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    Nuclear Magnetic Resonance (NMR) spectroscopy has emerged as one of the most powerful techniques for the identification of materials and the study of their dynamic properties. As a result, the technique has found tremendous uses in almost all fields of physical, natural, and health sciences.




    Volume 9 of the book series entitled Applications of NMR Spectroscopy is comprised of 5 chapters. In chapter 1 of the book, Sinha et al. have discussed the usage of NMR spectroscopy in the identification of photoprotective compounds and its advantages and disadvantages for metabolomic studies. In chapter 2 of the book, Valderrama et al. present an overview of 1H NMR-based metabolomics analysis used in coffee quality control. Avelino and Lomonaco, in the next chapter of the book, discuss the development of the lignin field by reviewing the recent advances provided by NMR spectroscopy. In chapter 4 of the book, Vashistha et al. highlight the current developments in NMR spectroscopy for chiral recognition of pharmaceuticals reported during the past five years. da Silva Júnior et al., in the last chapter of the book, discuss NMR-based metabolomics, its general aspects and applications in cancer diagnosis.




    We wish to thank all eminent scientists for their scholarly contributions. The editorial team of Bentham Science Publishers, particularly Ms. Asma Ahmed (Senior Manager Publications), Obaid Sadiq (in-charge books department), and team leader Mr. Mahmood Alam (Editorial Director), deserves our deepest appreciation for compiling an excellent volume in a time-efficient manner. We are confident that, like the previous volumes of this book series, the current treatise will also receive wide appreciation from both the readers and practitioners of NMR spectroscopy.
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      Abstract




      Cyanobacteria are ubiquitous in nature as they efficiently tolerate various extreme climatic conditions for survival, such as increasing effects of solar radiation, salinity, and temperature, etc. Cyanobacteria are important sources of secondary metabolites, which enable them to withstand these harsh environmental conditions. Small-molecular-weight secondary compounds are primarily implied in the defense mechanisms in the case of biotic and abiotic stresses. Various beneficiary secondary compounds are educed from cyanobacteria, such as UV-screening pigments (mycosporine-like amino acids, scytonemin, carotenoids, etc.), phytohormones, cyanotoxins, and antioxidants. Bioactivity-directed isolation techniques are used to identify these molecules from complicated matrices in pharmacognosy (discovery of biologically active compounds from natural sources). NMR spectroscopy has appeared as a specific major analytical technique applied in metabolomics. The easy sample preparation, the expertise to evaluate metabolite quantity, the notable investigational reliability, and the innately non-destructive quality of NMR spectroscopy have made it the first-line option for significant scientific metabolic analyses. Unlike some mass spectrometry methods, NMR is not discriminatory, depending on the metabolites' precursors or their ionization potential. Screening of metabolites needs maximum sensitivity, and it is a process with a broad scope. In this chapter, we have discussed the usage of NMR spectroscopy in the identification of photoprotective compounds and its advantages and disadvantages for metabolomic studies. We have also explored several new NMR techniques that have recently become available in order to fortify its advantages and overcome its inherent limitations in metabolomics applications.
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      INTRODUCTION




      UV-radiation levels on Earth's surface are increasing due to CFCs and reduced cloud cover [1]. Cyanobacteria are the principal origin for many metabolites, such as alkaloids, carbohydrates, flavonoids, pigments, phenols, saponins, steroids, tannins, terpenes and vitamins, which could be exploited in the biotechnology and industrial sectors [2]. Cyanobacteria are able to survive in high UV radiation through several photoprotective mechanisms. Quenching strategies are being used by distinct species, which frequently imply the DNA repair system, antioxidative enzymatic activities, and UV-screening compounds in combination.




      UV-induced damaged DNA can be repaired by photoreactivation, excision and mismatch repair. Photoprotective compounds (PPCs), having UV-absorbing properties, such as mycosporine-like amino acids (MAAs) and scytonemin, are produced by cyanobacteria, which help in the protection against excessive UVR. Various environmental factors like the variations in the intensity and wavelength of UVR, nutrient deficiency curb, and a number of stresses affect the biosynthesis of these compounds [3].




      In the past twenty years, quick and effective characterization of secondary metabolites has become a great challenge for the investigation of novel bioactive compounds and drug research. Many secondary metabolites have been identified by conventional techniques in cyanobacteria. Compounds were generally isolated from cyanobacterial extracts by semi-preparative liquid chromatography and identified using classical spectrometric techniques, namely ultraviolet-visible (UV-Vis) spectrophotometry, infrared (IR) spectroscopy, mass spectrometry (MS) or nuclear magnetic resonance (NMR). However, these processes are time-consuming. In order to expedite the isolation and purification of compounds from cyanobacterial extracts, various techniques are being used in metabolomics such as gas chromatography-mass spectroscopy (GC-MS), liquid chromatography-mass spectroscopy (LC-MS), and high-performance liquid chromatography (HPLC), often in combination with mass spectroscopy (HPLC-MS), or nuclear magnetic resonance (HPLC-NMR) [4-10]. Each technology has its own advantages and limitations. The selection of technology is focused on the inquiry and the nature of the samples and is also determined by the evaluation and its expertise availability. Recognition and evaluation of most of the metabolites are usually not determined by a single technology, and mostly, various technologies are being used for a complete study.




      NMR is an extensively used technique for studying secondary metabolites from natural cyanobacterial extracts. It is the most effective technique for the structural identification of unknown compounds in a mixture. However, the isolation and at least partial purification of compounds have to be carried out prior to NMR spectroscopy. To reduce these time-consuming steps, physical coupling of liquid chromatography and NMR has been used in the last two decades. In practice, the routine applications of HPLC-NMR have been successfully applied only in the last ten years. NMR spectra of HPLC purified fractions from biological samples are now possible due to the introduction of flow-through probe heads.




      Compared to other technologies, NMR has several ascendancies in being non-destructive, non-adherent, easily quantifiable; it does not require chromatographic separation, sample treatment, chemical derivatization, and the identification of novel compounds. NMR is fully automated and surprisingly reproducible, allowing high throughput [11], large-scale metabolic studies that can be done easily by NMR spectroscopy in comparison to LC-MS or GC-MS. NMR is also used for the characterization of sugars, organic acids, alcohols, and highly polar compounds. NMR analysis is not only used for biofluids or tissue extracts but is also applicable for whole tissues, organs, and other samples by using solid-state NMR (ssNMR) and magic-angle sample spinning (MAS) NMR [12-15]. Furthermore, NMR is exploited in the metabolite imaging of live samples via magnetic resonance spectroscopy (MRS) and magnetic resonance imaging (MRI) [16-20]. Real-time metabolite characterization of living samples can be done by NMR spectroscopy [21, 22]. Molecules can be studied at the atomic level, not only based on 1H atoms but several other biologically reactive groups, including 13C, 15N and 31P [23-28]. Lack of sensitivity is a limitation of NMR as it only provides information on 50 to 200 recognized metabolites with concentrations greater than 1 μM. NMR spectroscopy requires large amounts of samples, as compared to HPLC, GC, MS, GC-MS and LC-MS. Nevertheless, this is typically not a major problem in microbiology. This chapter provides an overview of the utilization of NMR spectroscopy in the profiling and structural elucidation of photoprotective compounds in cyanobacteria.


    




    

      PRINCIPAL PHOTOPROTECTIVE COMPOUNDS IN CYANOBACTERIA




      Scytonemin and MAAs are the chief UV-screening pigments biosynthesized by cyanobacteria mainly in response to harsh UV-irradiation. They are considered powerful UV-absorbing biomolecules.




      

        Mycosporine-Like Amino Acids (MAAs)




        MAAs are UV-absorbing, uncoloured, and water-soluble small molecules with molecular weights between 188 and 1050 Dalton. They are characterized by a cyclic-hexenone or cyclic-hexenimine chromophore combined with nitrogen or alternatively an amino acid or its imino alcohol, with absorption maxima between 309 and 362 nm [29-33]. The first MAA was reported by Shibata in 1969 isolated from a cyanobacterium from the Great Barrier Reef [34]. Thereafter, many MAAs such as mycosporine-glycine, shinorine, palythinol, palythene, porphyra-334, and asterina-330 have been characterized [35]. They are powerful UV-A/UV-B-absorbing compounds having high coefficients between 28,100 and 50,000 M cm-1 [36, 37]. They act as photoprotectants due to their characteristic UV absorption maxima, photostability, and resistance against various extreme physicochemical stressors such as high UV radiation or excessive temperature and pH.




        MAAs help protect the cell from UV radiation by dissipating the energy as heat, thereby avoiding the production of reactive oxygen species (ROS) [38]. MAAs have become indispensable for the medicinal and cosmetic industries due to their photoprotective abilities. The chemical structures of some MAAs are shown in Fig. (1).
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Fig. (1))


        Chemical structures of several MAAs with their corresponding absorption maxima (λmax).

      




      

        Scytonemin




        Cyanobacteria produce an extracellular sheath, which is made up of polysaccharides. Scytonemins, lipid-soluble yellow-brown dimeric pigments with indolic and phenolic subunits with a molecular weight of 544 Dalton are often embedded in the sheath. Scytonemins come in two forms; fuscorhodin is the reduced form (red colored), and fuscochlorin is the oxidized form (yellow colored) [39, 40]. The in vivo absorption maximum of scytonemin is at 370 nm, whereas the absorption maximum of isolated scytonemin is at 386 nm. In addition, the molecule significantly absorbs at 252, 278, and 300 nm. UV-A-induced inhibition of photosynthesis and photobleaching of chlorophyll a have been found to be reduced in the presence of scytonemin [41, 42]. The UV-protective capacity of scytonemin has also been established in the terrestrial cyanobacterium Chlorogloeopsis sp [43, 44]. The stability of scytonemin is maximal even in adverse or excessive conditions, such as harsh UV radiation, extreme temperatures, etc. Scytonemins are photoprotective even when cells are inactive physiologically, and other photoprotective strategies, such as repair of damaged machinery of cells, would be ineffective [45]. As MAAs, scytonemin may be exploited as a sunscreen in cosmetic industries due to its higher screening potential [46, 47]. The chemical structure of scytonemin and its derivatives are shown in Fig. (2). The applications of both scytonemin and MAAs are summarized in Table 1.
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Fig. (2))


        Chemical structures of scytonemin and its derivatives.



        

          Table 1 Photoprotective compounds in cyanobacteria and their applications.




          

            

              

                	UV-screening compounds



                	Species



                	Applications

              


            



            

              

                	Scytonemin



                	
Scytonema sp.



                	• Pharmacological potentials


                • Anti-inflammatory


                • Antiproliferative


                • Sun protection


                • Anti-ageing


                • Antioxidant

              




              

                	Mycosporine-like amino acids (MAAs) (mycosporine-glycine, palythinol, asterina-330 porphyra-334, shinorine and euhalothece-362)



                	
Anabaena doliolum, Nostoc sp. R76DM, Nostoc commune, Nostoc punctiforme and Scytonema javanicum




                	• UV-screening


                • Osmolytes


                • Sunscreen


                • Antioxidants


                • Skin care

              


            

          




        


      


    




    

      NMR SPECTROSCOPY




      

        One-Dimensional (1D) NMR Spectroscopy




        The principles involved in NMR spectroscopy are as follows:





        

          	Each metabolite is composed of atoms that constitute nuclei. Each nucleus is comprised of positive charges that are responsible for the spin of the nuclei.




          	If a magnetic field is applied externally, the energy is absorbed by the atoms, and the atoms undergo a transition into a higher excited state. The energy transfer occurs at a particular wavelength that corresponds to the frequency.




          	When the external magnetic field is removed, the atoms return to their original state, i.e., a lower energy level. The energy is emitted at a specific frequency during this process.




          	The NMR spectrum of that specific nucleus is characterized by these energy transfers and frequencies [48].


        




        

          1H NMR Spectroscopy




          1H NMR spectroscopy is widely used in the studies of metabolites that are based on the NMR technique due to the presence of 1H atoms in most of the organic compounds and, hence, in nearly every known metabolite. 1D 1H NMR is greatly automatable, authentic, and rapid, so one-dimensional 1H NMR spectra are mainly used for the study of metabolites. The chemical details present in a 1D 1H NMR spectrum of biological samples extracted from the tissues are sufficient for the characterization and the subsequent quantification of multiple metabolites at a time [49, 50] based on a library of many references. 1H NMR spectra of identified metabolites are found in several public databases, which analyse 1D 1H NMR spectra within a second [51-54]. Also, metabolites can be identified and quantified by using this technique [55, 56]. 1D 1H NMR spectra are mainly used for the quantification of metabolites since they can be performed easily and quickly without complicated sample preparation, and no polarisation transfer methods are used. There is an important role of solvent suppression in metabolomics studies because 1D 1H NMR spectra are conducted in water. On the basis of the types of metabolites to be investigated, various methods can be utilized. NMR-based metabolomic studies involve the collection of dozens to hundreds of spectra, which is critical for excluding solvent effects due to parameter changes. NMR samples can be analysed, stored, and repeatedly reanalysed to check previous findings on the same sample due to the extended storage of biological samples at -80 0C; it shows minute effects on the observed results of NMR [57, 58]. Some limitations of this technique show that there are chances of overlapping peaks leading to vagueness in the characterisation and quantification of compounds. Peak overlapping can be avoided by using higher magnetic fields during NMR experiments, and due to this, spectral dispersion is increased. When compared to 1D 1H NMR spectroscopy, two-dimensional 1H NMR spectroscopy can resolve overlapping peaks because it can determine and identify new metabolites.


        




        

          13C NMR Spectroscopy




          13C NMR spectroscopy is characterised by narrow line widths with broad chemical shift dispersion and thus allows better resolution as compared to 1H NMR. The availability of 13C is low in natural conditions because it has a low sensitivity of the 13C nucleus, hindering its application in metabolomics. Distortionless enhancement by polarisation transfer (DEPT) [59] can be utilized to enhance the 13C signal intensity. The 13C signal can also be enhanced by using glucose having 13C; this technique has been used for a long time for marking metabolites in the research of microbial metabolites and mammalian cell lines [60, 61]. Shanaiah et al. [62] used to mark the unmarked metabolites with 13C [63] as 13C enrichment does not work for mammalian or human studies. Cryoprobe technology in which the NMR probes are frozen to absolute zero to mitigate the electronic noise can be used to enhance the signal. Hyperpolarisation techniques can also be used for the enhancement of 13C NMR signals. The 13C NMR can be used for isotope tracing experiments [64, 65], and can help in the direct carbon determination in biosynthetic pathways and their chemistry.


        




        

          15N NMR Spectroscopy




          15N NMR spectroscopy has characteristics of a broad chemical shift and relatively narrow line widths. Due to its poor sensitivity, direct detection is not possible. Naturally, it is found in low abundance, and the gyromagnetic ratio is also less; therefore, the 15N nucleus is less sensitive than the 1H nucleus. To improve its effect, indirect ion detection is done by the enhancement of isotopes along with 1H. 15N NMR spectroscopy is involved indirectly in the structural analysis of proteins, RNA and DNA, but it cannot be used for studying metabolites. The Raftery group has developed a technique for the detection of NMR-based metabolomics with the 15N isotope [27]. It involves selective tagging of metabolites that provide an individual peak for each marked metabolite and conquers the cues from non-tagged molecules, increasing the sensitivity and peak dispersion. Hundred quantifiable metabolites can be detected from a single class of molecules using a two-dimensional 1H-15N HSQC approach. 15N-cholamine has dual characteristics, which help in the efficient determination of marked metabolites and also in chemical shift [66].


        




        

          31P NMR Spectroscopy




          Inspite the abundance of 31P and its wide spectral dispersion, the sensitivity is 660 times lower than 1HM, therefore, it has limited use in metabolomics studies; due to its comparatively broad spectral dispersion and susceptibility and the absence of phosphorus atoms in most of the metabolites. It is used to study several phosphorus-containing compounds like metabolites containing phospholipids and nucleoside (ATP, GTP, NADP, etc.) that play an essential role in energy metabolism [67]. In this isotope, tagging is used for the detection of several hydrophobic compounds. For the tagging of lipid metabolites having hydroxyl, aldehyde, and carboxyl groups, the 31P reagent 2-chloro-4,4,5,5-tetramethyldioxaphospholane (CTMDP) is used. One-dimensional 31P NMR having high resolution is used for the detection of tagged metabolites.


        


      




      

        2D-NMR Spectroscopy




        This spectroscopy is used in the identification of molecules, illustration of structures, and study of kinetics [68-70]. It may resolve the problem of overlaying resonances by proliferating the peaks, which depend on different “orthogonal” physical characteristics of the atoms of interest. With 2D NMR having an additional resolution, more metabolites can be identified as compared to 1D NMR. Many homonuclear 2D 1H-1H-NMR [71] and nuclear overhauser effect (NOESY) demonstrations with heteronuclear 1H, 13C coherence have been used to study metabolomics for many years [72-74]. Diffusion ordered spectroscopy (DOSY) [75, 76] and two-dimensional J-resolved NMR spectroscopy (J-Res) [77] are the forms of 2D NMR investigations that have also been used in various metabolomics studies. Here, we will discuss different types of 2D NMR spectroscopy.




        

          Correlation Spectroscopy (COSY)




          This is the easiest 2D NMR spectroscopy, and it is used to identify homonuclear correlations between paired nuclei and the molecular structure [78-81]. The COSY sequence consists of a 900 radio frequency (RF) pulse [82] followed by an evolution time (t1). Thereafter, a second 90° pulse (the length of a pulse, usually in microseconds), followed by a measurement period time (t2), is applied. It is helpful in metabolomics study due to its specific characteristics such as it is simple, fast, can be easily performed, and interpreted [83-87]. Unknown metabolites can be identified by COSY cross-peaks represented via bond coupling between coupled nuclei. This spectroscopic technique is being used for the investigation of several unknown and known metabolites, while 1D NMR is restricted only to the known metabolites.


        




        

          Total Correlation Spectroscopy (TOCSY)




          This is also known as homonuclear Hartmann-Hahn (HOHAHA) spectroscopy, in which the chemical shifts of two nuclei are related to each other in the total spin system of a specified compound. Not only cross-peaks of short-range (e.g., 3JHH) combined with protons can be seen, but peaks for protons that are joined by a series of scalar couplings are shown. More time is required for the collection of 2D, while 1D TOCSY requires less time and gives a simple 1D NMR spectrum that can be easily analysed. Selective excitation TOCSY spectroscopy is another version of the TOCSY useful for resolving spectral overlapping problems and the identification of metabolites in a given sample [88-90].


        




        

          2D J-Resolved Spectroscopy (J-Res)




          2D J-Resolved Spectroscopy was initiated by Ernst et al. and is one of the ancient 2D NMR spectroscopy techniques, which analyze both the type of chemical shifts, i.e., J-couplings and chemical shifts [91]. It increases the dispersion of peaks as compared to 1D NMR spectroscopy and helps in spectral assignments. 2D J-Res NMR spectroscopy is used for a broad range of NMR-based metabolomics analyses due to its speed [92]. The major disadvantage of 2D NMR spectroscopy is longer time required for a large number of samples. Frydman et al. (2002) [93] optimised and developed a single-scan 2D NMR method, which is known as planar imaging [94], coupled with the 2D J-Res experiment. This helps in the reduction of the J-Res accession time below one minute [95]. It has low sensitivity, and a high concentration of metabolites is required for metabolomic studies.


        




        

          Heteronuclear Single Quantum Correlation Spectroscopy (HSQC)




          Correlation spectroscopies such as COSY and TOCSY-like spectroscopy are related to the measurement of both homonuclear and heteronuclear correlations. Heteronuclear correlations NMR can be employed for the enhancement of the signal by transferring the nuclear spin polarisation via J-coupling from the I nucleus (usually the proton) to the S nucleus (usually the heteroatom). The magnetisation is first transferred from the high susceptible nucleus 1H towards the low susceptible nucleus 13C or 15N and then goes back to 1H for direct measurement. The 1H, 15N-HSQC spectrum provides the chemical shifts of proton and nitrogen atoms that are bonded directly, presenting individual cross-peaks for each H–N coupled pair. It is used to resolve and assign overlapping proton signals for the metabolites from complex mixtures. Fast metabolite quantification (FMQ) is used for the characterization, and subsequent quantification of the most abundant metabolites, with accuracy, which requires less time for the spectra collection. Heteronuclear multiple-quantum correlation spectroscopy (HMQC) is another correlation similar to the HSQC experiment but differs in the use of the approach of 2D for the transfer of magnetisation from 1H to the heteronuclear. HMQC also produces significantly broader peaks than HSQCs, therefore, it is less used for metabolomics.


        




        

          Heteronuclear Multiple Bond Correlation (HMBC) Spectroscopy




          HMB is also a 2D heteronuclear spectroscopy related to the chemical shifting between two different nuclei. This analysis is being used to understand the relations between nuclei, which are separated by chemical bonds. A low-pass filter is used for the elimination of the single bond correlation where only more minor J-couplings are optimised for detection. HMBC is performed to eliminate a single C-H bond, which is used to assign signals from quaternary and carbonyl carbons that cannot be detected by HSQC or HMQC experiments. HMBC combined with HSQC or HMQC is used for the identification of molecules and chemical structure elucidation.


        


      




      

        Some More NMR Techniques Used in Metabolite Identification




        

          High-Resolution Magic-Angle Spinning NMR Spectroscopy (HRMAS)




          Due to the robust dipolar coupling and chemical shift anisotropy, broad and unresolved resonances are obtained, mainly magnetic susceptibility gradients responsible for broad spectra [96, 97]. Line widening caused by dipolar interaction and chemical shift anisotropy can be averaged by rotating samples at high speed with respect to a persistent magnetic field. For examining tissues, sample extraction or preparation steps are not needed [98, 99]. HRMAS is very useful and links the metabolic depiction for the biofluids and the histology analysis. After NMR analysis, the microstructure of the tissue specimens remains intact. The tissues do not disintegrate at the time of NMR analysis because the samples are examined at low temperatures in a very short period of time [100]. Other analyses such as histopathology can also be done by using the same tissue specimens for future confirmation due to the non-destructive, and non-disruptive nature of HRMAS.


        


      




      

        Hyperpolarisation Methods




        

          Dynamic Nuclear Polarization (DNP)




          To enhance the intensity of an NMR signal in weak magnetic fields, DNP is used. DNP is based on the concept of conveying the Boltzmann polarisation by saturating the electron resonances to convey the polarisation of the electron spins to the nuclear spins. A temporary hyperpolarisation is induced in the spin-active nuclei via shifting of electrons to the nuclei of interest. The sample is rapidly melted and relocated to the NMR spectrometer to record the increased NMR signals [101]. The signal increment is analysed by comparing the signals of NMR intensities prior and after the application of DNP.


        




        

          Parahydrogen-Induced Polarisation (PHIP) and Signal Amplification by Reversible Exchange (SABRE)




          The hyperpolarisation approach, which relies on parahydrogen approaches like SABRE and PHIP, has been developed. This technique is successfully used to determine chemical process kinetics, investigate catalytic mechanisms, and study short-lived reaction intermediates [102]. PHIP has been used for the analysis of short-lived reaction intermediates, catalytic mechanisms and kinetics involved in chemistry [103]. PHIP technique produces a constant hyperpolarised gas flow leading to the polarisation, which is being conveyed to the nuclei of a compound. The nontoxic propane gas is used for this and could be generated in a hyperpolarised state through the propene hydrogenation with parahydrogen.


        




        

          Fast NMR Methods




          Fast NMR methods include Nonlinear sampling (NLS), which decreases the value of indirectly determined enhancements and, at the same time, maintains a high resolution [95, 104], and Hadamard spectroscopy [105, 106], in which the structure of the particular metabolites in samples and their chemical shifts can be determined. Ultrafast 2D NMR spectroscopy is faster than rapid 2D NMR spectroscopy, which depends on the indirect increments. A significant drawback of this method is its low sensitivity; to overcome this, another technique called multiscan hybrid ultrafast 2D NMR has been employed that increases the susceptibility of this method.


        




        

          Pure-Shift NMR




          Indirect spin-spin couplings (J) and chemical shifts are two major features for defining the NMR spectra of molecules, and these are important for the characterisation of undetermined metabolites. Pure-shift NMR spectroscopy has better decoupling and, even more significance than spectral simplification. A complex spectrum of biological mixtures is seen due to peak multiplicity resulting from J couplings, but due to its resolution power and sensitivity, it is used to analyse complex mixtures [107, 108]. Recently, a real-time pure shift HSQC-SI sequence, having sensitivity enhancement over ordinary pure-shift NMR experiments, has been optimised for metabolomics studies [108].


        




        

          LC-NMR and Other Hybrid NMR Approaches




          NMR spectroscopy combined with LC-MS allows chromatographic techniques to elucidate the complexity of mixtures. LC-NMR may be performed by the use of fraction collectors and NMR tubes or flow probes; the NMR tube is much faster and simpler. LC-NMR equipped with mass spectrometry allows the identification of the structure of new compounds [109]. The characteristics of NMR spectroscopy are summarised in Table 2.




          

            Table 2 Characteristics of NMR spectroscopy.




            

              

                

                  	Characteristics



                  	NMR

                


              



              

                

                  	Sensitivity



                  	Low, but may be enhanced by several fold, strong magnetic field, microanalysis and hyperpolarization.

                




                

                  	Selectivity



                  	NMR is not very selective, therefore, not used for very selective scanning. Multiple peaks appear for all the determined metabolites.

                




                

                  	Reproducibility



                  	Highly repeatable.

                




                

                  	Quantitative analysis



                  	Signal strength depends on the concentration of metabolites and nuclei of the molecule and can be quantified innately.

                




                

                  	Targeted analysis



                  	NMR spectroscopy is mainly performed for non-targeted experiments.

                




                

                  	
In vivo studies



                  	For in vivo studies, magnetic resonance spectroscopy (MRS) is used on samples having 1H and 31P nuclei.

                




                

                  	Fluxomics Analysis



                  	Experiments of in vitro and in vivo metabolic flux can be performed using NMR. It can accurately quantify the metabolites. Positions of the stable isotope can be depicted easily by using the NMR techniques.

                




                

                  	Tissue specimen



                  	Metabolites in tissue specimen can be identified by the use of HRMAS NMR.

                




                

                  	Sample preparation



                  	Requires less samples; the sample is transferred to the NMR tube and a deuterated locking solvent is added.

                




                

                  	Sample measurement



                  	1D 1H-NMR spectroscopy allows rapid measurements, and all the metabolites present in the sample can be seen in a single measurement.

                




                

                  	Sample recovery



                  	NMR is harmless so suitable to perform several experiments and also the sample can be kept for a longer period of time.

                


              

            




          


        


      




      

        Applications of NMR in Metabolites




        The applications of NMR in various fields are discussed in this section (Fig. 3).
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Fig. (3))


        Applications of NMR in various fields.



        

          Identification and Detection of Metabolite Structures




          NMR has been used for a long time for the determination of the chemical structures and conformity of molecules [110]. It is the ultimate method for the complete study of chiral molecules, apart from the single-crystal X-ray diffraction method. NMR provides complete information about the purified small molecular structure. NMR is used to identify the complexity of cells, tissues or biofluids extracts, consisting of several molecules having a very broad range of concentrations. The main objective is the determination of many metabolites as possible representing several routes within the wide metabolic chains. Identification of all of the intermediates is not essential but desirable for the mapping of known pathways. Some part of spectral attributes in metabolite studies cannot be identified. NMR can be used to identify relative changes of unknown metabolites. For the identification of metabolites, several NMR variables, like shifting of chemicals and their reliance on pH, spin heterogeneity, homonuclear and heteronuclear covalent affinity, are involved and several database search tools are available for the identification of metabolites. The sample spectra should be matched by using the standard spectra present in the databases because NMR variables can be susceptible to pH, temperature, concentration, and ionic conditions [111, 112]. This is an important step for NMR data-based metabolite allocation since extraction procedures vary between laboratories. There is a degeneration of chemical shifts at some pH for some metabolites like lactate and threonine at neutral pH. So, 1D databases depending firstly on the shifting of chemicals, could not be authentic, and only a few characteristics are identified due to multiple spectra. To study homogeneous samples, assignments can be verified with the help of multidimensional NMR techniques, which depict the carbon skeleton, along with TOCSY, HSQC, HMBC, and/or involves both HSQC-TOCSY. Multidimensional NMR, including heteronuclear NMR methods, which involve nuclei other than 13C, like 15N and 31P, are used for the identification of unknown spectral features [111, 113]. Compounds can be identified by combining heteronuclear scalar coupling with chemical shift information present in databases and by comparing chemical shifting occurring in compounds with various functional groups. For functional group determination, derivable reagents targeting specific functional groups can be made. Isotope-editing characteristic of NMR can be used for the detection of metabolites having targeted functional groups like 15N ethanolamine and 15N cholamine, and it is used to determine metabolites having a carboxylate group using a 2D 1H (15N)-HSQC technique with more resolving power.


        




        

          Stable Isotope Tracer Studies




          Isotopically utilized improved trackers are crucial to interpret metabolic routes and pathway dynamics. Because it is very sensitive, it can easily detect radioactive metabolites, and methods involving tracers being radiolabeled have been broadly used in life sciences for resolving the routes involved in metabolic reactions. This technology was developed in the 1950s [114, 115]. Nevertheless, undesirable experimental complications are added by radiochemicals due to their hazardous nature, and consequently, this method is not used for performing experiments related to humans. One of the drawbacks is that radionuclides are NMR silent except for 3H that provides a pathway for the application of NMR to identify the metabolites labeled with radioisotopes at different atomic position(s). The position(s) of isotope labelling, in addition to labelled isotopes in metabolites, play(s) an important role in the sturdy restoration of pathways and chains involved in metabolites. Mainly, 13C and 15N can be easily detected by using direct and indirect NMR experiments. Sensitivity and resolution, along with new advancements in biological mass spectroscopy, have enabled the use of isotope tracers in the field of metabolites research and stable isotope tracers are now selected instead of tracers labelled with isotopes.


        




        

          Cell-based Tracing




          To study metabolites based on stable isotope tracers on cell systems, analysis is done using 13C labelling. To trace the metabolism of the Krebs cycle in mitochondria in cells of insulinoma, 13C tagged glucose (U-13C6-glucose) joined with 13C NMR is being used. For the determination of the 13C isotopomer, two different pyruvate pools were detected, one pool involving oxidation of pyruvate by forming acetyl CoA and the other interchanging Krebs cycle intermediates or cycling of pyruvate.


        




        

          In Vivo Spectroscopic Measurements




          Due to non-interfering quality and the capability for structure interpretation, NMR is suitable for the tracing of transformations of metabolites in real time and these NMR techniques are used to explain the kinetics of pathways involved in metabolites in detail using only one sample by which variations in samples is removed, while the cost and labor are reduced. Probing of reactions involved in metabolites and their intracellular sectionalization are done directly in tissues or entire organisms, also in humans, in tissue-specified approaches using in vivo or in vitro, which cannot be done by any other analytical approach. The utility of 13C NMR has been enhanced by the development of hyperpolarized NMR methods in real-time quantification of kinetics involved in particular metabolic reactions in vivo.


        




        

          NMR is Used to Trace the Stable Isotope Labeling or Isotopomer Study at Specified Atomic Positions




          Generally, used isotopes involved in the experiments related to metabolic NMR are 13C (1.1%), 15N (0.37%) and 31P (100%). Carbon atoms directly attached with 1H and/or 1H 2-3 bonds apart in most of the metabolites result in 13C-1H couplings. One of the characteristics of NMR is that it can quantify elements directly or indirectly by coupling interactions of elements to one another, which play a role in performing experiments related to the alteration of isotopes to know the allocation of particular isotopomer [113, 116, 117]. There are two general ways involved in the detection of isotopomers using NMR, directly by observing the nucleus of interest [118] or indirectly observing by using an attached observer spin, generally a proton. When the detection is done directly, then all sites are observed, whereas, in indirect detection, a coupled spin is present, which is absent in the presence of an attached proton. Indirect detection is more susceptible than direct detection. One-bond couplings involved in indirect detection can not contain carbonyl and quaternary carbons but can be detected by their coupling with adjacent carbon atoms or determined by coupling of various bonds.


        




        

          Purity Determination of Molecules




          Library compounds used in pharmaceutical studies can be determined through quantitative NMR (qNMR) [119], in which impurity levels are evaluated accompanying structural details [120], degradation pathways, residual solvents, constituents of isomers, and molar ratios [121, 122]. Strategies involved in qNMR have provided a preferable platform for drug discovery and allowed the identification and quantification of drug metabolites in animal bioassays [123]. The structure and concentration of novel synthetic drug metabolites can be elucidated and commercialized using qHNMR and can be used as reference standards in high susceptible LC-MS-based evaluation [124]. Fluorine is used in many drug designs to increase their pharmaceutical values and kinetics. Some biological drugs like heparins, vaccines, and antibodies have been characterized by qHNMR [125]. Due to its strong capability for the characterization of carbohydrates, 1H NMR is being used to identify and quantify antigens in vaccines, like capsular polysaccharides. Furthermore, qHNMR has been shown as a good measurement method to check the purity of organic compounds, with a precision of 1% chemical purity and unpredictability of less than 0.1% [126-128].


        




        

          To Check the Quality and Drug Findings Through the Natural Products




          Qualitative and quantitative analysis is done by qNMR. In the area of herbal remedies or botanicals, herbal dietary supplements are becoming very beneficial for health as a whole rather than by virtue of a few constituents [129, 130]. Hence, the procedures used to characterize and verify the extracts should not contain single chemicals, rather it should involve mixtures. In response, qHNMR spectroscopy provides the whole composition of extracts and botanicals, which are characterized, and several active components are detected and quantified performing a single experiment [131, 132].


        




        

          Qualitative and Quantitative Analysis of Food




          The qNMR technique has been playing an important role in the advancement of food science and technology in the study of metabolites, fermentation processes and components of food. It can be used for monitoring the stages of manufacturing [133]. qHNMR has been used to check in situ the different stages involved in the fermentation processes of wine [134], milk [135] and tea; it is also used to accurately quantify preservatives like benzoic and sorbic acids present in processed food [136, 137]. Constituents of lipids present in sea bass [138] can be measured qualitatively and quantitatively, and also in processed pork meat sausages [139]. Targets to study qHNMR for food products involve two major classes of primary metabolites: 1) water soluble organic acids, amino acids, and sugars and 2) fatty acids. All together, they are crucial for nutritive and organoleptic prospects [140]. NMR can be used for the discovery of biomarkers, metabolite tomography and characterization of foods and beverages [141].


        


      





OEBPS/Images/9789815039351-C1-F3.jpg





OEBPS/Images/bentham_logo.jpg





OEBPS/Images/Cover.jpg
APPLICATIONS OF NMR SPECTROSCOPY

y (,; ixa-ur-Rahmgﬁ»
. Igbal Choudha
e ¢ v «






OEBPS/Images/9789815039351-C1-F1A.jpg
glycine (Amax=334 | O] 1o O0f ki
Omst) T ) wo
nm) on L oo, on L_oc oy L ook,
o Hor I . o
H NH . " H NH
Cooon Koo Ceoon
Shinorine Porphyra-334 Mycosporine-
(=334 nm) | (ewx=334nm) | gioeine valine
(Auax=335 nm)
ek w e g
5 N e
oo, bl
- Ho' o I oo
- o w o 1
b caon Lo AN
Palythenic acid Usujirene Palythene Euhalothece-362
(wn=3370m) | Gue=357nm) | (awe3600m) | (msx=362 nm)






OEBPS/Images/9789815039351-C1-F2.jpg
Dimethoxy-scytonemin

Scytonemin-3a-imine

Oxidized seytonemin  Reduced scytonemin

Tetramethoxy-scytonemin





OEBPS/Images/9789815039351-C1-F2A.jpg
o

—anion

Scytonemin A





OEBPS/Images/9789815039351-C1-F1.jpg
0 o N W

o ocH; o ok, ocH; ok,
o H0550'
Ho' N Ho' NH H N Hor NH

L G 7 ko

Mycosporine- Mycosporine- Palythine Palythine-serine-
taurine (Amas= glycine (uas= (hwax=320nm) | sulfate (hmax=320
309 nm) 310 nm) nm)
o L {p o
“ o "o W | :
Mycosporine- Mycosporine- Asterina-330 Palythinol
‘methylamine- ‘methylamine- (hmax=330 nm) (Amax=332 nm)
serine (Ama=327 threonine
nm) (Amax=327 nm)

Mycosporine-2-






