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Positional Enrichment by Proton Analysis (PEPA):

Studies in Metabolomics

A One-Dimensional '"H-NMR Approach for “C Stable Isotope Tracer

Maria Vinaixa,* Miguel A. Rodriguez, Suvi Aivio, Jordi Capellades, Josep Gomez,
Nicolau Canyellas, Travis H. Stracker, and Oscar Yanes*

Abstract: A novel metabolomics approach for NMR-based
stable isotope tracer studies called PEPA is presented, and its
performance validated using human cancer cells. PEPA detects
the position of carbon label in isotopically enriched metabo-
lites and quantifies fractional enrichment by indirect determi-
nation of C-satellite peaks using 1D-'H-NMR spectra. In
comparison with BC-NMR, TOCSY and HSQC, PEPA
improves sensitivity, accelerates the elucidation of C positions
in labeled metabolites and the quantification of the percentage
of stable isotope enrichment. Altogether, PEPA provides
a novel framework for extending the high-throughput of 'H-
NMR metabolic profiling to stable isotope tracing in metab-
olomics, facilitating and complementing the information
derived from 2D-NMR experiments and expanding the range
of isotopically enriched metabolites detected in cellular
extracts.

N uclear magnetic resonance (NMR) and mass spectrome-
try are the primary analytical tools used to profile metabolite
levels in biological samples.!) However, the steady-state
concentration of metabolites is not sufficient to study the
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regulation of cellular metabolism. Elucidating the flow of
chemical moieties through the complex set of metabolic
reactions that happen in the cell is essential for understanding
the regulation of metabolic pathways.” For that, stable
isotope tracer studies are needed, which usually require
model cell lines that are fed a stable isotopically labeled
substrate. Due to the unique ability of NMR to characterize
isotopomers of metabolites by detecting labeling patterns in
individual atoms, ?*C-NMR in combination with selective *C-
stable isotope tracers have traditionally been used to analyze
13C enrichment in isolated metabolites® and biological crude
mixtures,"® enabling models of metabolic flux to be gen-
erated.’! The advent of comprehensive metabolic profiling
technologies has broadened the coverage of these studies
allowing for an unbiased mapping of fluxes through multiple
metabolic pathways.”®! The so-called stable isotope resolved
metabolomics (SIRM)"*!” has emerged as a powerful untar-
geted approach to classical >*C-NMR-based stable isotope
tracing studies. NMR-based SIRM primarily uses homonu-
clear 2D "H-'"H TOCSY (total correlation spectroscopY) and
heteronuclear 2D 'H-">C HSQC (heteronuclear single-quan-
tum correlation) for analyzing isotopomers in crude cell
extracts,""¥ NMR-acquisition times necessary to obtain
suitable TOCSY or HSQC spectra for SIRM applications
are two to three orders of magnitude higher than 1D-'H-
NMR. Even so, sensitivity issues with respect to enriched
metabolites in complex biological extracts and technical
complexity in data acquisition and interpretation have limited
the application of 2D-NMR for isotope tracer studies. Thus,
NMR-based SIRM is rather often used to obtain qualitative
inputs on one or few samples, whereas quantitative informa-
tion on larger sample sets is obtained via complementary mass
spectrometry isotopologue analysis.™ !

To make NMR more accessible to comprehensive meta-
bolic analyses, we have developed a new methodology called
PEPA (positional enrichment by proton analysis). PEPA
detects the position of carbon label in isotopically enriched
metabolites and quantifies their fractional enrichment in 1D-
"H-NMR spectra. In principle, the ability of 1D-'H-NMR to
observe '“C-satellite peaks makes it suitable for tracer
studies.”! However, direct quantification of *C-satellites in
1D-'H-NMR spectra of cell extracts is generally only possible
for a few metabolites characterized by well-resolved reso-
nances with recognizable “C-satellite peaks such as lactate
and alanine." The vast majority of *C-satellites remain
overlapped by the large body of redundant resonances that
populate 1D-"H-NMR spectra of biological cell extracts. 1D
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B3C-edited '"H NMR offers an alternative method for carbon
tracking studies."”? However, the difficulty to filter high-
intensity '>C signals, the partial or complete resonance
overlap of C satellites in complex biological mixtures, and
the lack of databases with labeled compounds, makes the
untargeted profiling of enriched metabolites very problem-
atic. Altogether this has prevented the use of 1D-'H-NMR for
comprehensive isotope tracer studies. PEPA circumvents this
limitation by indirectly determining “C-satellites from the
decayed central peak area observed in 1D-'H-NMR spectra
of biological equivalent replicates of labeled experiments as
compared to the spectra acquired from unlabeled controls
(Scheme 1 and Figure S5 in the Supporting Information).
According to PEPA, the area of *C-satellite peaks in 1D-'"H-
NMR spectra can be indirectly determined as detailed in
Equation (1):

[U-"¢] Funlabeled [U-1(]
Isatelliles ~ ]cenlral peak — ‘central peak (1)

where [ represents a central peak area in each biological
replicate exposed to labeled substrate, and 1 is the mean area
of the same central peak from all unlabeled replicates. The
fractional *C enrichment for each resonance in the 1D-'H-
NMR can be calculated as detailed in Equation (2) (see also
Supporting Information for a detailed discussion):

I[U—”(T] Junlabeled I[U—”C]
F= 11i ~ _central peak central peak (2)
— Ju-1BQ) [U-13Q Junlabeled
1 +1 central peak

satellites central peak

Consequently, by indirect determination of “C-satellites
areas, PEPA goes beyond classical assessment of labeled
metabolites by NMR and it significantly widens the coverage
of the metabolic network that can be investigated using 1D-
'"H-NMR.

U20S osteosarcoma cells were used as a cellular model
for the implementation of PEPA. U20S cells were subjected
during 6 hours to culture medium containing *C-enriched
substrates (either uniformly labeled glucose [U-“C]-Glc or
uniformly labeled glutamine [U-"C]-Gln) or to culture
medium with unlabeled substrates (each condition was run
in triplicate, see Supporting Information for details). Overall,
84 different resonances underlying 46 polar metabolites were
identified in 1D-"H-NMR spectra (Table S1) using BBioref
AMIX database from Bruker, Chenomx, HMDB" and
complex mixture analysis by NMR (COLMAR)™! leading
to the metabolic network coverage shown in Figure S4. The
area of 1D-"H-NMR resonances in Table S1 were quantified
using DOLPHIN,? a spectral library-guided line shape-
fitting and deconvolution algorithm specially developed for
quantifying partially overlapped and poorly resolved 1D-'H-
NMR resonances (Figure S1 and S2). Among the 84 proton
resonances profiled in the '"H-NMR spectra, we determined
via statistical testing that 37 resonances showed significant
decays in the central peak area in samples that were fed
a stable isotopically labeled substrate (Figure S3). Figure 1
depicts fractional enrichments calculated according to Equa-
tion (2) for these 37 resonances.

According to PEPA, metabolic fates of [U-"*C]-Glc were
found in the riboside C1’, glucose anomeric C1” and uracil
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Scheme 1. A) PEPA’s conceptual framework: 1D-"H-NMR spectral reso-
nance of methyl protons in lactate at 8(1.33 ppm) obtained from cell
extracts of two identical U20S osteosarcoma cell cultures grown in
either unlabeled glucose (black solid line) or [U-"*C]-glucose (Glc) (red
solid line). The latter shows evenly spaced "*C-satellite peaks located
at +'J(C=H)/2 from the central peak. These "*C-satellite peaks result
from heteronuclear (*C-"H) scalar couplings due to the replacement
of ?C-atoms in the methyl group of lactate by '*C-atoms from [U-"*C]-
Glc. The area of "*C-satellite peaks (yellow-shaded) indicates the
amount of *C-labeled methyl group in lactate while the area of the
central peak (red line) represents the amount of unlabeled methyl
group left. As the labeled substrate [U-"*C]-Glc is metabolized into
lactate, the area of C-satellite peaks increases proportionally with the
decay of the central peak (red line). The decayed area of this central
peak can be quantified from the total pool of lactate in unlabeled
equivalent samples (black line). B) PEPA's workflow: metabolites are
extracted from replicates (n>3) of unlabeled and "C-labeled (e.g., [U-
B3C]-Glc) biologically equivalent samples and these measured by 1D-
"H-NMR. Next, 1D-"H-NMR spectra are profiled and resonances
quantified. Significant decayed areas of central peaks in [U-13C]-Glc
spectra by comparison with non-labeled controls are determined via
statistical testing. As an example, aspartate [3(CH,) resonance at
2.82 ppm in three replicates of unlabeled (black) and labeled (red)
samples provides the mean value of the area (solid line) and standard
deviations (color shaded). Significant central peak decay proves "*C-
enrichment in this position indicating metabolic transformation of
glucose into aspartate in U20S osteosarcoma cell lines.

ring C5 and C6 positions of UDP-Glucose, UDP-Glucuro-
nate, UDP-GIcNAc and UDP-GalNAc. The C1'-riboside
position was also found enriched in cytidine and adenosine
nucleotides (AXP, where X refers to the number of phosphate
groups). AXP, in addition, showed “C-labeling in C2 and C8
positions of the adenine ring. Finally, the metabolic fate of
labeled glucose was also found in glycine(CH,); glycerol-
(CH,-OH); guanidoacetate(CH,-OH); glutamate v(CH,);
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Figure 1. PEPA predicted significant fractional enrichments (F) calcu-
lated following Equation (2). Red and blue dots represent individual F
values calculated for each of the three replicate samples using [U-"*C-
Glc] or [U-"*C Gln], respectively. Gray lines indicate F standard
deviation.

acetates(CHj;-); aspartate 3(CH,); o-phosphocholine(-CH,-
O/CHs-); fumarate(CH) and glutathione y(CH,)-Glu/a(CH)
and [(CH,)-Cys. Thus, by using PEPA we were able to
monitor the carbon fate of [U-"C]-Glc into the glycolysis,
tricarboxylic acid cycle, pentose phosphate pathway, glycine
metabolism, hexosamine pathway and both purine and
pyrimidine biosynthetic pathways (Figure S4 and S5). On
the other hand, the main metabolic fates of [U-"C]-GIn were
found in fumarate (CH) and succinate (CH,), both accounting
for 99% and 79% fractional enrichment in mean, respec-
tively. *C-atoms from [U-"C]-Gln were also incorporated in
aspartate B(CH,) and in C5 and C6 positions of uracil in
pyrimidine nucleotides, suggesting de novo synthesis of
pyrimidine ring from aspartate. Finally, the fate of [U-"C]-
Gln was detected in glutamate y(CH,)/a(CH) and glutathione
a(CH)/B(CH,), indicating activation of glutaminolysis
and biosynthesis of glutathione in this cancer cell line
(Figure S5).

In order to confirm PEPA’s results, *C-NMR and 2D-
edited NMR experiments (TOCSY, HSQC and HMBC) were
acquired on representative sample extracts grown either in
unlabeled or labeled substrates. Figure 2 shows the validation
by TOCSY analysis of enrichments originally detected by 1D-
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Figure 2. Validation of PEPA using TOCSY (A) 1D-'"H-NMR spectral
region at 8[5.89-5.93 ppm] shows the deconvolution of overlapping
proton resonances in C1’-H position of uridine (dJ=4.4 Hz, green)
and cytidine (d/=4.1 Hz, gray), and C5-H position of uracil in the
uridine structure (dJ=8.5 Hz, brown). B) Left panel: mean area (solid
line) and standard deviation (color-shaded) of 1D-"H-NMR spectra
acquired on unlabeled (black) and [U-"*C]-Glc (red) cell extracts
showing a significant decayed area of C1’-H uridine and cytidine
doublets. Right panel: TOCSY spectrum shows "*C cross-peaks traced
around their corresponding central unlabeled signals in green (H1'-
H2' correlation of uridine) and gray (H1'-H3’ correlation of cytidine).
Additional ’C cross-peaks for H1'=H3' correlation of adenosine and
H1'-H2" of UDPG-derived compounds are also indicated. C) Left
panel: mean area (solid line) and standard deviation (color-shaded) of
1D-"H-NMR spectra acquired on unlabeled (black) and [U-">C]-GIn
(blue) cell extracts showing a significant decayed area for C5-H
position of uracil in the uridine structure. Right panel: TOCSY
spectrum shows "*C cross-peaks traced around the corresponding
central unlabeled signal in brown (H5-H6 correlation of uridine).

"H-NMR and PEPA in C1’ position of uridine and cytidine,
and C5 position of uridine at 8[5.89-5.93 ppm] (Figure 2A).
n [U-"C]-Glc experiments (Figure 2B), the “C-cross-peaks
patterns around the central unlabeled peaks of H1-H3'-
cytidine (gray) and H1-H2'-uridine (green) correlations,
confirmed the predicted isotopic enrichment of such metab-
olites in C1’ position by PEPA. In [U-"C]-GIn experiments,
the '“C-cross peak pattern around the central H5-H6
correlation peak of uridine in the TOCSY spectrum (Fig-
ure 2C) confirms the isotopic enrichment of C5 position of
the uracil ring determined by PEPA. Altogether, uridine
serves as a good example that dispersal of carbon flux across
a range of metabolic substructures may determine the
regulation of many metabolites that are assembled from
these substructures.?!!
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Noteworthy, each of the 37 positional *C-enrichments
observed by PEPA could only be qualitatively confirmed
using a combination of “C-NMR and 2D-edited NMR
experiments (all spectra are available in MetaboLights with
accession number MTBLS247; Table S2 shows the structural
assignments). Many of the positional enrichments in Figure 1
were confirmed using C-NMR. The analysis of splitting
patterns (i.e., multiplicities in "?C-NMR and "C-cross-peaks
in TOCSY spectra) is useful to highlight some constraints of
PEPA. As with TOCSY and HSQC, PEPA cannot estimate
enrichment at non-protiated sites. The composition of posi-
tional isotopomers can neither be elucidated using PEPA. For
instance, the analysis of "“C-NMR splitting patterns of
aspartate-f(CH,) and glutamate(yCH,/fCH,) from cells
cultured in [U-"C]-Glc revealed various “*C-positional iso-
topomers. This information enables elucidating the number of
turns of the TCA cycle. It is nonetheless also true that PEPA
detected significant "*C-enrichments in metabolites with
either symmetric or non-correlated protons, including fuma-
rate, succinate, guanidoacetate and acetates, an information
that cannot be otherwise detected using TOCSY experiments.
The carbon labels of these metabolites were confirmed using
HSQC spectra acquired on labeled sample extracts and
contrasting them with HSQC spectra from unlabeled equiv-
alent replicates. Occasionally, despite decays of central peaks,
the statistical test used to determine differences between
labeled and unlabeled equivalent samples do not always reach
the conventional significance threshold value. This is the case
of lactate and alanine. The former showed consistent central
peak decays of C3 (—1.32 fold-change at 61.33 ppm) and C2
(=1.20 fold-change at 84,11 ppm). The latter showed C3
central peak decay (—1.27 fold-change at 81.46 ppm). This is
due to the variability within and between labelled and
unlabeled samples, which we mainly attribute to metabolite
extraction methods and natural biological variability of cell
culture replicates, in that order.?

In summary, PEPA takes advantage of the sensitivity,
robustness, quantitativeness, high-throughput capabilities and
ease-to-implement of 1D-'"H-NMR to study the position of
carbon labels in large sample sets. Here we proved that PEPA
can span the range of isotopically enriched metabolites
detected in cellular extracts over *C-NMR and 2D-edited
experiments. PEPA greatly simplifies NMR untargeted
carbon fate tracking and complements the information
derived from 2D-NMR and “C-NMR. Further experiments
by 2D NMR and “C-NMR on the compounds initially
screened by PEPA may enable a more comprehensive
isotopomer and isotopologue characterization, including
non-protiated sites. Altogether, PEPA will accelerate the
implementation of NMR in cell metabolism studies.
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