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Abstract

Metabolomics continues to make rapid progress through the development of new and better 

methods and their applications to gain insight into the metabolism of a wide range of different 

biological systems from a systems biology perspective. Customization of NMR databases and 

search tools allows the faster and more accurate identification of known metabolites, whereas the 

identification of unknowns, without a need for extensive purification, requires new strategies to 

integrate NMR with mass spectrometry, cheminformatics, and computational methods. For some 

applications, the use of covalent and non-covalent attachments in the form of labeled tags or 

nanoparticles can significantly reduce the complexity of these tasks.

Graphical Abstract

*To whom correspondence should be addressed: Rafael Brüschweiler, Ph.D., Department of Chemistry and Biochemistry, The Ohio 
State University, Columbus, Ohio 43210, bruschweiler.1@osu.edu. 

CONFLICTS OF INTEREST
There are no conflicts of interest.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Curr Opin Biotechnol. Author manuscript; available in PMC 2018 February 01.

Published in final edited form as:
Curr Opin Biotechnol. 2017 February ; 43: 17–24. doi:10.1016/j.copbio.2016.07.006.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



INTRODUCTION

Metabolomics, also known as metabonomics, has emerged as a key discipline to address a 

wide range of scientific questions in biological, biomedical, environmental, agricultural, and 

nutritional research. This is largely because of technological advances in high-resolution 

analytical instrumentation, especially nuclear magnetic resonance (NMR) and mass 

spectrometers (MS), which allow the separate detection of hundreds of signals belonging to 

different metabolites in complex metabolite mixtures.[1] Detected signals can be directly 

analyzed by chemometric and statistical analysis tools for the determination of patterns that 

are characteristic for samples from different subgroups, such as wild type vs. mutant, young 

vs. old, or healthy vs. diseased.[2] Such pattern-based approaches allow the rapid diagnostic 

application of metabolomics without the need to identify the chemical content of a sample. 

In order to relate observed changes to the underlying biochemical pathways, it is crucial to 

be able to accurately and comprehensively identify the metabolites present in the samples. 

This step often starts with the querying of experimental NMR or MS signals against 

metabolomics databases, which contain spectral information of many of the known 

metabolites. Over recent years, many metabolite repositories and querying platforms have 

undergone substantial expansions,[3–7] which led to greatly improved querying results both 

in terms of increased true positive rates and decreased false positive rates. Known 

metabolites that can be produced through alternative pathways can be tracked by the use 

of 13C-or 15N-enriched precursors, such as 13C6-glucose or 13C5,15N2-glutamine by using 

stable isotope-resolved metabolomics (SIRM) analysis. The precise labeling patterns of the 

products provides important insights into the regulatory mechanisms of these pathways in 

healthy vs. cancer cells.[8]

Still, many of the signals found in NMR and MS spectra of most metabolomics samples 

belong to molecules that are not present in metabolomics databases.[9] Identification of 

these “unknown” molecules is notably hard and is widely recognized as a central bottleneck 

toward further progress in the metabolomics field. NMR spectroscopy has a long track 

record in the structure elucidation of unknown biological molecules and has been commonly 

used for structure determination of isolated compounds in the context of natural product 

research.[10] However, the separation process is time consuming, labor-intensive and some 

metabolites can be modified or lose their activity during extraction.[11] In the context of 

metabolomics, a primary goal is to perform the efficient and accurate identification of both 

known and unknown metabolites in their complex mixture environment with little or no 

prior purification.

Metabolomics databases permit the rapid identification of a maximal number of metabolites. 

The remaining unexplained NMR and MS peaks belong to unknowns. This two-step strategy 

reduces the number of NMR and MS signals that have to be analyzed during structure 

elucidation in the presence of a complex mixture by dereplication, i.e. the discard of known 

compounds.[12]. Newly discovered metabolites are then added to metabolomics databases 

providing easy access to an ever larger number of known metabolites to study their role 

under various biological conditions (Figure 1). Over the past couple of years important 

advances have been made in this area. This review summarizes some of these advances and 

points out remaining challenges.
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Identification of known metabolites by multidimensional NMR

The metabolite identification procedure in metabolomics usually starts with querying 

experimental signals against metabolomics databases to assign as many metabolites as 

possible. One-dimensional (1D) 1H NMR spectroscopy is the most popular NMR 

experiment and one of the most widely used metabolomics experiments overall, allowing 

high-throughput applications by measuring hundreds or even thousands of samples, since it 

takes only of the order of a few minutes per sample. However, identification of metabolites 

in complex mixtures solely based on 1D 1H NMR can be challenging because of severe peak 

overlap in crowded regions of the spectra. Alternatively, more reliable metabolite 

identification can be achieved by going from 1D to two-dimensional (2D) NMR 

experiments, whereby spectral resolution is enhanced at the expense of prolonged 

experiment times.[13–15] In fact, a growing number of metabolomics studies relies almost 

exclusively on 2D NMR experiments for the accurate and comprehensive identification of 

metabolites.[16–20]

A recent development in NMR-based metabolite identification has been the introduction of 

customized metabolomics databases designed for the querying of particular types of 2D 

NMR experiments, which has resulted in improved compound identification accuracy. The 

SpinCouple metabolomics database has been introduced recently for the analysis of 2D J-

resolved (Jres) 1H NMR spectra.[21] SpinCouple as well as the Birmingham Metabolite 

Library[22] allow querying of 2D Jres 1H NMR spectra of complex metabolite mixtures 

against 2D Jres 1H NMR spectra of metabolite standards. A 2D 13C-1H heteronuclear 

multiple bond correlation (HMBC) database was introduced for the identification of 

triterpenes from Actaea species. This database was generated by analyzing four commonly 

observed HMBC correlations in triterpene structures, which together produce a rectangular 

pattern with four HMBC cross-peaks unique to each triterpene (Figure 2). By using these 

patterns as “barcodes”, the authors successfully identified different catalogued triterpenes in 

A. racemosa extract.[23]

The 13C-TOCCATA customized database is optimized for the querying of 13C-13C TOCSY 

spectra of uniformly 13C labeled metabolomics samples,[24] whereas the 1H(13C)-

TOCCATA customized database permits the querying of 1H-1H TOCSY and 13C-1H HSQC-

TOCSY spectra of complex metabolite mixtures at natural 13C abundance.[25] A novelty in 

the TOCCATA databases is that they sort the spectral information of each metabolite into 

individual spin systems and slowly interchanging isomers. Since any selected cross-section 

of the 2D TOCSY spectrum reflects the 1D spectrum of a single spin system or an individual 

isomer rather than the entire 1D spectrum of a given compound, it increases the accuracy 

(reliability) and confidence of metabolite identification. For a closely related set of 

metabolites, the COLMAR 13C-1H HSQC metabolomics database has been introduced for 

querying 13C-1H HSQC spectra. COLMAR 13C-1H HSQC database sorts HSQC spectra of 

metabolites into their individual slowly interchanging isomeric states: for example, α- and 

β-glucose are queried like two separate molecules. This improves the query result, since it is 

insensitive to the relative populations of different isomers which sometimes can be quite 

uneven, i.e. the unambiguous detection of one isomer per compound is all that is needed for 

query if the other isomer(s) is below the detection limit.[26] As these databases continue to 
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grow, it will be important to integrate them so that multiple experiments collected on the 

same sample by NMR, as well as other methods, can be simultaneously queried, which will 

further improve the accuracy and confidence of the top hits of these queries.

Identification of known metabolites by hybrid NMR/MS

Depending on the type of sample at hand, querying of experimental 2D NMR spectra against 

metabolomics databases often achieves unambiguous identification of a majority of the 

catalogued metabolites. However, this strategy fails when two or more metabolites have very 

similar chemical shifts, which is often because they share a highly similar structure as is the 

case, e.g., for creatine vs. creatine-phosphate or ADP vs. ATP. On the other hand, these 

metabolites often have different mass-to-charge (m/z) ratios and, hence, it should be possible 

to differentiate them when including information from mass spectrometry (MS) data. An 

automated hybrid NMR/MS approach, the “NMR/MS Translator”, has recently been 

introduced for this task. The NMR/MS Translator first generates metabolite candidates from 

experimental 1D and/or 2D NMR spectra by NMR database query, which is followed by the 

prediction of the masses (m/z) of all likely ions and adducts of metabolite candidates with 

their characteristic isotope distributions. The expected m/z ratios are then compared with the 

experimental MS1 spectrum for the direct assignment of those signals of the mass spectrum 

that correspond to the metabolites generated from the NMR spectra. In this way, the MS and 

NMR spectra are simultaneously assigned in a manner that can be fully automated. By co-

analysis of chemical shift and accurate mass data, 88 metabolites could be identified that 

were consistent with both NMR and MS data, thereby increasing the confidence of these 

metabolites over the use of either method alone.[27]

Identification of unknown metabolites by multidimensional NMR

Identification of unknown metabolites is a critically important objective as it provides 

information about altered or new biochemical pathways, along with their associated 

enzymes, or the previously unknown influx of exogenous metabolites. Their identification in 

complex mixtures requires deconvolution of the NMR spectrum into subsets of signals 

where each subset can be attributed to an individual metabolite. This can be done by 

physical separation of a mixture, for example by high-performance liquid chromatography 

(HPLC), followed by the acquisition of the NMR and MS spectra of individual fractions. 

This approach has proven useful in natural product discovery pipelines, e.g. using 

commercial LC-MS-SPE-NMR instruments,[28, 29] but the utility of this approach is 

limited in the context of high-throughput applications. Alternatively, the NMR spectrum of a 

mixture can be deconvoluted into individual components by acquiring high-resolution 2D 

NMR spectra. Experiments providing connectivity information such as 2D 1H-1H TOCSY, 

2D 13C-1H HSQC-TOCSY, and 2D 13C-1H HMBC allow deconvolution of the signals of 

each mixture component without the need for physical separation.[30]

2D 13C-13C CT-TOCSY spectroscopy has been used for the deconvolution and 

characterization of the backbone topologies of unknown molecules in metabolomics samples 

toward the elucidation of metabolite structures in complex mixtures. In a fully 13C-labeled 

E. coli cell lysate, it was possible to identify 112 individual carbon backbone topologies.[31] 

A similar strategy has been successfully applied to fully 13C-labeled C. elegans cell lysate 
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by using the 2D 13C-13C INADEQUATE experiment, which correlates pairs of directly J-

coupled 13C spins in the metabolites.[32] Determination of the carbon backbone topology of 

each spin system of a molecule represents the first step for structure elucidation. Next, one 

needs to connect multiple backbone topologies of each molecule by using long-range 

correlation experiments; moreover, one has to identify the (non-carbon) substituents 

(functional groups) that are attached to the carbon skeleton.[33] This has been achieved 

recently by combining 3D (H)CCH-TOCSY, 3D (H)CCH-COSY, 2D 13C-1H HSQC, 

2D 13C-13C COSY, and 2D 13C-1H D-HMBC experiments. The authors used this set of 

experiments to elucidate complete structures of metabolites in a 13C-enriched R. japonicum 
extract. In addition, they used quantum chemical calculation to verify the identified 

metabolites by predicting chemical shifts of the structures for comparison with experiment.

[34] Some of the structures of uncatalogued metabolites identified by this approach are 

depicted in Figure 3. These structure elucidation approaches have been demonstrated in 13C-

labeled organism for which they work particularly well. Since many types of metabolomics 

samples cannot be easily 13C-labeled, alternative approaches that work also for natural 

abundance 13C samples, such as human urine and serum, are clearly needed.

Identification of unknown metabolites by hybrid MS/NMR

A hybrid MS/NMR metabolite identification strategy, SUMMIT MS/NMR, has been 

proposed, which works for both natural abundance 13C samples as well as 13C-labeled 

samples. The approach first extracts accurate masses of all detected metabolites from high-

resolution mass spectra and generates all structures consistent with the derived chemical 

formulas (‘structural manifold’). The comparison of the predicted NMR spectra of all 

candidate structures with the experimental NMR spectra of the same sample permits 

identification of the structures present in the complex mixture of interest (Figure 4A). 

SUMMIT MS/NMR was applied to E. coli cell extract, where it correctly identified a wide 

range of different types of metabolites.[35] The results suggest that SUMMIT MS/NMR 

might be suitable for high-throughput applications for the discovery of new metabolites in 

biological and biomedical mixtures, without the need for experimental MS and NMR 

metabolite databases or extensive metabolite purification for the elucidation of the structures 

of unknown metabolites.

Physical and chemical methods for spectral simplification

For highly complex mixtures, such as urine, the selection or suppression of certain classes of 

compounds with common chemical or physical properties can be of advantage. [36] 

Two 15N-labeled agents, namely the cholamine tag and the aminooxy probe, have been 

introduced that selectively and covalently attach to carboxyl and carbonyl group containing 

metabolites, respectively.[37, 38] This makes signals of these metabolites directly visible in 

2D 15N-1H HSQC NMR spectra and mass spectra because of the introduction of a 

permanent charge, thereby linking NMR and MS signals of the modified metabolites. Other 

functional groups, such as amines and hydroxyls, have also been covalently tagged with 13C-

labeled or 31P-containing tags for their unique detection.[39] Another recent approach uses 

attractive non-covalent interactions between certain types of metabolites and anionic or 

cationic silica nanoparticles (SNPs). The addition of the SNPs to the NMR sample leads to 

the disappearance of NMR signals of those metabolites that interact with the SNPs.[40] 
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Even transiently bound metabolites experience strong line broadening of the metabolite 

resonances due to the very slow rotational diffusion of the much larger SNPs (Figure 4B). 

This approach selectively suppresses the NMR signals of metabolites that have opposite 

charge than the SNPs as well as certain metabolites that contain hydrophobic groups, such as 

multiple methyl groups. The disappearance of NMR peaks in the 1D or 2D spectra facilitates 

the analysis of the remaining peaks, while at the same time it permits the attribution of 

specific physical-chemical properties to metabolites affected by the SNP presence, 

especially electric charge, which is otherwise hard to measure by NMR at constant pH. The 

addition of SNPs to serum also helps eliminate protein from the NMR sample to produce 

clean spectra for quantitative analysis.[41] It should be possible to specifically target certain 

metabolite(s) of interest by coating nanoparticles with ligands that bind to them specifically. 

In fact, such a chemosensing strategy has been demonstrated recently for relatively simple 

synthetic mixtures.[42] This research direction has strong potential by exploiting synergies 

between synthetic chemistry, nanoscience, and metabolomics.

OUTLOOK

NMR-based metabolomics is making rapid progress on multiple fronts. The expansion of 

NMR databases with their content customized for different types of NMR experiments 

remains an important, although time-consuming task. Identification of unknowns clearly 

remains one of the biggest challenges of present day metabolomics. The combined use of 

MS and NMR methods to the same sample,[43, 44] along with advanced statistical,[45–48] 

cheminformatics[27],[35] and spectral prediction methods[49,50], promises to considerably 

shorten the arduous, but rewarding path to the structure determination of unknowns. All 

these scientific and technological advances provide rich and urgently needed information 

about the metabolic make-up of life. In the biomedical field, they already play increasingly 

important roles in disease diagnostics and will be gradually employed to guide intervention.
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Highlights

• Power of 2D NMR permits the study of both known and unknown 

metabolites.

• Known metabolites are reliably identified using customized metabolomics 

databases.

• Combining NMR, MS, computation with cheminformatics offers roadmap 

toward unknowns.

• Use of additives such as reactive agents or charged nanoparticles can be 

beneficial.
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Figure 1. 
Integrated metabolomics workflow for the identification of known and unknown metabolites 

in complex mixtures. Combined use of metabolomics databases with experimental NMR and 

MS spectra (e.g., NMR/MS Translator [27]) allows the rapid identification of a maximal 

number of known metabolites present in the mixture, while unidentified signals are used as 

fingerprints of unknowns. Next, structures of unknown metabolites can be elucidated or 

vastly narrowed down by the combined use of multidimensional NMR, MS, 

cheminformatics, and computation (e.g., SUMMIT MS/NMR [35]).
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Figure 2. 
2D 13C-1H HMBC barcoding approach. The 2D NMR data of reference compounds were 

analyzed to generate a database of rectangular patterns (barcodes on the left) with four 

HMBC cross-peaks unique to each triterpene. Next, triterpene components in A. racemosa 
extract were identified by in silico matching of experimental NMR signals with the reference 

barcodes (bottom). Adapted with permission from [23]. Copyright 2014 American Chemical 

Society.
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Figure 3. 
Chemical structures of uncatalogued metabolites identified in a 13C-enriched R. japonicum 
plant cell lysate by using 3D NMR spectroscopy and density functional theory-based 

chemical shift prediction. Adapted with permission from [34].

Bingol and Brüschweiler Page 13

Curr Opin Biotechnol. Author manuscript; available in PMC 2018 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
(a) Schematic representation of the SUMMIT MS/NMR approach for the rapid and accurate 

identification of unknown metabolites in complex mixtures. Adapted with permission from 

[35]. Copyright 2015 American Chemical Society. (b) Nanoparticle-assisted NMR 

metabolomics approach for the selective suppression of the NMR signals of metabolites 

based on their charge and hydrophobicity. When metabolites interact (even only transiently) 

with the surface of charged silica nanoparticles they undergo rapid transverse relaxation, 

which results in substantial line broadening or complete peak disappearance in the NMR 

spectrum.[40]
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