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Abstract: Background: Isotopic Ratio Outlier Analysis (IROA) is an untargeted me-
tabolomics method that uses stable isotopic labeling and LC-HRMS for identification 
and relative quantification of metabolites in a biological sample under varying ex-
perimental conditions.  
Objective: We demonstrate a method using high-sensitivity 13C NMR to identify an 
unknown metabolite isolated from fractionated material from an IROA LC-HRMS 
experiment.  
Methods: IROA samples from the nematode Caenorhabditis elegans were fraction-
ated using LC-HRMS using 5 repeated injections and collecting 30 sec fractions. 
These were concentrated and analyzed by 13C NMR.  
Results: We isotopically labeled samples of C. elegans and collected 2 adjacent LC fractions. By HRMS, 
one contained at least 2 known metabolites, phenylalanine and inosine, and the other contained trypto-
phan and an unknown feature with a monoisotopic mass of m/z 380.0742 [M+H]+. With NMR, we were 
able to easily verify the known compounds, and we then identified the spin system networks responsible 
for the unknown resonances. After searching the BMRB database and comparing the molecular formula 
from LC-HRMS, we determined that the fragments were a modified anthranilate and a glucose modified 
by a phosphate. We then performed quantum chemical NMR chemical shift calculations to determine the 
most likely isomer, which was 3’-O-phospho-�-D-glucopyranosyl-anthranilate. This compound had pre-
viously been found in the same organism, validating our approach. 
Conclusion: We were able to dereplicate previously known metabolites and identify a metabolite that was 
not in databases by matching resonances to NMR databases and using chemical shift calculations to deter-
mine the correct isomer. This approach is efficient and can be used to identify unknown compounds of inter-
est using the same material used for IROA. 
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INTRODUCTION  

 Nuclear magnetic resonance (NMR) spectroscopy and 
liquid-chromatography high-resolution mass spectrometry 
(LC-HRMS) have complementary strengths in metabolomics. 
NMR is ideal for compound identification and quantification 
but suffers from low sensitivity. In contrast, LC-HRMS has 
extremely high sensitivity but has limitations in compound 
identification, especially for unknowns not in databases and 
isomers that have identical fragmentation patterns and are not 
separated chromatographically. In an attempt to improve the 
ability of MS to identify important features, isotopic LC-
HRMS experiments are becoming increasingly popular [1-4]. 
We recently demonstrated a LC-HRMS experiment called  
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isotopic ratio outlier analysis (IROA), which compares sam-
ples that have been isotopically labeled with 95% 13C or 5% 
13C [5]. In our initial IROA experiment, we labeled the 
nematode Caenorhabditis elegans and subjected the 5% 13C 
“test” animals to a heat shock before mixing with 95% 13C 
“control” animals. The combined material was analyzed us-
ing LC-HRMS, yielding unique patterns of isotopic peaks 
for biosynthesized metabolites that can be easily discrimi-
nated from noise. Such isotopic patterns allow the calcula-
tion of the number of carbons in a metabolite as well as the 
relative abundance for the test vs. control samples [5, 6]. 
Although we used the standard IROA protocol with 5% and 
95% 13C enrichment, a related technique called phenotypic 
IROA can be used with an unlabeled sample combined with 
another 95% 13C-labeled sample, which doesn’t need to be 
the same organism. In this case, the 95% 13C material serves 
as a labeled isotopic standard and the compounds in the la-
beled standard create a targeted assay. Thus, with phenotypic 
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IROA, the study material does not need to be labeled as long 
as the metabolites of interest are in the 95% 

13
C standard [6]. 

The technique presented here could be applied without modi-
fication to phenotypic IROA, because the majority of the 
NMR signal comes from the 95% 

13
C material. 

 A major challenge with IROA, like other LC-HRMS 
techniques, is the identification of unknown metabolites that 
are not in existing databases. One solution to this general 
problem is to utilize NMR, either directly coupled in-line 
with the LC-HRMS (i.e. LC-NMR-HRMS) or in the off-line 
analysis of fractions isolated from an LC-HRMS experiment 
[7]. Joint use of NMR and LC-HRMS approaches has suc-
cessfully resulted in metabolite identification in metabolom-
ics datasets [8-11]. In-line LC-NMR-HRMS is limited by the 
NMR sensitivity and is generally not considered a practical 
method for most samples with many metabolites at low con-
centrations [7]. The most popular and useful approach to 
combine NMR with LC-HRMS is the use of preparative 
chromatography followed by solid phase extraction (SPE) of 
the fractions of interest. Using LC-SPE, multiple injections 
of a sample can be used to concentrate low abundance com-
pounds for NMR analysis [12]. The method described here is 
similar to LC-SPE, but we used a standard fraction collector 
and concentrated fractions by evaporation using a Centrivap 
vacuum concentrator (Labconco). The Brüschweiler labora-
tory has developed a technique called SUMMIT MS/NMR 
(Structures of Unknown Metabolomic Mixture components 
by MS/NMR), which utilizes a combined MS and NMR ap-
proach for global metabolomics without isotopic labeling or 
sample fractionation [11]. The SUMMIT approach is very 
powerful and utilizes information from HRMS to obtain mo-
lecular formulas to determine all the possible structures con-
sistent with the experimental molecular formula. Then, NMR 
chemical shifts are calculated for all possible structures and 
compared with experimental NMR data on the same mixture. 
SUMMIT could be applied to our method by using the mo-
lecular formula derived from IROA data and then comparing 
all possible structures to the 

13
C NMR data. In this study, we 

demonstrate the feasibility of using 
13

C NMR on isotopically 
labeled samples that have been fractionated by LC-HRMS. 
In addition, we utilize 

13
C chemical shift calculations, which 

are more accurate than 
1
H chemical shift calculations, to 

determine the most accurate chemical structure. While 
straightforward conceptually and completely compatible 
with both LC-SPE and SUMMIT MS/NMR, there are sev-
eral experimental challenges that had to be considered, most 
importantly the overall sensitivity of the 

13
C NMR measure-

ment using the small volumes and the small quantities of 
material available from LC-HRMS fractionation.  

 The samples used in this study were duplicates produced 
in our previous study in which we demonstrated IROA using 
heat shocked C. elegans [5]. We combined 3 samples, each 
containing 125,000 of 95% 

13
C and 5% 

13
C worms (total of 

250,000 worms). This material was resuspended in 120 �L 
of water. Five 20 �L aliquots of this material were injected 
and analyzed using a Thermo Scientific Q-Exactive Orbitrap 
mass spectrometer with Doinex UHPLC, autosampler, and 
fraction collector. Fractions were collected every 30 sec, and 
the final samples were dried, resuspended in 50 �L D2O and 
added to a 1.5-mm NMR tube for analysis (See Supplemen-
tary Methods). We used a custom designed 

13
C-optimized 

NMR probe [13] with coils made from high temperature 
superconducting material, which along with the 

13
C and 

1
H 

preamplifiers are cryogenically cooled. The probe operates at 
14.1 T (600 MHz 

1
H frequency), and the sample chamber 

accommodates 1.5-mm tubes and is regulated near room 
temperature. This probe has 2-3 x greater 

13
C mass sensitiv-

ity than cryogenic 
13

C optimized commercial probes avail-
able today [13]. The 

13
C S/N of our probe using the ASTM 

standard (40% dioxane in benzene-d6) is about 400:1 for a 
40 �L sample volume. This is ideal for mass-limited samples. 
However, 

13
C-optimized 5-mm DCH cryogenic commercial 

probes are now available that offer 3000:1 for a 600 MHz sys-
tem (Bruker Biospin). Such a probe would provide 7.5 x the 
sensitivity using 15 x the sample volume when compared to 
our probe. Thus, if one were to use the same 1.5-mm NMR 
tubes that we used in this study in a 5-mm commercial 

13
C 

cryoprobe, the S/N would be about a factor of two lower than 
we are reporting here. That would be satisfactory for many 
metabolites with the same level of concentration used here, 
but if sample volume is not limited, additional sample concen-
tration could be used to get the same results.  

 The purpose of this study was to demonstrate that 
13

C 

NMR can be used in conjunction with LC-HRMS for 
13

C-

labeled samples, so we analyzed two adjacent 30 sec frac-

tions from an IROA LC-HRMS study. Fraction 9 from 4 to 

4.5 min (red in Fig. S1) contained two peaks—phenylalanine 

and inosine—that were easily identified from IROA LC-

HRMS data alone. We were able to easily verify the LC-

HRMS data following a query of the BMRB 
13

C database 

[14] using COLMAR (Complex Mixture Analysis by NMR) 

[15]. Fraction 10 from 4.5-5 min (blue in Fig. 1A) contained 

tryptophan and an unknown feature containing 13 carbons, 

with an observed monoisotopic mass of the [M+H]
+
 ion at 

m/z 380.0742, determined by the presence of the sodiated ion 

at the same retention time (4.65 min). The molecular formula 

was determined to be C13H18NO10P (1.40 ppm mass error, 

and only one possible formula with less than 2 ppm error had 

the correct number of carbons). Tandem MS of the totally 
12

C monoisotopic peak and the (1 
12

C)/(12 
13

C) monoisotopic 

peak with a mass window of ± 1 amu in both positive and 

negative ionization mode pointed to the compound contain-

ing a phosphorylated 6 carbon carbohydrate and an aromatic 

ring with molecular formula C7H7NO2 (Fig. S2). The ring 

was suspected to be anthranilate due to matches with the 

METLIN database [16] of the ions at m/z 120.0446 ([M-

NH3+H]
+
) and m/z 138.0552 ([M+H]

+
), but structures such 

as para-aminobenzoic acid could not be ruled out.  

 The 
13

C 1D NMR spectrum of fraction 10 was easily 
dereplicated by matching the BMRB 

13
C spectrum of trypto-

phan, labeled with “W” in Fig. 1B. The 
13

C-
13

C J-couplings 
in the NMR spectra from isotopically labeled material pro-
vided clear signatures of the carbon connectivity (Fig. S3). 
The remaining resonances were consistent with a carbohy-
drate, with 6 carbons from about 64 to 96 ppm and an aro-
matic system with resonances from about 120 to 140 ppm. 
We note that due to the large sample volumes injected in the 
fractionation, there was some bleed-through of phenyla-
lanine and inosine from fraction 9 (typical injection volumes 
are 2-5 �L, but we injected 20 �L to reduce the number of 
total injections needed for NMR). 
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 To establish the carbohydrate and aromatic spin systems, 
we collected 2D 13C-HSQC-TOCSY (Fig. 1C-D) and 13C-
HSQC (Fig. S4) data. The 13C-HSQC-TOCSY was espe-
cially useful in defining correlated 13C and 1H resonances in 
both regions of interest. The carbohydrate region (Fig. 1D and 
Fig. S4B) had chemical shifts that matched closely to a sub-
stituted glucose moiety. We only observed one set of glucose 
resonances that are consistent with the � anomer, suggesting 
a bulky substituent attached to the 1’ carbon. The 13C-
HSQC-TOCSY aromatic region (Fig. 1) provided 1H and 13C 
correlations that had several matches in the BMRB [14] and 
HMDB [17] databases. The HSQC assignments of anthrani-
late from the HMDB were close to our experimental data.  
 Chemical shift calculations described previously [18] 
were performed for four different phospo- substituted glu-
cose moieties to confirm the position of the phosphate on 
glucose (Fig. 2). These calculations are very robust, espe-
cially for 13C. In our earlier work we were able to distinguish 
between several diastereomers of a monoterpene solely with 
chemical shifts [18]. The root mean squared standard devia-
tion (RMSD) between experimental and calculated chemical 
shifts was computed for both 13C and 1H for each possible 
molecule (Fig. 2). Molecule 3 with the 3’ phosphate substitu-
tion gave a lower RMSD for both the aromatic and sugar 
carbon chemical shifts (Fig. 2). Molecule 3 also gave the 
lowest RMSD for the glucose protons, though molecule 2 
gave lower RMSD for the aromatic protons. Given these 

results as well as evidence from the 2D NMR and MS, we 
hypothesized that the 3’-O-phospho-�-D-glucopyranosyl-
anthranilate is the unknown compound in fraction 10. 13C 
chemical shifts were much better than 1H for computational 
matches with experimental data (Fig. 2), further demonstrating 
the utility of 13C NMR for unknown compound identifica-
tion. A spike with the synthetic compound would be required 
for conclusive proof of an unknown compound identifica-
tion, but after we finished our analysis, we discovered that 
the same molecule had previously been reported in the same 
organism. Schroeder and coworkers discovered that anthrani-
late glucoside and 3’-phospho-glucoside from C. elegans 
were the chemical components responsible for blue fluores-
cence upon the death of an animal [19]. We were unaware of 
this finding when we conducted our study, but use it as a 
more definitive confirmation of our proposed structure and a 
validation of this approach. 
 With the Schroeder laboratory, we previously identified 
several worm-produced metabolites of the bacterial small-
molecule toxins 1-hydroxyphenazine and indole that led to 
reduced toxicity of these compounds [20]. One of the modi-
fications was a 3’-phospho glucoside, a relatively uncommon 
modification that we now have also observed in an anthrani-
late glucoside. Additionally, we found nonphosphorylated 
mono-, di-, and tri-saccharide modifications of 1-
hydroxyphenazine, and so attempted to verify additional 
such modifications of anthranilate. Similar to the previous 

 
Fig. (1). A) HRMS spectrum averaged across the chromatographic range 4.5 – 4.9 min. MS peaks from the known compound tryptophan are 
highlighted in blue from m/z 205.0973 to 216.1340. MS peaks from the unknown compound investigated in this study are shown in the ex-
pansion with [M+H]+ at m/z 380.0742. The total ion chromatogram is shown in the inset, with the fractionated region marked. B) 13C NMR 
spectra of this fraction contained tryptophan resonances and the unknown resonances (U) that were assigned to 3’-O-phospho-�-D-
glucopyranosyl-anthranilate, as described in the text. C) HSQC-TOCSY of the unknown compound. The aromatic region provided evidence 
of a 1,2 bi-substituted benzene. Chemical shifts are consistent with anthranilate. D) The aliphatic region provided evidence of a �-glucose. 
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report [19], we also found evidence of an anthranilate gluco-
side (4.91 min, [M+H]+: 300.1078) but found no evidence of 
di- or tri-saccharides. Both detoxification [20] and death 
fluorescence indicators [19] utilize an unusual 3’-phospho 
glucoside modification, but more work needs to be done to 
determine if these are biologically related or not. 
 By combining high-sensitivity, small volume 13C NMR 
measurements with isotopically-enriched samples [5], we 
have demonstrated efficient identification of compounds not 
found in existing databases. This approach can easily be 
adapted to LC-SPE methods and also could utilize the 
SUMMIT MS/NMR method for compound identification. 
The advantages of 13C NMR include greater chemical shift 
dispersion, easily interpreted J-coupling patterns with en-
riched samples, and the ability to detect quaternary carbons. 
In our situation, we were able to obtain database matches to 
two separate fragments and then propose a structure that we 
subsequently found in the literature [19] using high-level ab 
initio NMR chemical shift calculations of related isomers. 
This method has a few limitations including the need for a 
sensitive 13C NMR probe, computing power for ab initio 
chemical shift calculations, and previously described limita-
tions with IROA [5]. As described in the introduction, 
similar results could be obtained using a commercial 5-mm 
DCH 13C-optimized Bruker cryoprobe. Depending on the 
complexity and quantity of the unknown compound, the 
entire process of NMR ID with chemical shift calculations as 
validation can be done in a few days, making this a useful 
approach to annotate important features from an IROA LC-
HRMS experiment. 
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