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C NMR data in one time for tracking metabolites in vegetal extracts †

   

The quantification of metabolites is essential to understand and improve biological systems. With the aim to quantify in one spectrum a complex mixture composed on low concentrated metabolites, a new experiment called the 1 H- 13 C QUIPU HSQC allows for improving both the resolution and the sensitivity for investigating vegetal extracts.

In the field of plant science, it is essential to identify and quantify a maximum of metabolites in order to understand the status of a given vegetal system [1,2]. Plants status can be tracked by probing the presence of metabolite(s) within a part of the plant. The concentration of metabolites is a good indicator of the enzymatic activity in the defined biosystem. Moreover biosynthesis taking place within a living system could be followed and understood by probing isotopes incorporation rate in biomarkers to elucidate fluxes of metabolic pathways [3,4]. Among analytical techniques used in metabolomics, NMR is a widely used technique that allows for the structural determination, for dynamical studies and also for the quantification of various components embedded in complex mixtures [5]. Thus, 1 H NMR is one of the most used method to access quantitative informations with one of the highest sensitive nuclei. However, 1D 1 H is usually limited especially when performed for highly complex mixtures. By contrast, 2D 1 H NMR is helpful to expand signals over two dimensions. Among 2D 1 H techniques, COSY, TOCSY, INADEQUATE [6] were intensively used to determine concentrations for each metabolite [7]. Due to the restricted 10 ppm 1 H spectral window, some signals overlapping could remain thus making the analysis hard to perform. Despite its lower sensitivity 1 H- 13 C HSQC is an attractive tool to quantify a complex mixture of metabolites. In the field of metabolomics, a commonly used approach to access concentrations is the standard addition method. However, when the metabolite is not commercially available or changes the behaviour of the sample in case of aggregation for example, this method becomes completely useless [8]. Under these conditions, there is a real need for techniques able to be intrinsically quantitative. Among these methods, two approaches the Q-HSQC [9] and HSQC0 [10] experiments allowed for the acquisition of quantitative maps. In the context of quantifying various low concentrated metabolites coming from complex matrices like vegetal leaves, it is crucial to obtain a good spectral resolution and to reduce the detection threshold.

With this aim, the new QUantItative, Perfected and pUre shifted HSQC or QUIPU HSQC has been developed (see Figure 1). This version of the 1 H- 13 C HSQC is expected to lead to cross peaks that are less sensitive to the JHH, JCH evolutions and to 13 C miscalibrations. The INEPT and back INEPT polarization transfer blocks include a perfect echo [11,12,13] allowing the exclusive 1 H chemical shift and 1 JCH evolutions. To reduce miscalibrations of 13 C pulses, 180° 13 C hard pulses of INEPT schemes and refocussing 13 C have been replaced by composite pulses [14]. In order to compensate the effect of the 1 JCH evolution during perfect INEPTs, the averaging on four delays : with three time the shorter  delay and one time the larger  delay, ensure almost no 1 JCH modulation on the signals [9] (see Figure 2). For finishing, the acquisition has been modified to concatenate BIRD schemes able to decouple JHH and generate a so called pure shift detection dimension to increase This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins Please do not adjust margins the signals dispersion and the sensitivity due to JHH elimination [15]. It has to be mentioned that the BIRD block used in this pure shift HSQC experiments cannot decouple the geminal methylene proton couplings. Such collapsing scheme reduce the coupling pattern of diastereotopic methylene protons to doublets because of the contribution from remote protons is removed. A 3D perfect BIRD HSQC version [16,17] allowed for the successful 1 H homodecoupling in isotropic and oriented media.

However these versions are 3D experiments and reacquire a longer acquisition time making them less attractive for a quantitative approach in a metabolomic context. It shall be noticed that the COB3 INEPT [18] could also be used for compensating 1 JCH in case of bigger couplings ranging from 125 to 750 Hz. In the context of probing very low concentrated metabolites, pure shifted 2D HSQC showed its robustness in combination with a micro-cryogenic probe for probing some g of secondary metabolites extracting from incubation with a recombinant enzyme. [19] Figure 1: HSQC QUIPU sequence. The black and white rectangles are hard 90° and 180° respectively. The presaturation scheme implemented during the relaxation delay d1 is dedicated to the elimination of the solvent: "n" looped 180° inversion selective shaped pulse s flanked by cleaning gradients can supress one or numerous unwanted signals. Each INEPT is perfected to ensure no evolution of J HH during these schemes [12]. Eight scans are necessary to compensate the 1 JCH evolution by recording 6 scans with a short delay =1.47 ms corresponding to 1 JCH=170 Hz and two scan with a longer delay =2.96 ms corresponding to 1 JCH=84 Hz. The composite pulses were 58 140 344 140 38 constant rotation pulses [14] for compensating miscalibrations. Pulse field gradients are used for coherences selection (black gaussians) and for cleaning as crushers (grey gaussians): G1:G3:G4:G5:G6:G7=-17:23:80:33:20.1:5:7. Pulse field gradient duration is 1ms for G1 to G5 and s for G6 and G7.The acquisition could be 1 H homodecoupled by implementing a BIRD scheme [15] with the acquisition time to differentiate 12 C from 13 C 1 H linked and thus makes vanish JHH couplings. The acquisition time aq=/N with  the chunk size usually from 20 to 30 ms and N the number of chunks used to obtain a free induction decay signal only depending on 1 H chemical shifts. To ensure a homogeneous 13 C inversion within BIRD scheme, adiabatic Chirp or Wurst pulses could be used. During the chunk periods a GARP-1 composite pulse decoupling (yellow rectangles) was implemented for 13 C heterodecoupling. Phase cycling is 1=-m(y); 2=m(y);3=m(x),m(-x);4=m(-x);acq=m(x),m(-x) m =4 is the number of used  values. The myoinositol well known as a biomarker of the cellular death process in plants [21] was used as a model molecule to test the QUIPU HSQC (Figure 3). Different versions of the HSQC were compared depending on the recovery time, the compensation of 1 JCH and the homodecoupling of the 1 H dimension. Due to the symmetry of the myoinisitol H1 and H4 shall integrate half the value of the H2 and H3 (Figure 3A). However the standard HSQC is not in agreement with a 0.5:1:1:0.5 ratio for H1:H2:H3:H4 respectively (see Figure 3B). Increasing the recovery time from 1 to 15 s being five time the bigger T1, helps to reduce the integral of H1 and H3 (Figure 3D,E), however the map is not completely quantitative. The ultimate 1 JCH compensation implemented within the Q-HSQCs allows having integral ratios close to the expected integrals with a

Please do not adjust margins Please do not adjust margins systematic higher error on H1 with an average 6% RMSD error for the Q-perfected HSQC (without the pure shift scheme, see Figure 3F) and 4% for the QUIPU version (see Figure 2G). This statements confirm the quantitativity of the QUIPU experiment. Moreover, due to the JHH collapsing, it allowed a possible increasing of the sensitvity from 40% to 120% with a 7% decreasing on the H4 site as compared with the standard HSQC (see Figure 3A). In order to study a more complex sample and quantify metabolites of interest in Arabidopsis Thaliana's leaves, a model mixture composed on nine organic acids usually known as Krebs cycle oxidation products usefull to generate energy for arerobic organisms (see Figure 4). It was prepared with compounds at a 10 mM range concentrations to show the potential of the QUIPU HSQC in some hours (see ESI-V). The quantification of each organic acid was carried out using different experiments: the 1D 1 H, and various 1 H- 13 C HSQC: the HSQC0, the Q-perfected HSQC and the QUIPU HSQC. Among the tested techniques, the HSQC0 and Q-perfected-HSQCs allow accessing concentrations with comparable results (see Figure 4). However, the HSQC0 required a longer experimental time: three times longer for recording HSQC1, HSQC2 and HSQC3. Moreover, the sensitivity of integrated signals on HSQC2 and HSQC3 are less intense than for HSQC1 and Q-perfected HSQC due to their longer sequence limited by the transverse relaxation. Concentrations have been calculated from 6 to 12 mM (see Figure 4 and ESI-II). These techniques are acceptably quantitative with RMSD ranging between 5 and 10% for the Q-perfected HSQC as already obtained for the Q-HSQCs [22], but also for the HSQC0 and the QUIPU HSQC.

To show the robustness of the QUIPU HSQC in the field of real complex mixture possibly composed on low concentrated molecules, it was then implemented on plant leaf extracts in order to quantify organic acids and myoinositol as targeting metabolites.

As expected the acquisition 1 H homodecoupling (see Figure 1) of the QUIPU HSQC (Figure 5 in red) allows removing JHH to highly enhance the signal dispersion of metabolites (see Figure 5 A,B). Thus, a gain from 20% to 160% in sensitivity in comparison with the Q-Perfected HSQC (Figure 5 in black) was obtained. With the help of these tools, the low concentrated metabolites tracking was more easily performed on freshly cut Arabidopsis Thaliana leaves extracts. .
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Please do not adjust margins Some metabolites of interest related to the cellular death and the Krebs cycle were detected in the leaves' matrices of Arabidopsis Thaliana (see ESI-III) and their concentration could have been determined thanks to an internal reference TMSP-d4. The concentration of the latter has been precisely measured by the standard addition methods (see ESI-I). Only myoinositol, malic, succinic, fumaric and citric acids have been probed within two different rosettes (see Figure 6 and ESI-III). Low concentrations could be measured up to 120 M in R1 extract (see Figure 6). Concentrations are in the same order of magnitude for the myoinositol, fumaric and succinic acids and higher for the malic and citric acids in R2 when compared to R1 extract. A detailed interpretation of these data related to the plant behaviour is out of the scope of this work. 
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Figure 2 :

 2 Figure 2: 13 C-1 H HSQC cross peaks Intensity dependency due to 1 JCH for standard HSQC (continuous line) and J compensated Q-HSQC (dotted line) : for INEPTs the modulation depends on sin²( 1 JCH 2) and 0.5.(1-cos(2 1 JCH 2sin²( 1 JCH 2)20duringthe BIRD decoupling in the acquisition scheme

Figure 3 :

 3 Figure 3: A) F2 projections of the standard perfect HSQC (in bue) with the pure shifted HSQC (in red) for the myoinositol with d1=15s. B), D) and F) the conventional HSQC and C), E) and G) the pure shifted versions. C) and B) have been recorded with a relaxing time d1=1s and E) and D) with a d1=15s being five time the larger T1. For finishing, F) and G) are HSQC maps including d1=15s and an averaging of 1 JCH (see Figure 2). Values are the 3D integrals averaged over three series for each signal of the myoinositol. A 100 mM concentration was used to test the developed sequence. (see ESI-V)

Figure 4 :

 4 Figure 4: Calculated concentration for 9 organic acids used as a model mixture.The lactic acid has been used as a standard reference (9.7 mM) to quantify the other acids of the model mixture (see ESI-I). The QUIPU HSQC was recorded by averaging six scans for short echoes and two scans for long echoes[9]. The concentrations values have been averaged out over three experiments and the RMSD is indicated for each value as error bars. Note that the sample encoded version QQ HSQC[22] could have been also implemented for sake of experimental time.

Figure 5 :

 5 Figure 5: Quantitative 2D maps recoded on extracts (R1) of wild type Arabidopsis Thaliana leaves (see ESI-V), in black (top) the Q-perfected HSQC and in red (bottom) the QUIPU HSQC. Arrows mark the different extracted lines from 2D maps with the same colour code. A and B area show the improvement of signals dispersion with the QUIPU experiment (red) as compared with the Q-perfected HSQC (black). Sensitivity improvements are indicated on the QUIPU spectra compared with the Q-perfected HSQC version. For such comparisons, the level of noise is the same to appreciate the signal enhancement.

Figure 6 :

 6 Figure 6: Concentrations of some metabolites of interest extracted from QUIPU HSQC maps in different rosettes of Arabidopsis Thaliana. The concentrations values were averaged over three series of integrals extracted from 2D maps and the associated RMSD table is given in ESI-IV.
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