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Abstract

Metabolomics is the study of profiles of small molecules in biological fluids, cells, or organs. 

These profiles can be thought of as the “fingerprints” left behind from chemical processes 

occurring in biological systems. Because of its potential for groundbreaking applications in 

disease diagnostics, biomarker discovery, and systems biology, metabolomics has emerged as a 

rapidly growing area of research. Metabolomics investigations often, but not always, involve the 

identification and quantification of endogenous and exogenous metabolites in biological samples. 

Software tools and databases play a crucial role in advancing the rigor, robustness, reproducibility, 

and validation of these studies. Specifically, the establishment of a robust library of spectral 

signatures with unique compound descriptors and atom identities plays a key role in profiling 

studies based on data from nuclear magnetic resonance (NMR) spectroscopy. Here, we discuss 

developments leading to a rigorous basis for unique identification of compounds, reproducible 

numbering of atoms, the compact representation of NMR spectra of metabolites and small 

molecules, tools for improved compound identification, quantification and visualization, and 

approaches toward the goal of rigorous analysis of metabolomics data.
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1 Introduction

Owing to their close proximity to the functional endpoints that govern an organism’s 

phenotype, metabolites are highly informative about functional states. As a result, the 

metabolome, which is the collection of small molecules associated with an organism, has 

become the target of a rapidly growing body of research over the past decade. Metabolomics 

data have been utilized for systems biology, disease diagnostics, biomarker discovery, and 

the broader characterization of small molecules in mixtures. Information acquired from 

nuclear magnetic resonance (NMR) spectroscopy, mass spectrometry (MS), databases, and 
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published literature are combined to produce an interpretation of available data [1, 2]. 

Although NMR has lower sensitivity when compared to MS, the utility of NMR as a rapid 

and nondestructive method is validated by its decades-long use in identifying and 

quantifying products and impurities in complex reaction mixtures [3]. NMR spectra are used 

routinely to identify and characterize molecules and molecular interactions in a wide range 

of applications [4–13]. The relatively short time needed to acquire a one-dimensional (1D) 
1H NMR spectrum makes this experimental modality ideal for routine, high-throughput 

profiling and screening procedures.

Study design, biological sample collection, and sample preparation are key considerations 

prior to NMR data collection. Protocols and procedures for sample collection and 

preparation are often designed based on the goals of the study and the specific tissue under 

investigation. Protocols for sample collection from human participants in a clinical study, or 

from animals in the field, are varied and often require additional validation steps when 

compared to samples collected in the laboratory setting. Samples for NMR analysis typically 

require minimal preparation. NMR data can be collected at different field strengths, using a 

diverse set of pulse sequences and experimental parameters, including delays and number of 

scans. Data analysis and data interpretation practices are also diverse, and one is faced with 

choosing from a variety of possible workflows with potentially different outcomes [14]. For 

metabolic flux analysis, and for studies involving stable isotope enrichment, detailed tracing 

of peaks and their correspondence to moieties is required. Identification and quantification is 

not the only modality in which NMR data are utilized for metabolomics studies. Approaches 

that focus on global changes in spectral data using methods such as principal component 

analysis (PCA), or similar multivariate methods, are also popular. These methods also 

require a range of mathematical transformations during data processing and specific 

statistical approaches for classification and discrimination [15]. As the field develops, 

suggested protocols are beginning to emerge from individual laboratories [16]. As more 

studies and protocols develop, more process-oriented databases are likely to emerge that will 

make the sharing of data about the findings of studies, the detailed workflow, and the 

computational processes more practical. Toward this goal, tools and methodologies that 

improve the interpretation and validation of NMR metabolomics studies are critically 

needed.

This chapter focuses on metabolite identification and quantification. We examine 

challenging elements of the workflow, including data processing, analysis, interpretation, 

and deposition. We discuss tools that we have developed to address known challenges. We 

conclude with future approaches to address needs of the field, including our plans for new 

tools.

2 A Brief Overview of NMR-Based Metabolomics

The peak positions and intensities from a reference NMR spectrum generally serve as the 

identifying signature for a compound. Reference spectra normally are collected under 

specific conditions of pH, temperature, and magnetic field strength, because changes in 

conditions can distort the identifying signatures of compounds. The general approach to 

NMR-based metabolomics profiling utilizes sets of chemical shifts and intensities from 
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reference spectra, which constitute the “fingerprint” used to detect the presence of a 

particular compound in the mixture of small molecules and to estimate its concentration 

[17]. The process of identifying and quantifying a metabolite from an 1D-1H NMR spectrum 

requires that NMR peaks from the experiment be matched against those of one- and two-

dimensional reference spectra: for example, the experimental spectra archived at the 

Biological Magnetic Resonance Data Bank (BMRB) [18] or the Human Metabolome 

Database (HMDB) [19–21]. Full utilization of the reference NMR spectra in metabolic 

profiling requires the assignment of spectral transitions to the atoms of the molecule. In 

addition, effects of magnetic field strength on the positions and intensities of NMR peaks 

need to be taken into account (see Fig. 1).

Databases are being constructed to archive data from metabolomics experiments. 

MetabolomeXchange (http://www.metabolomexchange.org/site/) aggregates experimental 

data from four such repositories: Metabolites, Metabolomic Repository Bordeaux, 

Metabolomics Workbench, and Metabolonote. The National Institutes of Health (NIH) 

Common Fund Metabolomics Program has supported the establishment of a Data 

Repository and Coordinating Center (DRCC). The DRCC initiative is a response to the 

burgeoning development of databases. Proper identification of metabolites is key to 

establishing the identity of metabolites and the ability to cross-reference these small 

molecules across databases. Recent progress in establishing a unique naming and labeling 

convention that is entirely based on the InChI standard [23] has led to some remediation in a 

few databases, but much work remains to be done in this arena.

As an analytical method, NMR experimental data are highly reproducible; however, their 

interpretation often is subject to variability and uncertainty. A robust and reliable 

interpretation of data must include the following: (a) a rigorous quantification of uncertainty, 

(b) reliable small sample performance, and (c) wide applicability to different biological 

samples and sample conditions. For example, rigorous quantification must enable the 

comparison of uncertainty for results of experiments replicated in different laboratories. 

Moreover, because most exploratory data are obtained for a small number of samples, 

estimates of metabolite concentration and related uncertainties must be reliable despite the 

small number of samples.

3 What Would Constitute Optimal Tools for NMR-Based Metabolomics?

Ideally, metabolomics tools should be capable of harnessing information available on small 

molecules of interest in biological systems federated from a wide range of databases and 

other sources at all stages of an investigation. For example, in the early stages of sample 

preparation, information about sample collection and preparation methods and applicable 

data from prior studies should be easily accessible. Relevant information would include lists 

of compounds expected to be present in different biological fluids and tissue/organ extracts, 

including metabolites, drugs, and environmental compounds. NMR and MS signatures of 

these compounds are required, as is quantum chemical information on compounds for use in 

studies of molecular interactions. The keys to federating such information would be a system 

of easily derived unique descriptors for each compound and unique and reproducible 

designators for each atom present in each compound.
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Libraries of known metabolites must be “dynamic” in the sense that templates for 

identification of metabolites must account for varying conditions such as field strength, pH, 

relaxation, and other effects. The tools that use library templates for analyzing the 

metabolomics data should integrate the information about the uncertainty of identification 

and quantification in their output. These tools should also identify gaps in the underlying 

information, such as compounds not present or improperly represented in particular 

databases, and assist in their remediation. In addition, data and workflow should be 

constructed in a way that streamlines data deposition and experimental reproducibility.

4 Naming and Numbering of Compounds for NMR (ALATIS)

Studies of small molecules rely on the unique and reproducible identification of each 

individual compound. The problem is that compound naming is not always unique (same 

descriptor can be used for more than one compound or multiple descriptors are used for a 

single compound). What uniquely discriminates one chemical compound from another is its 

three-dimensional chemical structure, which can distinguish isomers, enantiomers, and 

isotopomers. For this reason, we have advocated the adoption of InChI strings created from 

three-dimensional structure files as unique and reproducible compound identifiers. We have 

created an algorithm called ALATIS (Atom Label Assignment Tool using InChI String) and 

have incorporated it into software that produces a valid InChI string from a structure file in 

multiple standard formats (mol, sdf, cdx, pdb) [23]. In addition to creating the InChI string, 

ALATIS produces unique and reproducible numbering of all atoms in the compound. The 

universal ALATIS atom designators can be cross-referenced to specific atom designators in 

use in different scientific domains. The ALATIS approach enables the construction of 

validated cross-references among all small molecule databases that include 3D structures. In 

addition, the universal atom designators provide a mechanism for consolidating atom-

specific information from these databases, such as NMR chemical shifts and coupling 

constants. ALATIS is embodied in a publicly available webserver located at (http://

alatis.nmrfam.wisc.edu/). The ALATIS naming system has been fully implemented in the 

BMRB small molecule database and has been adopted by the NMReData initiative [24]. 

Through the application of ALATIS technology, we have been developing a federated 

database of information on metabolites and other small molecules that now includes more 

than 91,600,000 entries from PubChem and more than 400,000 entries from other databases: 

(http://gateway.nmrfam.wisc.edu/). Although most of these databases utilize InChI strings to 

represent individual compounds, our analysis has revealed widespread inconsistencies in 

their application that suggest the need for remediation [23].

5 NMR Templates for Metabolites and Other Compounds of Interest 

(GISSMO)

A spin system matrix, which parameterizes relationships among transitions, provides a much 

richer feature set for a compound than a spectral signature based on peak positions and 

intensities [25, 26]. Spin system matrices expand the applicability of NMR spectral libraries 

beyond the specific condition under which data were collected. In addition to their capability 

of simulating spectra at any field strength, spin system matrix parameters can be adjusted to 
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systematically explore alterations in chemical shift patterns due to variations in other 

experimental conditions, such as pH or temperature.

Several simulation software packages have been developed for the purpose of predicting 

NMR experimental spectra (for a list see http://www.east-nmr.eu/index.php/databases-and-

links). Among the nonproprietary software packages, NMRdb [27], GAMMA [28], and 

Spinach [29] are those more commonly used. The focus of these software packages is to 

produce an accurate approximation of the experimental data based on empirical or quantum 

mechanical computations—they are not designed to build spin system matrices by matching 

experimental spectra. A few methods have been introduced whose goal has been to automate 

fitting peak shapes to experimental spectra [17, 30–32]. We have developed an approach 

called GISSMO (Guided Ideographic Spin System Model Optimization) [22, 33] that 

facilitates the derivation of NMR spin system matrices by optimizing the fit between an 

experimental one-dimensional 1H NMR spectrum and the theoretical spin system matrix. 

GISSMO provides a graphical user interface (GUI) with several semi-automatic 

optimization modules. The GUI enables the splitting of spin system matrices so that portions 

can be optimized prior to merging. The GUI also allows for the consideration of couplings 

between 1H nuclei and other types of nuclei (e.g., 31P), and it supports the use of auxiliary 

two-dimensional spectra in refining chemical shifts and couplings. GISSMO utilizes 

ALATIS-derived compound identifiers and atom nomenclature [23].

The initial release of the GISSMO GUI reported spin system matrices for about 400 

compounds from the BMRB archive [33]. In the current release, the number of entries from 

BMRB has increased to 511. In addition, the library now contains optimized spin system 

matrices for 666 molecular fragments from the Maybridge Ro3 fragment library (https://

www.maybridge.com/), which are routinely utilized in NMR-based ligand screening for 

drug development. For every GISSMO entry in the library, we utilized ALATIS to identify 

its corresponding BMRB entry and applied an in-house text-processing module to extract the 

associated bio-locations of the compounds. The result, which is available on the GISSMO 

website, indicates that 338 out of 511 (66%) of the compounds have been observed in at 

least one cellular or tissue location. This library of optimized spin system matrices is 

publicly available in XML, NMR-STAR, and NMReData formats from GISSMO website. 

Figure 2 displays a histogram showing compounds as a function of the number of NMR 

spins analyzed and a histogram with a validation of the optimized spin system matrices in 

terms of the normalized RMSD100 between the experimental and fitted 1D-1H NMR spectra 

[34].

Because the 1H NMR spectra of many compounds are not strictly first order, a major 

challenge of databases containing reference NMR data is how to deal with their dependence 

on field strength. One approach is to collect reference spectra at a single field strength and 

require that this field strength be used for collecting experimental spectra. Alternatively, 

some reference databases contain data collected at more than one field strength. A more 

general solution to this challenge is to derive parametric representations of 1H NMR spectra 

in terms of spin system matrices, which can be utilized to generate spectra at any desired 

magnetic field strength. We have taken advantage of this feature of spin system matrices to 

produce spectra of all compounds in the GISSMO database at 1H resonance frequencies of 
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40, 60, 80, 90, 100, 200, 300, 400, 500, 600, 700, 750, 800, 900, 950, 1000, and 1300 MHz. 

These spectra, which cover the range of magnetic fields used in NMR spectroscopy and 

MRI, can be accessed and downloaded from the GISSMO website. To display the spectra, 

we utilize the open source graphing library Plotly (https://plot.ly/), which provides 

interactive zooming and pan features for visual investigation of the spectra. The 

downloadable spectra are formatted in two columns (ppm and amplitude) as a comma-

separated values (CSV) file. These files can be loaded into NMR software programs such as 

Mestrelab Mnova (http://mestrelab.com) and NMRFx [35], which are accessible through the 

NMRbox project [36] (https://www.nmrbox.org/). In addition, these files can be easily 

loaded using any scripting and programming languages.

6 Advantages of Spectra Simulated from Spin System Matrices as 

References in Spectral Profiling

Spectral peak pattern matching is a common approach for profiling of small molecules. This 

approach involves peak picking the NMR spectra and subsequently using the resulting 

chemical shifts to search for matching peak patterns in a small molecule reference database. 

This process of identification relies strongly on the spectral peak lists, especially those 

archived in the reference databases. Because these databases utilize peak picking programs 

on their archived experimental spectra, the accuracy and reliability of the reference spectral 

peaks depend on a variety of factors including the correct identification of the reference 

compound, the presence of impurities, spectral artifacts from water signal suppression or 

other sources, and the signal-to-noise ratio of the experimental spectra. By contrast, the 

reference spectra generated from parameterized spin system matrices are noise-free, contain 

no impurity peaks, and are free from spectral artifacts. In addition, they serve to validate the 

identity of the reference compound.

6.1 Peak Lists and Searching

Generating peak lists from these highly refined spectra can be readily achieved by standard 

peak picking approaches. We utilized the peak picking modules of the Mnova program, 

under both the “Standard” and “Global Spectral Deconvolution (GSD)” options, to generate 

peak lists from the entire library of compounds parameterized by GISSMO at all 

aforementioned magnetic field strengths. We used these to generate interactive lists of 

chemical shifts and peak amplitudes (standard or GSD) for each compound at a selectable 

magnetic field strength, which are available on the GISSMO website. Clicking on a 

chemical shift brings up a region of the 1H NMR spectrum with the corresponding peak 

identified.

A “Peak Search” module is now available on the GISSMO website. The search is linked to a 

PostgreSQL (https://www.postgresql.org/) database containing all curated spectral peak lists. 

The user can query the database by specifying one or more peak positions in ppm (standard 

or GSD) with a specified tolerance at a selected magnetic field strength. The result is a list of 

compounds associated with the queried peaks within the specified matching tolerance. The 

compounds returned from the query are sorted based on the minimum differences between 

the queried peaks and those archived in the database. Users can investigate the resulting 
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compounds by browsing the corresponding GISSMO webpages, downloading the GISSMO 

entries, or downloading the output in CSV format. Additional details regarding the results 

are provided on the website.

6.2 Simulated Spectra of Compound Mixtures
1H NMR is widely used to identify and quantify metabolites in biological fluids or tissue 

extracts. We are developing tools based on spin system matrix parameterizations for use in 

NMR-based metabolomics. As a first step, we have created a module for simulating 1H 

NMR spectra of compound mixtures [33]. This module utilizes the archived spin system 

matrices in the GISSMO library that have been manually optimized against the reference 

spectra. As its input, the module accepts a list of these compounds and their corresponding 

concentrations. Users can upload a CSV file or provide them through an interactive webpage 

on GISSMO’s website. The spectrum of the simulated mixture can be downloaded as a two-

column CSV file. A user-controlled slider enables adjustments of the components in the 

simulated spectrum to achieve the best match to an experimental spectrum containing the 

same components. The mixture simulation module uses the Plotly library to display the 

spectra. As an example, Fig. 3 shows 1H NMR spectra of blood plasma simulated at two 

magnetic resonance fields.

The mixture module [33] accepts an optional experimental spectrum in CSV format and 

displays an overlay of the uploaded experimental and simulated mixtures on the website. 

Comparisons of simulated spectra with experimental spectra of mixtures can be used to 

validate prior analyses of compounds present and their relative concentrations. If 

experimental spectra of mixtures have been collected at multiple fields, the simulation can 

provide an additional layer of validation. Additional effects from pH differences and 

molecular interactions can, in principle, be incorporated into the ideographs representing the 

spin system matrix of each compound. We are currently working to expand this first step of 

processing mixture spectra by developing ways of optimizing spin system matrices against 

experimental spectra of biological samples.

7 Dynamic Metabolite Libraries: Archiving, Maintenance, and Retrieval of 

Data

The establishment of permanent and dynamic data records is a key requisite for robust 

scientific progress in the developing and expanding field of metabolomics. Owing to its 

flexible data model, the NMR-STAR ontology at the BMRB has evolved gracefully over 

time to include tags that accommodate almost all requirements for the archiving of 

metabolite library records [37]. The database contains more than 1400 entries that 

correspond to different experimental conditions (sample conditions and magnetic field 

strengths) of 1250 small molecules. For the majority of these entries, BMRB archives 10 

different NMR spectra that can be used in metabolomics profiling procedures. Permanence 

and identity of records for small molecules has been achieved through the adoption of the 

ALATIS identifier, and entries with a corresponding GISSMO spin system matrix are cross-

linked to GISSMO website. Data records for each metabolite contain cross-references to 

multiple relevant databases, including PubChem, KEGG, BioCyc, PDB, literature records, 
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and other sources. In addition to references to the GISSMO record, the entries provide 

detailed data relevant to sample conditions. Additional tags for connecting additional 

experimental records, for example from MS, provide a path to full data integration. Because 

the NMR-STAR format is self-defining, it is a dynamic data record that can evolve over time 

in order to satisfy new demands on additional content relevant to each metabolite. Users can 

retrieve data from the NMR-STAR archive by means of query interfaces available on the 

BMRB website. The instant search on BMRB website provides a fast pattern matching tool 

to look up small molecule names. In addition, BMRB’s application program interface (API) 

(https://github.com/uwbmrb/BMRB-API) and BMRB’s FTP access (http://

www.bmrb.wisc.edu/ftp/pub/bmrb/) facilitate batch download of the entries and their 

corresponding NMR experimental spectra. The PyNMRSTAR program (https://github.com/

uwbmrb/PyNMRSTAR) has been developed for easy access and processing of NMR-STAR 

files. This program can be used for seamless extraction of every information archived in the 

corresponding NMR-STAR file of the compounds (e.g., compound name, sample condition, 

assigned chemical shifts, and list of experimental data associated). The reference entries of 

the BMRB database are constantly being expanded to cover the small molecules routinely 

studied in biomedical research.

8 Discussion

A number of initiatives to standardize metabolomics data formats are underway, and these 

efforts are expected to face the same growing pains as those in other omics fields. In the EU, 

the “Coordination of Standards in Metabolomics” (COSMOS) project is developing 

infrastructure and exchange standards for metabolomics within the European metabolomics 

community [38]. Along with standardization, national and international funding agencies are 

increasingly requesting publicly funded research data and software to become open access. 

In practice, changes in standards are the result of social, technical, economic, political, and 

legal activities, which include strategic decisions that can have a dramatic effect on day-to-

day operations of the research enterprise. Moreover, the impact felt by changing practices is 

not homogeneous. For example, defining a new data exchange protocol has a significant 

impact on technology developers, but may have little or no impact on technology users. On 

the other hand, the use of standard vocabularies and protocols within defined laboratory 

management systems has its highest impact on technology users. Nonetheless, apt 

technological innovations can find balanced solutions that address the tension between 

standardization and the scientific endeavor.

For example, decoupling data exchange, data storage, and compute-cycle delivery would 

enable continued scientific innovation at the computational level, while, at the same time, 

meeting the goals of standardization and data preservation. One approach to decoupling data 

exchange and storage is to adopt a flexible data model. The Self-Defining Text Archive and 

Retrieval (STAR) specification [39, 40] has served as the model for the mmCIF format used 

by the Protein Data Bank [41] as well as the NMR-STAR format used by the 

BioMagResBank (BMRB)[37,42].NMR-STAR is a backward compatible self-defining 

format in which every data item has attributes that describe its features, including explicit 

definitions of relationships among data items. It is human-readable, and no domain 

knowledge is required to read the files. The format is easily converted to XML; it supports 
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the requisite RDF (Resource Description Framework); and its flexibility provides a strong 

hedge against the potential of future disruptions due to format. The decoupling of compute-

cycle delivery can be achieved by using a virtual machine as the technology delivery vehicle. 

Moreover, the use of virtual machines simplifies the long-term preservation of data and 

procedures. More broadly, we can improve the odds for success by adopting newer design 

methodologies and architectures.

We envision the use of these tools in constructing a federated database containing a vast 

reservoir of knowledge of relevance to metabolomics (see Fig. 4) [34]. Rigor within this 

database will be ensured through unique identification of compounds through standard 

InChI strings and unique and reproducible ALATIS atom numbering [23]. And we are 

developing an automated probabilistic approach to the analysis of NMR spectra of 

metabolite mixtures based on GISSMO-derived templates for individual compounds tuned 

to experimental conditions.

9 Conclusions

To enable the precise reproduction of results, it is important to define reporting requirements 

associated with experimental design, data acquisition, data processing, and downstream 

statistical analysis and interpretation. Ideally, this will include a complete description of the 

workflow and access to the versions of the software used. The scientific enterprise is an 

increasingly interconnected activity in which data exchange and data preservation are both 

essential requirements.
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Fig. 1. 
Effect of magnetic field strength on a spectrum. Comparison of simulated 1H NMR spectra 

of the 2.1–1.5 ppm region of L-arginine at 600 MHz (green) and 900 MHz (red). Aside from 

the improved resolution at 900 MHz, several peaks observed at 600 MHz are not present at 

900 MHz, for example, those around 1.68 ppm. GISSMO software [22] was used in 

determining the spin system matrix for L-arginine by fitting the 500 MHz NMR spectrum of 

the compound from the BioMagResBank (BMRB) small molecule database [18]; the 

resulting spin system matrix was used subsequently to simulate the spectra at the two higher 

magnetic field strengths
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Fig. 2. 
Histograms showing the number of spins and normalized RMSD of the entries in the current 

release of GISSMO library. (a) This histogram shows the number of spins (x-axis) versus the 

number of compounds (y-axis). (b) Normalized RMSD between simulated and experimental 

spectra. While the majority of simulated spectra are accurate representations of the 

experimental data (RMSD <0.1), there are cases where RMSD values are higher than 0.1 

owing to relaxation effects or low signal-to-noise ratio of the experimental spectra
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Fig. 3. 
Simulated spectrum of a biological mixture created from GISSMO spectral templates. 

Simulated 1H NMR spectra at 600 MHz (red) and 1.3 GHz (blue) of the 34 most abundant 

metabolites of blood plasma at their relative concentrations. The difference spectrum (green) 

shown above documents the additional level of detail available at the higher magnetic field
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Fig. 4. 
Proposed federation of information from multiple databases on the basis of standard InChI 

strings and the ALATIS universal atom numbering system [23]. The wheel lists various 

databases from different scientific domains that can be integrated. The inset indicates a 

compound with ALATIS atom numbering and arrows indicate1H NMR signals associated 

with particular atoms. This information can then be used in analyzing NMR spectra of 

compound mixtures
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