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Abstract

The exceptionally rich information content of nuclear magnetic resonance (NMR) spectra is 

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

applications, including clinical biomarker discovery, drug discovery, environmental chemistry, and 

metabolomics. The set of peak positions and intensities from a reference NMR spectrum generally 

serves 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. A spin system matrix that parametrizes 

chemical shifts and coupling constants among spins provides a much richer feature set for a 

compound than a spectral signature based on peak positions and intensities. Spin system matrices 

expand the applicability of NMR spectral libraries beyond the specific conditions under which 

data were collected. In addition to being able to simulate spectra at any field strength, spin 

parameters can be adjusted to systematically explore alterations in chemical shift patterns due to 

variations in other experimental conditions, such as compound concentration, pH, or temperature. 

We present methodology and software for efficient interactive optimization of spin parameters 

against experimental 1D-1H NMR spectra of small molecules. We have used the software to 

generate spin system matrices for a set of key mammalian metabolites and are also using the 

software to parametrize spectra of small molecules used in NMR-based ligand screening. The 

software, along with optimized spin system matrix data for a growing number of compounds, is 

available from http://gissmo.nmrfam.wisc.edu/.
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Graphical abstract

Nuclear magnetic resonance (NMR) spectroscopy is a powerful and highly reproducible 

analytical method with a broad range of applications in chemistry and biomedical research. 

NMR is used extensively in profiling (identifying and quantifying) small molecules in 

mixtures, as well as in biomarker discovery.1–10 The general approach to NMR-based 

metabolomics profiling utilizes sets of chemical shifts and intensities from reference spectra, 

the “fingerprint” of the molecule,11 to detect the presence of particular compounds in 

mixtures of small molecules and to estimate their concentrations. In addition, NMR is being 

used to screen for binding of small molecules to macromolecules of interest. In these 

studies, alterations in the spectral signature of the small molecule (ligand) in the presence of 

a target macromolecule are indicative of binding. Small molecules found to have high 

binding affinity may be candidates for drug discovery.12–17 The relatively short times needed 

to acquire one-dimensional (1D) 1H NMR spectra and the proportionality of peak intensities 

to compound concentrations makes this experimental modality ideal for routine, high-

throughput profiling and screening procedures. However, higher dimensional data, mainly 

from 2D 1H,1H or 1H,13C NMR experiments, are occasionally utilized to verify the identity 

of metabolites.

Spin System Matrices As Fingerprints of Metabolites

The pattern of chemical shifts and the relative amplitudes of peaks are dependent on 

experimental conditions, such as the pH, solvent, temperature, and field strength at which 

the NMR spectrum was obtained.19–21 Because the spins in a compound are usually 

coupled, peak lists do not provide a robust representation for encoding information about 

experimental conditions. Field-dependent changes in the peak pattern (Figure 1) may hinder 

the analysis of data collected at a field different from that of the reference spectrum. 

Approximately 30–40% of the key metabolites considered in this study contain at least one 

pair of strongly coupled spin 1/2 nuclei, which lead to significant magnetic-field-dependent 

changes in their 1H NMR spectra (see the Supporting Information for details). One approach 

to addressing the variability of spectra is to develop and enforce a set of standard operating 

procedures (SOPs) for data collection.22,23 While SOPs are an integral element of good 

practice, limiting data collection to a single spectrometer frequency creates an artificial 

barrier to the power of exploring spectra at different field strengths.24,25
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An alternative approach is to model the behavior of spectra. Phenomenological models 

represent observational data after they have been corrected, rectified, and verified. 

Therefore, modeled data are often considered to be more “authenticated” and more 

“reliable” than raw data. As noted above, the most common model for parametrizing 1D-1H 

NMR spectra utilizes a peak list–the set of peak positions (ppm) and peak heights at specific 

positions. A much richer parametrization can be obtained through the use of a matrix of spin 

system26 parameters (spin system matrix), which encodes the full spectrum of the 

molecule.27–30 The spin system matrix, which is an ideographic representation of the 

chemical shifts and coupling constants for a given compound, is independent of the 

spectrometer frequency (B0) and line shape; it also provides a formal system for creating 

correction factor models for other effects.

Once the spin system matrix is constructed, it can be applied to obtain the spectrum of a 

compound at a different spectrometer frequency or with a different line shape model. 

Because the chemical shifts and spin–spin couplings are independent of certain experimental 

conditions (the magnetic field of the spectrometer or its homogeneity, which determines line 

shape), the spin parameters derived from spin system matrices can be used to accurately 

simulate NMR spectra under a variety of conditions. Moreover, these spin system matrices 

can be tuned to account for solution conditions (e.g., temperature, pH, and solvent) that lead 

to peak displacements and consequently altered spin–spin coupling patterns. The calculation 

and utilization of NMR spin system matrices may have applications beyond those focused 

on small molecule libraries, such as synthetic chemistry and educational projects.31,32

Calculation of Spin System Matrices

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,33 GAMMA,34 and Spinach35 

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. The processes of formulating the spin Hamiltonian for a compound and obtaining 

the spectrum present computational challenges, owing to the exponential relation between 

the size of the Hamiltonian matrix and the number of spins in the compound of interest. 

Therefore, different approaches have been taken for simulating large spin system matrices, 

including the use of multicomputational processors,35 divide-and-conquer strategies for 

splitting the spin system matrix according to weak and strong couplings,36 and methods that 

utilize databases for predicting spin system matrices based on possible homologues.33,37,38 

Nevertheless, the prediction of spin system matrices and generation of NMR peak patterns 

remains challenging; contributing factors include the structure-specific nature of 1H spin 

system matrices11 and the fact that experimental spectra represent a weighted average of the 

structural energy landscape of the molecule.

A few methods have been introduced whose goal has been to automate fitting peak shapes to 

experimental spectra.11,39–41 In these approaches, the spectrum is represented by a sum of 

functions, each of which represents a spin in the molecule. By broadening the peak line 
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width, these methods attempt to minimize the L2 distance (mean squared error) between the 

experimental and the simulated spectrum of a compound. Cheshkov et al.39 have discussed 

the problems with this methodology and, to address some of its shortcomings, have 

introduced a simulated annealing approach for optimizing the L2 distance function. 

However, because the objective of this method is to approximate correct line shape 

parameters, the algorithm requires precise initial specification of the spin system matrix, and 

the heuristics introduced in the approach may converge to multiple local minima making it 

challenging to identify the correct spin system matrix.

The main challenge to automating the optimization procedure is the nonlinear relationship 

between the spin system matrix of a compound (as represented by the parameters to be 

optimized) and the difference (distance) between simulation and experimental spectra (as 

represented by the optimization score function). As mentioned above, the size of the spin 

system matrices generated from the Kronecker products increases exponentially with the 

number of spin 1/2 atoms in the 1H spin system matrix: for a compound with n spins, 

storage needs are on the order of O (22n). In addition, the parameters to be optimized include 

the diverse range of possible geminal, vicinal, and long-range couplings among the proton 

spins. Therefore, a blind exhaustive search on the domain is a highly inefficient way to 

optimize spin system matrices; and, instead, a carefully guided search over the domain of 

possible chemical shifts and coupling constants is needed. Although human intervention is 

to be avoided in automated processes, in specific cases, human expertise can greatly enhance 

the accuracy and efficiency of calculations.

We describe a software package called GISSMO, for guided ideographic spin system model 

optimization, which enables the efficient calculation and refinement of spin system matrices. 

GISSMO utilizes a graphical user interface (GUI) for guided optimization of spin system 

matrices against experimental 1D-1H NMR spectra of small molecules. The guided 

optimization approach is described in Methods; further details can be found in the 

Supporting Information. Results and Discussion reports the use of GISSMO to determine the 

chemical shifts and spin coupling values of a set of more than 400 compounds, including 

128 metabolites found to be observable in NMR-based metabolomics studies of mammalian 

blood and tissue.42–45

METHODS

The workflow for calculating spin system matrices is shown in Figure 2. The ALATIS46 

software package is used to assign unique and reproducible labels to the atoms in the 

compound. These labels are used to refer to the NMR-active nuclei in the spin system 

matrices. The GISSMO software package provides multiple approaches for creating the 

initial spin system matrix (Supporting Information). Here, the initial spin system matrices 

were generated by executing the NMRdb33 (MestreNova v10.0.1, http://mestrelab.com/) and 

Gaussian (http://www.gaussian.com/) software packages on the 3D structure files. The 

functions of the graphical user interface were used to optimize the initial spin system 

matrices against the experimental NMR spectra.
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The GUI offers the selection of optimization tools for fitting chemical shifts and scalar 

couplings, including specific options for optimizations of AB, ABX, and ABXY spin–spin 

couplings against experimental spectra. The optimization procedures used by GISSMO 

include the Nelder–Mead simplex optimization,47,48 which can be used to carry out 

unconstrained exploration of an extended domain of values for chemical shifts and coupling 

constants. In addition, the GUI offers a selection of optimization methods (e.g., Voight line 

shape mixture coefficients). The optimization tools are described further in the Supporting 

Information. The amount of time required to optimize a spin system matrix to fit an 

experimental spectrum depends sharply on the number of constituent spins. As indicated in 

Table S1 (Supporting Information), by taking advantage of the sparsity of the underlying 

matrices, the process of simulating the spectrum of a spin system matrix with 10 spins takes 

about 1 s. The time required for interactive fitting is the product of this time and the number 

of optimization steps needed to achieve the desired correspondence between the simulated 

and experimental spectra. The direct analysis of spectra of compounds with a higher number 

of spins can be time-consuming; these include the large number of metabolites listed in the 

BMRB archive with more than 10 spins (Figure 3).

To get around this problem, GISSMO provides an option for splitting large spin system 

matrices into smaller submatrices. This feature of the GUI makes the optimization of large 

spin system matrices feasible by optimizing smaller spin system matrices and subsequently 

merging the results into the original large spin system matrix in order to fit the entire 

experimental spectrum. This option is applicable on spin system matrices with any number 

of spins, and there is no restriction on the number of submatrices and the number of their 

constituent spins. Figure 4 shows the results for the spin system matrix of acetyl-L-carnitine 

(BMRB entry, bmse000464), which contains 17 spins. In this example, the direct simulation 

of the spectrum from its spin system matrix took more than 26 days, whereas dividing the 

spin system matrix into 3 smaller spin system matrices enabled the entire spin system matrix 

to be optimized in less than 1 min.

The GUI provides an option for handling cases where the spin system matrix is not 

decomposable into smaller submatrices or where couplings between hydrogen and non-

hydrogen atoms (e.g., 31P) need to be considered. This option and its technical details are 

described in the Supporting Information. As mentioned above, 2D NMR experiments can be 

used to resolve overlapping peaks in 1D-1H spectra. The GUI provides an option to load 

individual traces of 2D spectra and use them to distinguish overlapping peaks that 

correspond to different nuclei. Once identified, they can be combined into the optimized 

system matrix of the compound. Details concerning this option are in the Supporting 

Information.

RESULTS AND DISCUSSION

We have used the GISSMO software to obtain spin system matrix representations for a 

growing list of more than 400 compounds, including 128 key NMR metabolites extracted 

from published studies.42–45 The 3D molecular structures and experimental reference 1D-1H 

NMR spectra of these metabolites, acquired at a concentration of 100 mM and at pH 7.4, 

were downloaded from the BMRB archive.18 These reference spectra were collected on 
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either a Bruker DMX 500 MHz or a Bruker DMX 400 MHz spectrometer at a temperature 

of 298 K. We are working to expand this list to the larger set of 1D-1H NMR spectra in the 

BMRB small molecule archive. The sample conditions for each metabolite studied are 

available at (http://gissmo.nmrfam.wisc.edu/).

The histogram in Figure 5a reports the number of spins in the 415 compounds examined to 

date. The histogram in Figure 5b shows the difference between the simulated and 

experimental spectra in terms of the RMSD100, the normalized root-mean-square distance 

between the amplitudes of every pair of discrete points in the experimental and simulated 

spectra.49 The RMSD was normalized to account for differences in the number of points in 

the simulated spectral region compared (no. of points) according to eq 1,

(1)

The RMSD100 exhibited no dependence on the number of spins simulated; the major factor 

was the quality of the experimental spectrum. For example, the poorest fit (RMSD100 = 0.1), 

which was for the spectrum of 4-isopropylbenzyl alcohol (BMRB ID, bmse000599), 

resulted from distortion in the experimental spectrum caused by the effects of water 

suppression.

As shown in Figure 6, a spin system matrix obtained with GISSMO makes it possible to 

simulate 1D-1H NMR spectra accurately at different field strengths. This feature will be 

useful for adapting existing spectra of small molecules in databases for use in analyzing 

NMR-based metabolomics data collected from spectrometers operating at different field 

strengths, including those under development that resonate 1H at 1.2 GHz. The spin system 

matrix representation should be helpful for parametrizing the effects of other changes in 

experimental conditions, such as concentration, solvent, temperature, or pH. For example, 

the parametrized spin system matrix can be used to empirically model pH effects by 

regressing on the spin parameters from spectra of a sample at several different pH values. In 

order to help users to estimate the effects of pH changes in spin system matrices, we provide 

the pKa values of the metabolites on our web server. These pKa values were extracted from 

the Handbook of Chemistry and Physics50 or alternatively from the PubChem51 or 

HMDB52–54 databases. By comparing these pKa values with the pH of the reference samples 

used for our optimization process (pH 7.4), we are able to specify the pH range over which 

the simulated spectra should be reasonably accurate.

We have developed an XML data-format representation of spin system matrices for use in 

storing the optimized spin system matrices. Spin system matrices can be loaded via the 

GISSMO GUI and used to simulate spectra at any magnetic field strength. The GUI, along 

with the current set of data, is installed and ready to use as a virtual machine (VM), which 

can be downloaded from (http://gissmo.nmrfam.wisc.edu/). In addition, the software 

package is available through the NMRBox55 project (https://nmrbox.org/).
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The GISSMO software package is not constrained to investigations of metabolites; it is 

capable of calculating spin system matrices for a wide range of small molecules, including 

natural products and drug molecules. The Supporting Information details the procedures 

used in calculating a spin system matrix against an experimental NMR spectrum.

We plan to extend the GISSMO software package to enable refinement of spin system 

matrices to account for different solution conditions (e.g., compound concentration, pH, and 

temperature) and for the presence of other compounds in a mixture. In these cases, the initial 

point will be the spin system matrices of the constituent compounds derived from 

optimization against NMR spectra determined under standard solution conditions. We also 

plan to extend the analysis to spin system matrices of isotopomers involved in metabolic flux 

studies.

CONCLUSIONS

Characterization of the NMR spectra of small molecules through accurate parametric 

descriptions based on their spin system matrices has the potential of significantly improving 

the interpretation of NMR-based metabolic profiling and ligand-affinity screening. While 

reference databases provide experimental data for numerous compounds, these data are 

limited by the specific conditions under which the data were collected, such as spectrometer 

field strength, pH, temperature, ionic strength, and compound concentration. The GISSMO 

package presented here offers an efficient way to derive accurate spin system matrices for 

compounds of interest. The parametrization of spectra helps to address the need for accurate 

spectral signatures of compounds for NMR-based metabolomics at different NMR field 

strengths. Our web server makes available the spin system matrix representation of many 

metabolites commonly detected by 1D-1H NMR spectroscopy. The next steps in this 

development will be to incorporate these ideographic fingerprints into computational 

algorithms used to analyze the results of NMR-based metabolic profiling and ligand 

screening investigations. Toward this aim, we are in the process of incorporating these data, 

including the data model, into the BMRB database.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Example of the effect of magnetic field strength on an NMR spectrum. 1D-1H spectra of L-

citrulline collected at fields corresponding to 1H frequencies of (top) 500 MHz and (bottom) 

900 MHz. Only a small spectral subdomain [1.4, 2] ppm is displayed. The 500 MHz 

spectrum is from the BioMagResBank (BMRB ID: bmse000032) small molecule 

database.18 Data were collected on Bruker spectrometers.
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Figure 2. 
Overall workflow for fitting spin system matrices of the metabolites against experimental 

data. For each target metabolite, the spectrum and information about the 3D structure file 

were obtained from the BMRB. After unique label generation by ALATIS, an initial spin 

system matrix was created and optimized (in the L2 sense) to yield the best match to the 

experimental spectrum.
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Figure 3. 
Number of BMRB entries from compounds with 1H NMR spectra containing a given 

numbers of spins. (x-axis) Survey of the entire BMRB metabolite database by number of 

spins. (y-axis) Number of compounds with the given number of spins.

Dashti et al. Page 12

Anal Chem. Author manuscript; available in PMC 2017 November 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Output of spin simulation on a metabolite with 17 spins. (a) Outcome of optimizing spin 

submatrices against experimental data from BMRB. In these plots, the experimental data are 

shown as solid blue lines and the simulations are shown as red dashed lines. (b) Spin system 

matrix of acetyl-L-carnitine. The dashed lines indicate the way in which it was split into 

smaller spin submatrices.
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Figure 5. 
Statistics on simulated spectra from 415 compounds. The histogram (a) shows the number of 

spins on the x-axis versus the corresponding number of compounds on the y-axis. (b) 

Histogram of the RMSD100 values representing the differences between the simulated and 

experimental spectra of these compounds.
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Figure 6. 
Comparison of experimental and simulated 1D-1H spectra of L-proline at different field 

strengths. We used GISSMO to optimize the spin system matrix of L-proline against an 

experimental spectrum obtained at 900 MHz. The extracted parameters were used to 

generate the simulated spectra at 500, 600, 800, and 900 MHz (red lines). These are 

compared to the experimental spectra of L-proline collected at the four field strengths (blue 

lines). Fitting of the simulated spectrum at 500 and 600 MHz was improved by adjusting the 

line width from 0.440 Hz, the value used for fitting the 900 MHz spectrum, to 0.526 Hz. The 

same line width is used for the 800 MHz as that for the 900 MHz spectrum.
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