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Abstract

A novel metabolite identification strategy is presented for the combined NMR/MS analysis of 

complex metabolite mixtures. The approach first identifies metabolite candidates from 1D or 2D 

NMR spectra by NMR database query, which is followed by the determination of the masses (m/z) 

of their possible ions, adducts, fragments, and characteristic isotope distributions. The expected 

m/z ratios are then compared with the MS1 spectrum for the direct assignment of those signals of 

the mass spectrum that contain information about the same metabolites as the NMR spectra. In 

this way, the mass spectrum can be assigned with very high confidence and it provides at the same 

time validation of the NMR-derived metabolites. The method was first demonstrated on a model 

mixture and it was then applied to human urine collected from a pool of healthy individuals. A 

number of metabolites could be detected that had not been reported previously further extending 

the list of known urine metabolites. The new analysis approach, which is termed NMR/MS 

Translator, is fully automated and takes only few seconds on a computer workstation. The 

NMR/MS Translator synergistically uses the power of NMR and MS enhancing the accuracy and 

efficiency of the identification of those metabolites compiled in databases.
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1. INTRODUCTION

Profiling of metabolites in the context of metabolomics and metabonomics is a promising 

approach with many powerful applications in basic biological, biomedical, environmental, 

agricultural, and nutritional research.1234 Mass spectrometry (MS) and nuclear magnetic 

resonance (NMR) spectroscopy are the two leading analytical methods in metabolomics.5 

This is because of their high-resolution power allowing detection of hundreds of signals 

from individual metabolites without the need of extensive sample purification or 

hyphenation.6 Despite of having this common property, metabolomics studies that integrate 

NMR- and MS-based analysis are still rare. Some approaches that make synergistic use of 

MS and NMR use specially designed hardware, such as LC-MS-NMR,7 chemical methods,8 

or statistical methods.91011 However, for the majority of applications that combine the two 

methods, they are applied essentially independently from each other. Only at the end, the 

metabolites identified by each method are compared with each other with the goal to 

increase the total number of detected metabolites in complex mixtures, since some 

metabolites show up only in one of either technique.1213

NMR spectroscopy is a powerful tool for the independent identification and elucidation of 

the structure of metabolites.14 Still, the knowledge of the chemical formula of a molecule 

based on accurate mass determination by mass spectrometry before starting the structure 

elucidation process by NMR can significantly enhance both the accuracy and efficiency of 

this process. Such combinations of NMR and MS have been employed in the context of 

organic chemical synthesis to elucidate the structure of purified, i.e. isolated, reaction 

products and by natural product researchers to determine the structures of isolated 

compounds.15 So far, such combined MS/NMR methods could not be commonly applied to 

structure elucidation of unknown metabolites, because the purification of unknown 

metabolites from their complex matrix can be a challenge. Recently, we introduced the 

SUMMIT MS/NMR approach, which specifically addresses this challenge by finding the 

structures of unknown metabolites in complex mixtures without requiring a pre-purification 

step.16 The approach uses the accurate mass information provided by MS to generate all 

structures consistent with the chemical formulas. The prediction of the NMR spectra of all 
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structures and comparison with the experimental NMR spectra permits the accurate 

identification of the structures present in the sample of interest.

Querying of metabolomics databases represents the most efficient approach to the analysis 

of complex metabolite mixtures. Over the last decade both NMR and MS metabolomics 

databases increased the total number of metabolites available in their libraries along with the 

accuracy of their querying platforms leading to greatly improved querying results.1718192021 

A general goal is to expand metabolite libraries with newly discovered metabolites so that 

database querying can identify an evergrowing number of metabolites observed in real-world 

applications.

Unfortunately, there has been a lack of strategies to rapidly identify known metabolites 

detected both in NMR and MS spectra. Traditionally, known metabolites are identified in the 

NMR spectrum by using NMR metabolomics databases, whereas known metabolites in the 

MS spectrum are identified via MS metabolomics databases. Metabolites, along with their 

names, identified by both methods are then compared with each other. This approach is 

labor-intensive and does not fully capitalize on the power of these two analytical approaches 

even when the two data sets stem from the same sample.

Here, we introduce a metabolite identification approach, which relies on a combined 

NMR/MS strategy for the analysis of catalogued, i.e. known, metabolites. It integrates the 

power of NMR and MS for the accurate identification of metabolites in a new and more 

effective way. We demonstrate the new approach, which we term “NMR/MS Translator”, for 

a model mixture and then apply it to human urine as an example of a highly complex 

metabolite mixture.

2. EXPERIMENTAL SECTION

2.1. Sample preparation

A model mixture was prepared by dissolving the following 26 metabolites: lysine, 

isoleucine, histidine, alanine, glutamine, ornithine, carnitine, shikimate, arginine, glutamate, 

fructose, ribose, galactose, glucose, lactose, sucrose, inosine, threonine, valine, leucine, 

proline, cysteine, methionine, adenosine, serine, and citrulline. For NMR analysis, the final 

concentration of each metabolite in the model mixture was 1 mM in 600 μL D2O with 20 

mM phosphate buffer. Pooled normal human urine was obtained from Innovative Research, 

Inc. 1 mL lyophilized urine was dissolved in 600 uL D2O with 20 mM phosphate buffer and 

0.1 mM DSS. Both samples were transferred to a 5-mm tube for NMR experiments.

For MS1 analysis, 1 mM model mixture was dissolved in 200 μL H2O of which 10 μL was 

diluted 10-fold by 50%/50% (v/v) ACN/H2O solution with 0.1% formic acid. For urine, the 

sample was diluted 100-fold by 50%/50% (v/v) ACN/H2O solution with 0.1% formic acid. 

The resulting solutions were both centrifuged at 13,000 rpm and 4 °C for 5 min and the 

supernatants were used for direct infusion MS1.
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2.2 NMR experiments and processing

2D 13C-1H HSQC22 spectra of the 26-compound model mixture was collected with N1=512 

and N2=800 complex points using a cryogenically cooled probe at 600 MHz proton 

frequency at 298 K. The spectral width along the indirect and the direct dimensions were 

24143.564 Hz and 6009.615 Hz, respectively. The number of scans per t1 increment was 16. 

The transmitter frequency offsets were 80 ppm in the 13C dimension and 4.7 in the 1H 

dimension. The total measurement time was 5 hours.

2D 13C-1H HSQC and 2D 13C-1H HSQC-TOCSY23 spectra of human urine were collected 

with N1=512 and N2=1024 complex points. The spectral width along the indirect and the 

direct dimensions were 32193.432 Hz and 8012.820 Hz, respectively. The numbers of scans 

per t1 increment were 16 for 13C-1H HSQC and 32 for 13C-1H HSQC-TOCSY. The 

transmitter frequency offset were 80 ppm in the 13C dimension and 4.7 in the 1H dimension. 

The total measurement time was 10 hours for 13C-1H HSQC and 20 hours for and 13C-1H 

HSQC-TOCSY. 2D 1H-1H TOCSY24 spectrum of the same sample was collected with 

N1=256 and N2=1024 complex points. The spectral width along both dimensions was 

8012.820 Hz. The number of scans per t1 increment was 16. The transmitter frequency offset 

was 4.7 ppm in both of the 1H dimensions. The total measurement time was 4 hours. The 

TOCSY mixing time was set to 90 ms for both 1H-1H TOCSY and 13C-1H HSQC-TOCSY. 

All spectra were collected using a cryogenically cooled probe at 800 MHz proton frequency 

at 298 K. All data were zero-filled, Fourier transformed, and phase and baseline corrected 

using NMRPipe.25

2.3. Mass spectrometry experiments and processing

Direct infusion studies were conducted in positive ion mode and negative ion mode 

detection on a Bruker maXis 4G ESI Q-TOF instrument (electrospray ionization quadrupole 

time-of-flight mass spectrometer). The instrument was calibrated with Agilent Low-

Concentration Tuning Mix (Part No. G1969-85000) before sample analysis achieving a mass 

accuracy of ± 5 ppm. The samples were directly infused to the ESI source at 2 μL/min. The 

settings for the Q-TOF mass spectrometer were as follows: capillary voltage, 4500 V (for 

positive ion mode) and −4000V (for negative ion mode); end plate offset, −500 V; drying gas 

flow (N2), 4.0 L/min; drying gas temperature, 200 °C; and nebulizer gas (N2), 0.5 bar.

3.3. Reconstruction of MS1 spectrum from 13C-1H HSQC

The 2D 13C-1H HSQC spectra of the model mixture and human urine were queried using the 

COLMAR 13C-1H HSQC database26 with default query parameters (0.03 ppm 1H and 0.3 

ppm 13C chemical shift cutoff values). Then for each of the identified metabolites, 

monoisotopic m/z ratios of its commonly observed ions, its fragments, and adduct features 

were calculated and used to assign lines in the experimental MS1 spectrum within an m/z 
error < 30 ppm and an intensity threshold corresponding to > 1000 ion counts. The 

following ion features were considered in this study: [M+H]+, [M+NH4]+, [M+Na]+, [M

+H-2H2O]+, [M+H-H2O]+, [M+K]+, [M+ACN+H]+, [M+ACN+Na]+, [M+2Na-H]+, [M

+2H]2+, [M+3H]3+, [M+H+Na]2+, [M+2H+Na]3+, [M+2Na]2+, [M+2Na+H]3+, [M+Li]+, 

[M+CH3OH+H]+, [M-H]−, [M-H2O-H]−, [M+Na-2H]−, [M+Cl]−, [M+K-2H]−, [M+FA-H]−, 

[M-2H]2−, [M-3H]3−, [M+CH3COO]−, [M+F]−.

Bingol and Brüschweiler Page 4

J Proteome Res. Author manuscript; available in PMC 2016 September 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Since the first isotopic peak of each metabolite is dominated by partially 13C-labeled 

molecules, these peaks were also assigned. However, this time the intensity threshold value 

was dynamically adapted based on the experimental intensity of its monoisotopic peak (ion-

countmono) and the number of carbons in the metabolite (NC). Since natural abundance 

of 13C is 1.1%, the theoretical intensity of the isotope peak (ion countiso) is approximately 

NC*0.011*ion-countmono. Isotopic m/z ratios were assigned in the experimental MS1 spectra 

within an m/z error < 30 ppm and intensity threshold value range between 0.25*ion-countiso 

and 4*ion-countiso. The m/z error interval of 30 ppm adopted in this study has been widely 

accepted in the literature as a reasonable maximum mass error tolerance for Q-TOF 

instruments.20

3. RESULTS

3.1. Workflow of the NMR/MS Translator

The general strategy of NMR/MS Translator relies (i) on the accurate identification of 

metabolites by NMR metabolomics databases followed (ii) by automated assignments of all 

commonly observed ions, adducts, fragments, and isotope features of the identified 

metabolites in the experimental MS1 spectrum of the same sample. The 13C-1H HSQC 

version of the approach is schematically shown in Figure 1. A sample is first divided into 

two parts. The first part is used to acquire a 13C-1H HSQC NMR spectrum,22 while the rest 

of the material is used to acquire a MS1 spectrum (without fragmentation, i.e. no MS/MS 

spectra) in positive and negative ion mode each. Once the 13C-1H chemical shifts of all 

detected cross-peaks are peak-picked, the cross-peak list is queried against the 

COLMAR 13C-1H HSQC web server,26 which returns a list of identified metabolites. For 

every identified metabolite, the m/z ratios of its most likely observable ions ([M+H]+, [M-

H]− …), adducts ([M+Na]+, [M+K]+, [M+Cl]− …), fragments ([M+H-H2O]+,[M-H2O-H]−) 

and 13C isotope features are calculated and assigned to the corresponding signals in the 

experimental MS1 spectra within the mass error and ion count threshold value. In this way, 

metabolites are identified from NMR spectra using NMR metabolomics databases and 

assigned to their most probable m/z ratios in the MS1 spectra. After all NMR and MS data 

have been collected, NMR/MS Translator takes only few seconds on a computer 

workstation.

3.2. Application to Model Mixture

The NMR/MS Translator is first demonstrated on the 26-compound model mixture 

consisting of metabolites commonly encountered in nature. 2D 13C-1H HSQC spectrum of 

the model mixture (Figure S1) was collected on a 600 MHz solution-state NMR 

spectrometer. 13C-1H HSQC cross-peaks of the mixture were manually picked and compiled 

in a cross-peak list. Direct infusion MS1 spectra (in positive and negative mode) of the 

model mixture were collected by using an ESI Q-TOF mass spectrometer. All detected m/z 
ratios were uploaded and interfaced with the COLMAR 13C-1H HSQC database. Upon 

querying of the 13C-1H HSQC peak list against the COLMAR 13C-1H HSQC database, the 

web server successfully identified all 26 metabolites, calculated their m/z ratios and assigned 

them to experimental MS1 spectra. For each of the 26 metabolites at least one consistent m/z 
ratio was observed in the experimental MS1 spectra. The detailed list of the different MS1 
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metabolite features assigned by the NMR/MS Translator is contained in Table S1. In the 

MS1 spectra, the majority of metabolites appeared as multiple different ion, adduct, or 

fragment features, which would make the manual performance of this procedure time-

consuming. Figure 2 shows the agreement of experimental MS1 spectra with its NMR-based 

reconstruction. The NMR-based reconstruction of mass spectra by the NMR/MS Translator 

is for assignment purposes only and, hence, the intensities in the NMR-reconstructed MS1 

are taken from the experimental MS1 spectrum. Overall, the agreement is excellent with 

almost all major peaks in the MS1 spectra observed either in positive or negative ion mode 

explained satisfactorily by the NMR-identified compounds.

3.3. Application to Healthy Human Urine

Next the NMR/MS Translator was applied to human urine collected from a pool healthy 

individuals. 2D 13C-1H HSQC (Figure S2) and direct infusion MS1 spectra (in positive and 

negative modes) of the model mixture were collected by using a 800 MHz solution-state 

NMR spectrometer and an ESI Q-TOF mass spectrometer, respectively. 13C-1H HSQC 

cross-peaks of human urine were manually picked and used to compile a HSQC cross-peak 

list. Upon querying of the HSQC peak list against the COLMAR 13C-1H HSQC database, 

the web server identified 87 urine metabolites. An additional 11 metabolites could be 

identified by manual analysis of unassigned cross-peaks of the 2D HSQC. These metabolites 

are mostly pH sensitive metabolites, whose resonances were significantly shifted despite of 

the buffer used. Metabolite identifications were independently confirmed using 13C-1H 

HSQC-TOCSY23 and 1H-1H TOCSY24 experiments using the 1H(13C)-TOCCATA 

database.27 The detailed list of the 98 identified urine metabolites by 13C-1H HSQC is given 

in Table S2. Calculated m/z ratios of the identified urine metabolites are automatically 

assigned to their most consistent experimental MS1 spectra. It is found that 88 of the 98 

metabolites display at least one line in the experimental MS1 spectra that is consistent with 

the NMR-based predicted mass (m/z ratio). Hence, the NMR and MS information display a 

considerable amount of overlap.

The detailed list of the different features of metabolites assigned by the NMR/MS Translator 

is given in Table S3. Figure 3 shows the agreement of the experimental MS1 spectra with 

their NMR-based reconstructed counter-parts. Many of the major peaks are well-explained 

by the NMR-derived compounds. Still, there are some peaks that could not be explained in 

the experimental MS1 spectra by the NMR information (Figure 3). Similarly there are many 

peaks in the 13C-1H HSQC spectrum that remained unidentified. Both observations can be 

attributed, at least in part, to the incompleteness of the NMR metabolomics databases used. 

The total number 13C-1H HSQC peaks detected is 1012, but only 437 of them belong to the 

98 identified metabolites. Assuming a similar number of HSQC cross-peaks per compound, 

another ~130 metabolites is estimated to be present that show up in the 13C-1H HSQC 

spectrum, but whose identity is not known.

Many of the 98 metabolites observed in the human urine 13C-1H HSQC spectrum were 

observed in previous urine NMR-metabolomics studies.28 29 30 31 Interestingly, here we 

identified 8 additional metabolites that were missed in a recent comprehensive study of 

human urine based on 1D 1H NMR,32 presumably because of extensive peak overlaps in the 
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1D 1H NMR spectrum. Some of these 8 metabolites were also previously detected and 

identified in other urine studies. The missed metabolites are quinic acid, 4-acetamidobutyric 

acid, isethionic acid, 3-hydroxyisobutyric acid, galactitol, fructose, ribose, and allose. 

Except for isethionic acid, all of these metabolites are consistent with at least one line in the 

experimental MS1 spectra (Table S3).

4. DISCUSSION

The choice of the instrumental technique(s) selected for a particular metabolomics study 

depends on multiple factors, including the accessibility to instrumentation, the specific 

questions at hand, and the training and background of the scientists involved. The NMR/MS 

Translator can significantly benefit the research of diverse groups of scientists, namely those 

who traditionally focus on (A) NMR-based metabolomics, (B) MS-based metabolomics, or 

(C) combined NMR/MS metabolomics approaches.

For group A, 13C-1H HSQC is among the most commonly used 2D NMR experiment 

applied for metabolomics studies. However, automated metabolite identification based 

on 13C-1H HSQC alone can be prone to false positive identifications, particularly when the 

spectrum is highly congested as is the case in many real-world metabolomics samples, such 

as urine. While false positives can often be identified and eliminated by using a 2D 1H-1H 

TOCSY and/or a 2D 13C-1H HSQC-TOCSY spectrum and comparing connectivity 

information of molecules, this may not always provide clear-cut identifications. For instance, 

for human urine, identification of creatine solely based on 13C-1H HSQC alone was 

challenging. Although experimentally observed cross-peaks were most similar to creatine 

cross-peaks in the COLMAR 13C-1H HSQC database, these experimental peaks were also 

similar to creatine-phosphate. Unfortunately, differentiation between creatine and creatine-

phosphate metabolites by comparing their TOCSY pattern is not possible (because both 

molecules do not have any TOCSY cross-peaks). However, when we analyzed the MS1 

spectra of human urine by the NMR/MS Translator, we observed a unique m/z ratio only for 

creatine, which strongly suggests that creatine, and not creatine-phosphate, is present. 

Hence, when connectivity information from 2D NMR spectra is unavailable or 

uninformative, the use of accurate mass information increases the accuracy of metabolite 

identification in NMR-based metabolomics.

For group B, the NMR/MS Translator increases the number of metabolites that can be 

identified by MS-based metabolomics. High-resolution mass spectrometry (MS1) provides 

chemical formula information, which corresponds to a potentially very large number of 

stable isobaric metabolites. To address this degeneracy, additional information is required, 

such as the one obtained from MS/MS fragmentation patterns. The fragment masses are 

used as fingerprints for the identification of the specific structures by comparing them with 

fragmentation patterns of known compounds stored in databases, such as METLIN20 and 

HMDB.19 Although excellent progress has been made in the compilation of MS 

metabolomics databases, MS/MS spectra of many of the metabolites in their commonly 

observed adduct and fragment forms are presently not available in those databases. A 

majority of metabolites in these databases have MS/MS data for the precursor ion [M+H]+ in 

positive ion mode, and for the precursor ion [M-H]− in negative ion mode. On the other 
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hand, in real metabolomics samples such as human urine, metabolites also appear in many 

other different adduct and fragment forms, and in many cases they do not appear in [M+H]+ 

and [M-H]− forms at all (Table S3). For instance, in this study, 88 human urine metabolites 

appeared in total in 327 different MS features (Table S3), but only 51 of these features have 

MS/MS spectra in the METLIN database. These 51 MS/MS spectra belong to 48 different 

metabolites. Therefore, even if the MS/MS approach works optimally, it can identify only 48 

metabolites in human urine, while the NMR/MS Translator identified 88 metabolites. Taken 

together, the NMR/MS Translator approach applied to human urine is capable of identifying 

a larger number of metabolites than what is currently possible by the MS/MS approach.

For group C, the NMR/MS Translator also makes the co-analysis of NMR and MS spectra 

faster and more consistent. In the past, combined NMR/MS metabolomics studies lacked 

comprehensive strategies for the rapid identification of metabolites that are simultaneously 

detected in NMR and MS spectra of the same complex metabolite mixture. The NMR/MS 

Translator addresses this challenge by providing a self-consistent and accurate identification 

of metabolites by NMR metabolomics databases followed by automated assignments of all 

ions, adducts, fragments, and observable isotope features of the identified metabolites in the 

experimental MS1 spectrum of the same sample. Traditional NMR/MS strategies 

independently pursue the identification of known metabolites in the NMR spectrum by using 

NMR metabolomics databases and identification of metabolites in the mass spectrum by MS 

metabolomics databases with the help of MS/MS libraries. This approach is not only labor-

intensive, but also might lead to contradictory results. For example, a recent human urine 

study,32 which followed the traditional procedure, combined LC-MS/MS and direct flow 

injection (DFI)-MS/MS with 1D 1H NMR to test the consistency of these analytical 

techniques. It was found that there were only 28 metabolites that could be commonly 

identified by NMR and DFI/LC-MS/MS. This low number is likely due to the limited size of 

MS/MS databases and the challenges of obtaining high-quality MS/MS spectra in real-world 

complex metabolite mixtures as discussed recently.20 Briefly, when a precursor ion is in 

adduct form (e.g. [M+Na]+) or the intensity of the precursor ion is low, then obtaining a 

high-quality MS/MS spectrum is hampered.20 Furthermore, if there is another ion in the 

vicinity of the precursor ion of interest (within 1–2 m/z), then the signal(s) of the 

neighboring ion can contaminate the MS/MS spectrum.20 In human urine, metabolites 

appeared in many different adduct and fragment features (Table S3), which could complicate 

identification of urine metabolites by MS/MS. Another advantage of the NMR/MS 

Translator is that it enables a much faster analysis of redundant MS information of the 

different ion, adducts, fragment, and isotope features belonging to the same molecular 

formula over manual analysis.

In the present study, we used standard direct-infusion ESI MS for a proof of concept of the 

NMR/MS Translator, but more sophisticated MS approaches such as LC-MS can be applied 

to further optimize the number of metabolites detected by mass spectrometry. For instance 

metabolites that could not be detected in direct infusion spectrum because of severe ion 

suppression can be detected with LC-MS. Application of the NMR/MS Translator to LC-MS 

is straightforward representing a natural extension of the method.
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Since the MS input data does not rely on MS/MS, the urine metabolites identified from MS 

alone is, according to the Metabolomics Standard Initiative,33 at “Level 2–3” (putatively 

annotated compounds or classes). The combination with 2D NMR via the NMR/MS 

Translator promotes these hits to “Level 1” (identified compounds). The NMR/MS 

Translator revealed that there remain many unexplained signals in both the NMR and MS 

spectra of human urine. The NMR/MS Translator rapidly determines the signals of the 

known metabolites and thereby pinpoints the signals belonging to unknown metabolites. The 

latter can be further investigated by the recent SUMMIT MS/NMR approach geared 

specifically toward the characterization of new metabolites that are not contained in 

databases. The combination of these two strategies should provide an efficient framework 

that takes full advantage of database information minimizing the “rediscovery” rate of 

already catalogued metabolites.

5. CONCLUSION

An integrated NMR/MS approach, termed NMR/MS Translator, was presented that allows 

the accurate and automated identification of catalogued metabolites detected in NMR and 

MS1 spectra of the same complex metabolite mixture. We anticipate that the NMR/MS 

Translator will find a useful role in addition or even as an alternative to existing metabolite 

identification protocols in MS and NMR-based analysis of complex mixtures as encountered 

in metabolomics and metabonomics.
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Figure 1. 
Schematic representation of the proposed NMR/MS Translator for the rapid identification of 

metabolites observed both in 2D 13C-1H HSQC NMR and MS1 spectra of the same complex 

metabolite mixture. Metabolites are identified by querying 13C-1H chemical shifts of the 

metabolites in COLMAR 13C-1H HSQC metabolomics database. For each identified 

metabolite, the MS1 m/z ratios of their most likely observable ions (including adducts, 

fragments, and 13C isotope features) are automatically calculated and simultaneously 

assigned to their signals in the experimental MS1 spectrum within a reasonable mass error 

and ion count threshold value.
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Figure 2. 
Application of the NMR/MS Translator to MS1 spectra (recorded in positive and negative 

ion mode) of a 26-compound model mixture. All of the 26 metabolites are positively 

identified by querying the 2D 13C-1H HSQC spectrum of the mixture against the 

COLMAR 13C-1H HSQC database. Automated reconstruction of the mass spectrum 

demonstrated that each of the 26 metabolites has at least one consistent m/z ratio in the 

experimental MS1 spectra. The NMR reconstruction is purely for assignment purposes and, 

hence, the ion count in the NMR-based reconstructed MS1 is taken from the experimental 

MS1 spectra.
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Figure 3. 
Application of the NMR/MS Translator to MS1 spectra (recorded in positive and negative 

ion mode) of human urine. 98 metabolites are positively identified by querying a 2D 13C-1H 

HSQC spectrum against the COLMAR 13C-1H HSQC database. Automated reconstruction 

of the mass spectrum demonstrated that 88 of these metabolites have at least one consistent 

m/z ratio in the experimental MS1 spectra.
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