 8.25 ppm reveals a magnetization exchange exclusively with the protons of the Leu-Val dipeptide because the tyrosine Hδ/Hε proton resonances do not appear in the 1D NOESY spectrum (Figure 2a). The selective excitation of the side chain Hδ and Hγ protons (between 0.65 and 0.95 ppm) shows a magnetization exchange with all protons of the two Leu-Val and Leu-Tyr dipeptides (Figure 2b). By comparison with the 1D NOESY spectra in Figures 2a and2b, a complete proton assignment of Leu-Tyr is made possible. The selective excitation of the aromatic Hδ protons of Leu-Tyr, Gly-Tyr and Ala-Tyr reveals all the proton resonances of Leu-Tyr, Gly-Tyr and Ala-Tyr (Figure 2c). CH3β protons at 1.31 ppm is selectively excited in order to differentiate all proton resonances from Ala-Tyr and Gly-Tyr (Figure 2d). Figure 2d clearly shows the transfer of the CH3β magnetization over all protons of Ala-Tyr. The individual 1 H spectrum of Gly-Tyr is obtained after selectively exciting the Hα proton at 3.35 ppm (Figure 2e). The selective excitation of isolated proton resonances enables the individualization of each compound within the mixture by taking benefit from spin diffusion. However, it may happen in other complex mixtures that a component of interest does not present resolved proton resonances due to strong spectral overlap. In such cases, the larger chemical shift dispersion of 13 C and 15 N nuclei may prove to be helpful. By coupling the HSQC and NOESY experiments, a complete proton spectrum should be obtained for a molecule starting only from a single carbon or nitrogen resonance.

The 2D 1 H-13 C and 1 H-15 N HSQC-NOESY spectra of the dipeptide test mixture were recorded at 268 K in [D6]DMSO/H2O (7:3, v/v) (Figure S-5 and Figure 3). Under these conditions, all protons of each dipeptide of the mixture are able to correlate with all other protons and protonated carbons or protonated nitrogen by spin diffusion. An appropriate selection of horizontal slices through carbon resonances at 31.63 and 41.31 ppm (Leu-Val), 38.38 ppm (Gly-Tyr), 50.0 ppm (Ala-Tyr) and 52.89 ppm (Leu-Tyr), enables the extraction of the four complete proton spectra respectively corresponding to Leu-Val, Gly-Tyr, Ala-Tyr and Leu-Tyr. These four spectra have been compared to the conventional 1D 1H spectra (Figures S-5b, b', S-5d, d', S-5e, e' and S-5c, c') and they logically present similar peak patterns. In the same way, an appropriate selection of four horizontal slices through nitrogen resonances at 125.33 (Leu-Val), 125.19 (Leu-Tyr), 124.26 (Gly-Tyr), and 123.29 ppm (Ala-Tyr) makes possible to produce four complete 1H spectra respectively corresponding to Leu-Val, Leu-Tyr, Gly-Tyr and Ala-Tyr. These four spectra present resonance patterns similar to those of the conventional 1D 1 H spectra as well (Figures 3b, b', 3c, c', 3d, d' and 3e, e'). Interestingly, another approach is possible to individualize the compounds of the mixture by considering appropriate vertical slices from the 2D 1 H-13 C HSQC-NOESY (Figure S-5). In this case, the resulting spectra should reveal all the protonated carbons of the four dipeptides in the mixture. (b, b', Leu-Val, purple row), 125.19 (c, c', Leu-Tyr, blue row), 124.26 (d, d', Gly-Tyr, red row), and 123.29 ppm (e, e', Ala-Tyr, green row) with the conventional 1D proton spectra of each pure dipeptide dissolved (20 mM) in [D6]DMSO/H2O (7:3, v/v), at 268 K, at 600 MHz ( 1 H). The simplification of mixture analysis by means of heteronuclear chemical shift resonance labelling was extended to 19 F NMR spectroscopy. Fluorine is a chemical element that is rarely present in natural organic compound but whose introduction in synthetic molecules has offered a wide range of original molecular properties, especially in the fields of material sciences and of therapeutic agents. The wider chemical shift range of 19 F compared to 1 H nuclei should facilitate the individualization of fluorinated molecules within mixtures. [11] Spin diffusion in the previously reported heteronuclear NMR experiments only concerns the 1 H nuclei of the molecules. Dealing with 19 F NMR, this nucleus can be integrated in the spin network in which magnetization is transferred by cross relaxation. This approach was considered as potentially successful considering that i) fluorine is monovalent and used in molecules as substitute of hydrogen, ii) its natural abundance is 100%, iii) cross relaxation rates are proportional to the product of the squares of the magnetogyric ratios γ of the concerned nuclei and iv) γ( 19 F)/γ( 1 H) is close to one (0.941, more precisely). This opens the way to the observation of 1 H-19 F spin diffusion through the HOESY experiment. A synthetic difluorinated dinucleotide, 2′αFTp3′αFT (Figure 4b andFigure S-6) was chosen in order to illustrate this approach. Spectra were recorded in [D6]DMSO/H2O instead of [D6]DMSO/D2O in order to avoid the NH proton exchange with the deuterium from D2O.

The first step has been to determine the temperature that provides the best compromise between spin diffusion and spectral resolution. Figure S-7 shows the superposition of 2D 1 H-1 H NOESY and 1 H-19 F HOESY spectra from 268 K to 238 K with water suppression using excitation sculpting. [7] A full magnetization exchange is clearly visible at 238 K over all the 2′αFTp3′αFT 1 H and 19 F nuclei (Figure 4). For instance, the NH proton resonances at 11.57 and 11.65 ppm are able to propagate their magnetization toward the methyl resonances of the other nucleotide ring respectively resonating at 1.69 and 1.67 ppm, and vice versa. Each fluorine resonance respectively at -172.17 and -200.31 ppm is correlated with all the proton resonances of the molecule (Figure 4b).

By extracting appropriate set of rows and columns, the individual 1 H and 19 F spectra of the 2′αFTp3′αFT molecule are easily obtained. Figure 4 (c, c', d and d') displays the comparison between the row and the column extracted at 11.65 ppm (NH proton) respectively from 2D 1 H-1 H NOESY and 1 H-19 F HOESY spectra with the conventional 1D 1 H and 19 F spectra. As expected, the extracted spectra are similar to the conventional 1D 1 H and 19 F spectra. In the study of mixtures of fluorinated compounds, structure elucidation may turn out challenging due to 1 H resonance overlapping. Selectively exciting a single appropriate 19 F resonance should solve this issue. Figure 5 shows how each selectively excited 19 F nucleus at -172.19 and -200.3 ppm is able to transfer its magnetization over all the protons of the molecule. For this purpose, a dedicated NMR pulse sequence composed of a double pulse field gradient spin echo block followed by a 1D HOESY block was successfully implemented for the first time (Figure 5c). In the other way, the selective excitation of a 1 H resonance reveals the chemical shifts of the 19 F nuclei of the corresponding molecule. In our example, (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). 

Conclusions

We have demonstrated for the first time that the [D6]DMSO/H2O binary solvent turned out to be the easiest to use and most efficient viscous solvent reported so far for the resolution of both polar and moderately apolar components within complex mixtures, taking advantage of NMR spin diffusion. We have pointed out that using [D6]DMSO/H2O as viscous binary solvent presents valuable advantages compared to other viscous solvents in terms of NMR sample tube preparation, of choice of the range of analysis temperature and of easy main field locking and shimming.

The component individualization within a Leu-Val, Leu-Tyr, Gly-Tyr and Ala-Tyr mixture in [D6]DMSO/H2O (7:3, v/v) was achieved at 268 K by selective 1D, 2D 1 H-1 H NOESY and 1 H-13 C and 1 H-15 N HSQC experiments. 13 C and 15 N nuclei were considered as chemical shift markers that improve the spectrum readability, at the price of a lower sensitivity caused by the low natural abundance of the reporter spins. The heteronuclear NMR spin diffusion approach was also exemplified by 19 F NMR of compound 2′αFTp3′αFT in [D6]DMSO/H2O (8:2, v/v) at 238 K by means of 1D selective, 2D 1 H-1 H NOESY and 1 H-19 F HOESY experiments.

Future developments will deal the exploration of other viscous solvent blends, with the involvement of other heteronuclei such as 31 P and 29 Si and with the in-situ monitoring of chemical reactions under spin diffusion conditions.

Experimental Section

Chemical reagents. [D6]DMSO and D2O were purchased from Eurisotop (Gif-sur-Yvette, France). Leu-Val, Leu-Tyr, Gly-Tyr and Ala-Tyr were purchased from TCI Europe (Zwijndrecht, Belgium). All peptides had 95% or higher purity and were dissolved at a concentration from 10 to 20 mM in [D6]DMSO/H2O (7:3, v/v), and H2O/D2O (9:1, v/v). 2'-α-Fluorothymidylyl-(3' ,5')-3'-deoxy-3'-α-fluorothymidine (2′αFTp3′αFT) was synthetized in the laboratory and was dissolved at a concentration of 20 mM in [D6]DMSO/H2O (8:2, v/v).

NMR Spectroscopy. All the NMR experiments on the dipeptide mixture and 2′αFTp3′αFT compound were performed on a:

-Bruker Avance AVIII-500 NMR spectrometer equipped with a 5 mm BBFO+ probe using the Bruker TOPSPIN Software (Rheinstetten, Germany). Static field gradient pulses were generated by a 10 A amplifier, so that the sample is submitted to a nominal 0.535 Tm -1 gradient. Gradient intensity values are hereafter reported in percent of this value. Gradient pulses were followed by a 200 µs recovery delay. Temperature was controlled by a Bruker variable temperature (BSVT) unit supplied with chilled air produced by a Bruker cooling unit (BCU-Xtreme).

-Bruker Avance AVIII-600 NMR spectrometer equipped with a 5 mm TCI cryoprobe using the Bruker TOPSPIN Software (Rheinstetten, Germany). Static field gradient pulses were generated by a 10 A amplifier, so that the sample is submitted to a nominal 0.613 Tm -1 gradient. Gradient pulses were followed by a 200 µs recovery delay. Temperature control was performed using a Bruker variable temperature (BVT) unit in combination with a Bruker cooling unit (BCU-05) to provide chilled air.

Dipeptide mixture spectra were calibrated so that the tyrosine Hα proton and Cα carbon resonances appeared respectively at 7.00 and 132.00 ppm.

2′αFTp3′αFT spectra were calibrated so that the residual proton signal of [D6]DMSO appeared at 2.50 ppm.

Additional NMR data acquisition and processing parameters for Figure 1 up to Figure 5 are described in page S-4 to S-5. 
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Figure 1 .

 1 Figure 1. Amide proton region of 2D NOESY spectra of dipeptide test mixture (10 mM), mixing time (tm) = 1 s, at 500 MHz ( 1 H), a) dissolved in [D6]DMSO/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.

Figure 2 .

 2 Figure 2. Multiplet selective excitation 1D 1 H NOESY spectra of the dipeptide test mixture (10 mM) dissolved in [D6]DMSO/H2O (7:3, v/v) (a, b, c, d, e, 268 K), tm = 1 s, at 500 MHz ( 1 H). f) Pulse sequence: φ1 = x, y, -x, -y, ψ = x, -x. The initial selective inversion pulses excite: a) the NHV(LV) proton resonance; b) the HδL(LY)/HδL(LV)/HγV(LV) proton resonances; c) the HδY(LY)/HδY(GY)/HδY(AY) proton resonances; d) the HβA(AY) proton resonances; e) the HαY(GY) proton resonance.

  Figure S-5 (f, f', g, g', h, h' and i, i') compares the DEPT135 spectrum of respectively Leu-Val, Leu-Tyr, Gly-Tyr, and Ala-Tyr to the protonated carbon spectrum obtained by extracting the column of amide protons at 8.26, 8.10, 8.14 and 8.02 ppm. The ability to extract all the protonated carbon chemical shifts for an individual component in a mixture may prove to be a very useful tool in the structure assignment of molecules within mixtures.

Figure 3 .

 3 Figure 3. a) 2D 1 H-15 N HSQC-NOESY spectrum of the dipeptide test mixture (20 mM) dissolved in [D6]DMSO/H2O (7:3, v/v), at 268 K, tm = 1 s, at 600 MHz ( 1 H). Comparison of four 1 H horizontal slices extracted from the 2D 1 H-15 N HSQC-NOESY at 125.33 (b, b', Leu-Val, purple row), 125.19(c, c', Leu-Tyr, blue row), 124.26 (d, d', Gly-Tyr, red row), and 123.29 ppm (e, e', Ala-Tyr, green row) with the conventional 1D proton spectra of each pure dipeptide dissolved (20 mM) in [D6]DMSO/H2O(7:3, v/v), at 268 K, at 600 MHz (

  dealing with one or the other NH proton resonance at 11.57 or 11.65 ppm leads to the 19 F spectrum of the sample(Figure S-8).

Figure 4 .

 4 Figure 4. 2D 1 H-1 H NOESY and 1 H-19 F HOESY spectra of 2′αFTp3′αFT (20 mM) dissolved in [D6]DMSO/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).

Figure

  Figure 5. Multiplet selective excitation 1D 1 H-19 F HOESY spectra of 2′αFTp3′αFT (20 mM) dissolved in [D6]DMSO/H2O (8:2, v/v) (a, b, 238 K), tm = 1 s, at 500 MHz ( 1 H). The initial selective inversion pulses excite the fluorine resonance at a) -172.17 ppm and b) -200.31 ppm. c) Pulse sequence.

  water viscous solvents was used for the first time to access the individual NMR spectra of mixture components in spin diffusion conditions. The involvement of heteronuclei such as 19 F, 15 N and 13 C facilitated spectral interpretation. Pedro Lameiras*, Solène Patis, Jouda Jakhlal, Stéphanie Castex, Pascale Clivio and Jean-Marc Nuzillard* Page No. -Page No. Small molecule mixture analysis by heteronuclear NMR under spin diffusion conditions in the viscous DMSO-water solvent
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